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Preface 

This 61st volume of the Traksactions of the American Institute of Electrical 
Engineers marks the end of the transition to the improved publication procedure- 
adopted in August 1940. In accordance with the provisions of that procedure, this 
volume contains all approved technical-program papers and related discussions 

Pre “ n . ^ Ur '" g tte calendar Tear- Pages 1-312 and 709-802 comprise the papers 
published in the Transactions Sections of the monthly issues of Electrical 
BNorKEEmtto, and pages 313-762 and 893-1070 comprise papers and disc," 

EleCHc^ appeared in advance in the June and December 19-12 “Supplements to 
Electrical Engineering—Transactions Section,” respectively. 

The technical papers and discussions in this volume were presented at these 
AIEE conventions and District meetings: 

1. 1942 winter convention, New York, N. Y., January 20-30, 1042. 

2. North Eastern District meeting, Schenectady, N. Y., April 29-May 1, 1942. 

3. 1942 summer convention, Chicago, Ill., June 22-26, 1942. 

1942 1942 PaCifiC COaSt COnventioa - Vancouver, B. C„ Canada, September 9-11, 
In addition, this volume contains: 

1. “Bibliography on Circuit-Interrupting- Devirpc i ooq to in>» 

the sponsorship of the AIEE commit^ ZprntS deteT ’ PrCParCd 

LtZn^^ ° n EIeCtriCa ‘ &fety prepared by the AIEE com- 

L“ B i bIi ° graPhy °" Automatic Stations 1930-1941,” prepared bv the Anti.- 

committee on automatic stations. 11 Dy Lhe Ariih 

4. Report, Simplified Calculation of Fault Currents ” K 

group under the sponsorship of the AIEE committee on protectiUdc-vtasT " K 

5. 1942 annual report of the AIEE board of directors. 

6. A complete listing of AIEE officers and committees for 1942-43. 

the^muhlentry 1 index aCC ° m P lished b T ~ of 

subject entries for a technical paper will lead t0 Eny ° f the sevcral 

lished discussion on that paper. lr<2C y 0 P a P er anc * to any pub- 

^mN^^re^h^m^-es^ons^trf^ontributo 3 published in Transac- 

Electrieal Engines a" “Silg. "h"* **“ - 



Errata 

1. Page 139, column 3, paragraph 1, line 1. “C” should 
read “J3”. 

2. Page 315, Figure 4. There should be no connection 
on the lower lead marked “To Receiver.” 

3. Page 315, Figure 6. One interconnecting lead was 
omitted from the illustration; it is included in the revised 
figure below: 


P76 



4. Page 315, Figure 7. The word “Power” should read 
“Pointer.” 

5. Page 554, Figure 2. Curve 5 is for Helena and curve 
6 for Bismarck. 

6. Page 1026, column 1, paragraph 6, lines 14 and 15. 
The statement, “.. .the procedure described by Boehne 
and Linde...” should read “.. .the procedure described 

m a previous paper...” Added to the reference list 
should be: 

t, A, PRWciplb op Cable Design, William A. Del Mar. AIEE 
Transactions, volume 60. 1941, May section, pages 206-10. AIEE 

7. Page 1038, column 1, last paragraph, line 12. The 
word “voltage” should be deleted. 



Field Tests and Performance of a High- 
Speed 138-Kv Air-Blast Circuit Breaker 


PHILIP SPORN 

FELLOW AIEE 


Synopsis: Since 1926 many significant 
field tests on high-voltage circuit breakers 
have been made on the American Gas and 
Electric Company’s central system, which 
have served as an important aid in high- 
voltage circuit breaker development. Such 
tests have also served as a means for study¬ 
ing and checking the behavior of this large 
power system under short-circuit conditions. 

A 138-kv air-blast breaker of novel de¬ 
sign has recently been given a series of field 
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material, containing a stationary and a 
movable contact, an orifice into which the 
arc is drawn, and a piston and cylinder 
for actuating the moving contact. This 
assembly is housed in a vertical porcelain 
shell for weather protection. Two such 
columns plus a disconnecting member 
comprise a pole unit of the 138-kv 
breaker. Each pole has a storage tank 


tuated control valves operates the three 
isolating switches through an enclosed 
system of push-pull rods between phase 
units. 

The interrupting action of this breaker 
is unique in that the arc is drawn into a 
space deliberately maintained at high 
pressure, instead of into the free air as 
has been common for other types of air 
breakers. This back pressure, which is 
maintained by regulating the size of the 
vent from the arcing chamber, provides a 
medium having a dielectric strength 
several times that of air at atmospheric 
pressure in which the interrupting con¬ 
tacts are separated. 

Referring to Figure 2, the action of the 
breaker in interrupting a circuit is as' 
follows: 


tests both for normal interrupting duty and 
for ultrahigh-speed reclosing service. Cir¬ 
cuit interrupting ability at least equal to 
that expected of any modem oil breaker of 
conventional design was obtained and, in 
addition, an unusual superspeed reclosing 
performance was obtained which points the 
way to a possible liberalization of existing 
derating factors for this kind of service. 

While still somewhat of an innovation in 
the high-voltage field, the air-blast circuit 
breaker undoubtedly has certain basic ad¬ 
vantages. It is believed that these tests are 
an important step forward in developing 


in which sufficient air for two complete 
dose-open operations is stored at 350 
pounds per square inch. The three 
tanks are coupled together by a common 
header and connected to a central air 
compressor plant through a double-act¬ 
ing check valve. Each pole has its own 
dectrically operated blast valve to con¬ 
trol the flow of air to the contacts. One 
pneumatic cylinder with electrically ac- 


1. The protective relay energizes the coils 
of the three blast valves, causing them to 
open, admitting air to the passage leading 
to the interrupting units. 

2. Contacts are separated by action of the 
pistons in each unit. 

3. The arc is drawn into the insulating 
orifice through which air is passing, where it 
is extinguished; the moving contact con¬ 
tinues on into the area of high pressure and 
high dielectric strength which prevents the 
arc from restriking. 


the possibilities of the air-blast breaker for 
high-voltage service and that they have 
brought the entire electric power industry 
doser to the possibility of benefit from an 
application of this interrupting principle. 

Description of Breaker 

A T the 1941 winter convention there 
was presented before the AIEE, a 
paper 1 describing a hew high-voltage air- 
blast circuit breaker, known as the con¬ 
served-pressure type. As built for 138 
kv; this breaker has two interrupting 
units of the axial or longitudinal blast 
type in series per pole. Each of these 
units, as shown in Figure 1, consists of an 
enclosing thick-walled tube of insulating 

Paper 42-9, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter convention, New York, N. Y., January 
2 &t 30, 1942. Manuscript submitted July 9, 1941; 
made available for printing November 3, 1941, 

Primp Sporn is vim-president in charge of engineer¬ 
ing of the American Gas and Electric Service Cor¬ 
poration, New, York, N. Y. H. E, Strang is 
engineer of the switchgear department of General 
Electric Company in Philadelphia, Pa. 
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4. A definite time after the blast valves 
have been energized (they are interlocked 
pneumatically to require action of all three 
valves) air is admitted to the disconnect 
actuating cylinder 

5. After the disconnect has started to open, 



Figurr l . Ooss section of interrupting unit Figure 2, Single-pole unit of 138-kv breaker 
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blast air is cut off, allowing the interrupting 
contacts to return to the normal closed posi¬ 
tion after the isolating switch has opened. 


The closing action is performed en¬ 
tirely by the isolating switch, its action 
being fast and controlled by a positive 
driving force, so that it is capable of 
closing repeatedly against currents as 
high as 6,000 to 10,000 rms amperes at 
132 kv without harmful effects. 

Background of Field-Test 
Experience 

Inasmuch as the facilities of the Ameri¬ 
can Gas and Electric Company’s sys¬ 
tems, and especially its central system 
have been lent for the making of inter¬ 
rupting tests on several previous occa¬ 
sions and at the cost of cer tain extra 
operating expense and some disturbances 
to service, it is pertinent at this time, be¬ 
fore describing the present series of tests, 
to review briefly what this background 
of testing has produced in the way of re¬ 
sults and benefits. 

While the earliest tests on 138-kv 
breakers, made in 1926 and 1927 s pro¬ 
duced some real benefits in proving and 
strengthening the interrupting devices of 
that time, it remained for later tests, 
first made in 1930 and later in 1937 and 
1938, to bring about important develop¬ 
ments in speed. The 1930 3 tests brought 
to completion the successful development 
of the 8-cycle breaker, which since has 
become standard, replacing the 15- to 
18-cycle breaker in use up to that tit™ 
This improvement in speed was particu¬ 
larly valuable at that time as it per¬ 
mitted taking full advantage of improved 
high-speed relaying, such as the carrier 
systems, and in materially reducing the 
dealing time of faulted transmission 
circuits. These developments in turn 
made possible the first attempts at ultra- 
high-speed redosing 4 which has sin c e be¬ 
come a most important tool in the art of 
transmission. In addition, these tests, 
made at the full 1,500-megavolt ampere 
rating of the breaker, disdosed certain 
weaknesses in design or construction 
which were thereupon remedied, result¬ 
ing in greatly increased reliability of 
breakers in service. 

A series of tests, begun in 1937 and 
completed in 1938 6 resulted in the success¬ 
ful devdopment of a still faster breaker, 
the 5-cycle multibreak interrupter, which 
has since formed the basis for most of the 
ultrahigh-speed redosing installations on 
this system. 'Hie extra speed of this in¬ 
terrupter over the standard 8-cyde 
breaker has made possible the overall re¬ 
closing cyde, including the time from 
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initial short circuit to final reestablish¬ 
ment of the circuit, of 18 to 20 cycles. 6 
This has been accomplished both by the 
installation of new breakers, as well as by 
rebuilding existing breakers with the 
new interrupters. 

The 1937-38 tests were further note¬ 
worthy m that satisfactory performance 
was obtained at a duty of 2,000 megavolt 
amperes, or 33 per cent above the design 
rating of the breaker. This result has 
been of real economic value in more ways 
than one. First, it has formed the basis 
for a saving in physical size, and conse¬ 
quently in the cost of large 138-kv cir¬ 
cuit breakers. Where the 2,500-mega¬ 
volt ampere breaker was formerly made 
with a 72-inch tank, with the new inter¬ 
rupter it is now made with a 66-inch tank 
Second, it has made possible a rebuilding 
of a considerable number of existing 66- 
kv breakers at Windsor for an increased 
rating well above that for which they 
were originally designed and at a very 
substantial saving bdow the cost of buy¬ 
ing new breakers. In this instance, 
where the normal modernization could 
offer a rating of not more than 500 mega¬ 
volt amperes, according to existing stand¬ 
ards, a single breaker was rebuilt and 
successfully withstood a test in the field 
considerably above this value, and fully 
adequate for the requirements on thos e 
breakers. It is fairly safe to say that 
without the background of experience 
gathered in these tests, as well as in the 
1930 tests at Philo, the rebuilding and 
testing of the Windsor breakers for an 
interrupting duly so much above the 
maximum previously considered avail¬ 
able would never have been initiated. 

While all of this background of ex¬ 
perience in field testing has proved that 
the benefits received fully justify the 
cost, nevertheless, the undertaking of a 
further series of tests, particularly at 
this time of increased load requirements, 
was a matter for serious consideration. 

For several reasons, however, these tests 
were believed to be of sufficient impor¬ 
tance to justify the actual cost and the 
inconveniences involved. The develop¬ 
ment of an outdoor, oilless, high-voltage 
circuit breaker, which to some may ap¬ 
pear to be of only academic interest at 
the present time, may emerge as a timely, 
significant, and much needed undertak¬ 
ing. ^ It is not at all inconceivable that 
restrictions of one form or another may 
be encountered in the use of oil for future 
breakers. This leads pertinently to a 
discussion of some of the advantages and 
disadvantages of oil as used in conven¬ 
tional oil circuit breakers. 

It cannot be denied that oil has proven 


to be an excellent medru 
breakers, and that it has h 
them to the present high 
velopment. Some of the i 
oil may be listed as follows: 

1. Oil possesses high insula 
high dielectric strength and t 

2. Oil is a good arc quench 
medium, particularly effecth 
erly controlled or directed. 

3. Behind the use of oil in ci 
exists a background of decade; 
and development, culminating 
successful types of modern bi 

The disadvantages of oil 
for breakers are likewise qu 
in the course of time, by con 
air, may appear even greab 
these drawbacks are as follow 

1. Oil, being inflammable, con: 
sible fire hazard. For outd« 
however, this hazard is not regi 
serious, and experience so far 1 
out. 

2. The use of oil presents a 
problem of sizable proportions 
lem consists briefly of the foil) 

(a). The conditioning of the 
eluding filtering and drying c 
equipment required for that p 

(&). The handling of oil, bot 
tioning and for maintenance o 
breaker, and the pumping, pipii 
age facilities required. 

(e). The longer time and increi 
breaker maintenance resulting 
oil-handling problems and requi; 

Viewing the comparison 
standpoint of possible future 
tions, oil circuit breakers m 
other serious disadvantages, 
normal fire hazard from oil cir 
ers may be substantially in< 
greater duties accompanying 
rapid growth of systems, and j 
the necessity for larger physic 
trations or greater crowding of 
breakers. 

Object of Tests 


While the principal burden o 
out circuit-breaker developin' 
must of necessity fall on fact 
power testing facilities, nevertt 
a fact that the best and most 
proof of performance of a higi 
interrupting device comes fr 
made on a system large enough 
at least full rated interrupting 
under actual operating condition 
The value of high-speed rec 
high-voltage circuit breakers is 1 
more widely recognized and the c 
increasing for circuit breakers c; 
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Table I. Three-Phase 138-Kv Interrupting Tests 


Test 

No. 

Operation 

RMS Current 
(Amperes) 

Megavolt- 

Amperes 

at 

138 Kv 

Are Length 

Breaker 

Operating 

Time 

(Cycles) 

Closing 

Opening 

(Cycles) 

(Inches) 

1 .... 

.O . 


. 960.... 

... 230.... 

««•« 0 . 8 ... 

.. . 0 . 6 ... 

.5.1 

2 .... 



. 650... 

... 155.... 

... 1 . 2 ... 

« • • • « • 

.5.1 

3. 

.CO. 

.... 1,040... 

. 650... 

... 155.... 

... 2 . 0 ... 

...2.5... 

_ 6.0 

4.... 



.1,480... 

... 350.... 


... 1.9... 

_5.8 

5_ 

.CO. 

.... 2 , 100 ... 

.1,270... 

... 300.... 

...2.3... 

... 2*3 4 .» 

....6.3 

6 . 



_3,100... 

... 740.... 

...1.7... 

...1.7... 

....5.3 

7. 

.CO. 

.... 4,300... 

....3,000... 

... 720... 

.. . 1 . 6 ... 

...1.5... 

....5.3 

8 . 

_O .... 


_5,600... 

...1,340.... 

1 7 

,.. l.$... 

_5.6 

9. 

...CO. 

- 6,900... 

....sisoo... 

...1,270.... 


... 2 . 0 ... 

... . 6.0 

*10 . 

_CO. 

.... 6 , 200 ... 

....5,200... 

...1,240.... 

...1.5... 

... 1.7... 

....5.6 

*11 . 

...CO. 

- 6 , 000 ... 

....5,100... 

... 1 , 220 .... 

...1.3... 

i « ♦ 1*5 • • • 

....4.6 

12 . 

....o . 


- 6 , 100 ... 

... 1,460.... 

... 1 . 6 ... 

... 1.8 > • • 

... .5.3 

13. 

....CO. 

_ 8 , 100 ... 

_ 6 , 100 ... 

.. .1,460_ 

.. .1.9... 

.. . 2 . 1 ... 

_ 6.2 

14. 

....0 . 


....7,700... 

...1,840.... 

.. .1.7... 

• •. 2»1 •«• 

.... 6.2 

15..... 

....CO. 

.... 9,300... 

....7,500... 

...1,800.... 

.. . 2 . 2 ... 

.. .2.7... 

.... 6.0 

*16. 

....CO. 

- 10 , 000 ... 

....7,400... 

...1,770.... 

.. .1.7... 

.. .2.2... 

....5.4 

*17. 

....CO. 

.... 10,300... 

....7,800... 

...1,860.... 

...1.0 .... 

...1 .2.... 

....5.2 


* Indicates 15-second duty cycle. 


performing this duty. In order to find 
wide application, therefore, any new 
type of circuit breaker must be capable 
of clearing a fault promptly, reclosing 
preferably in less than 20 cycles, and then 
clearing again in the event the fault on 
the line still persists. 

The circuit breaker field test program, 
therefore, consisted of two parts: 

1. Interrupting tests. 

2. Reclosing tests. 

The test breaker was rated 138 kv, 
1,500 megavolt amperes, 8 cycles with a 
reclosing time of 20 cycles. All tests 
were made at approximately 138 kv. 

As in the case of both the 1930 tests, 
and the 1937-1938 tests, these tests were 
conducted at the Philo plant on the sys¬ 
tem of The Ohio Power Company. The 


system setup was substantially the same 
as that shown in Figure 4 of the reference 
paper describing the 1937-1938 tests,® 
and for that reason will not be repeated 
here. As in the case of previous tests, 
the system connections in so far as pos¬ 
sible were so arranged that service areas 
near the Philo plant would not be directly 
connected to the short-circuited bus, ex¬ 
cept on the final, full-capacity shots. 
Service disturbances were thereby kept 
to a minimum. A view of the breaker 
setup for test is shown in Figure 3. 

Results of Tests—Breaker 

The results of the first series are shown 
in Table I. Except for the first prelimi¬ 
nary test, they were all three phase-to- 
ground tests, the tabulated values of cur¬ 


rent and operating time being maximums 
of the three phases. AH tests were made 
as originally scheduled in a total elapsed 
time of eight hours, during which there 
was no inspection of the breaker. Tests 
10-11 and 16-17 were made on the stand¬ 
ard duty cycle with a 15-second interval. 
During none of the tests was there any 
visible fire from vents of the interrupting 
units. On the closing-opening tests there 
was a moderate flash from the discon¬ 
necting switch contacts, but after ten 
such operations, of which seven were 
practically at or above full rating, the 
blades showed only moderate burning, 
and so located as not to interfere in any 
way with their current carrying ability 
or other normal function. 

Following this series of seventeen tests, 
an inspection of the contacts and inter¬ 
rupting chambers showed them to be in 
such condition that they were all put 
back in for the reclosing tests without 
dressing up or replacement of any parts. 

During this first group of tests covering 
a range of duty from 10 per cent to 125 
per cent of the interrupting rating of the 
breaker, the operating time, measured 
from energizing the trip coil till the arc 
was interrupted ranged from 4.6 to 6.3 
cycles, including a dead time (to contact 
separation) of approximately 4 cycles. 

It has been shown that in service the 
minimum reclosing time, without in¬ 
creasing the probability of restrike, is a 
function of the duration of the original 
fault, hence of breaker operating time as 
well as relay time. This gives added 
impetus to the desire for a fast clearing 
breaker. Prior to the reclosing tests, it 
was found possible to make a substantial 



Figure 3 (left). Test setup of 138-kv breaker at the Philo plant 

Figure 4 (below). Diagram of breaker performance for both interrupt¬ 
ing and reclosfng tests 
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reduction in tlie breaker dead time by 
some simple changes and adjustments, 
thereby reducing the maximum breaker 
time to approximately five cycles. 

The results of the reclosing tests are 
shown in Table II. During tests 18 to 
22 inclusive, difficulties with the tem¬ 
porary control system prevented obtain¬ 
ing complete operation, but did give 
some interrupting operations showing the 
effect of the improvement in contact 
parting time. These control difficulties 
were remedied, and tests 23 to 25 were 
completed. In the first operation in 
each of these tests marked “ a” in the 
Table, the fault was initiated by a backup 
breaker and cleared by the test-breaker 
interrupting units. The reclosing con¬ 
trol was so arranged that instead of the 
normal sequence of opening the isolating 
switch next, the blast valve was promptly 
deenergized, thus cutting off the inter¬ 
rupting air, and allowing the arcing con¬ 
tacts to redose. This reestablished the 
fault, causing operation of the protective 
relays again, opening the blast valves a 
second time, this time followed by the 
conventional operation of the isolating 
switch. After final adjustments, the 
reclosing time (defined as that measured 
from energizing the trip coil until the 
breaker arcing tips contact on reclosing) 
ranged from 17.7 to 20 cycles. Test 23 
represented interruption of light current 
followed by redosure on what corre¬ 
sponds practically to normal load current, 
whereas test 25 demonstrated that the 
breaker could interrupt a current ap¬ 
preciably beyond its rating, redose into 
that fault in less than 20 cycles, and 
interrupt again with the same operating 
time for the second operation as for the 
first. 

Following these reclosing tests, the 
contacts, which had been subjected to a 
total of 25 operations, were somewhat 
rounded off, but had not suffered any 
measurable loss of length. The throats 


mum of 6.3 for the previous 17 interrupt¬ 
ing tests. 

Figure 5 is an oscillogram from closing¬ 
opening test 15, interrupting 1,800 mega¬ 
volt amperes; this may be considered typi¬ 
cal of the performance on the first series. 
Figure 6 shows the results of test 25 in 
the reclosing series, interrupting 1,770 
megavolt amperes, reclosing in 17.7 
cycles and then interrupting 1,870 mega¬ 
volt amperes. 

Results of Tests—System 

By comparison of the results obtained 
on these tests, as shown in Tables I and 
II, with the results obtained on the 1937— 
1938 tests, 6 it will be seen that the total 
operating time of the air-blast breaker, 
particularly in the series of straight in¬ 
terrupting tests, was somewhat longer 
than the corresponding breaker time of 
the multiple-break breaker in 1938. 
For example, on the heavier shots on the 
oil drcuit breaker, breaker time was on 
the order of 4 cycles, while the duration 
of short circuit, induding relay time, was 
approximatdy 5 to 5 1 / 2 cycles. In the 
air blast tests, however, the actual 
breaker time for the heavy shots varied 
between 5 and 6.2 cycles; after adding 
relay time of approximately 1 cycle, this 
represented a maximum duration of more 
than 7 cydes. 

As a result of the longer duration of 
short circuit on these tests, it was to be 
expected that the disturbing effects on 
the system would be somewhat greater 
than those experienced in 1937 and 1938. 
That this was actually the case was evi¬ 
denced by a, number of reports from 
nearby areas which would be most affected 
by the final tests involving a complete 
system short circuit. These reports were 
concerned almost entirely with the shut¬ 
ting down of motors having instantaneous 


undervoltage protection, 
products plants, glass plan 
industrial plants were affe 
manner. 

For the redosing tests, wl 
gun on June 8 and completei 
the operation of the breake 
the tripping relays themselv< 
what speeded up so that th< 
short drcuit was more or les; 
to that obtained in the 193' 
For this reason, system 
were expected to be materi 
and, in fact, were intended 
cally eliminated by stoppi: 
short of the full system c 
keeping the nearby connect 
tirely isolated from direct © 
the short-circuited bus. Tlij 
ever, was frustrated by an 
mechanical failure in the o 
rangements of a three-pole d 
switch which inadvertently L 
and reserve busses tied toget 
subjecting the test breaker i 
tern to a full short circuit, 
mechanical failure in the coi 
disconnecting switch occur 
the motor-operated control 
both the switchboard control 
tion and the motor-mechanis 
dication showed the switch 
whereas the blades of the i 
actually dosed and making 
though not completely dri 
While the test as planned ' 
subjected the breaker to at 
speed reclosing duty at ap] 
its full rating of 1,500 megavc 
this incident resulted in giving 
a reclosing shot at nearly 2,0( 
amperes instead. 

As is to be expected, the i 
turbance on the 138-kv syst 
time of short circuit at Philo 
as points more and more rc 


had been enlarged in diameter Vte inch. 


Table II. 

Three-Phase 138-Kv Redosing Tests 


ua uac picviuub inspection, ail parts 
were suitable for further operation with¬ 
out replacement. 

Test 

RMS Current 
(Amperes) 

Megavolt- 

Amperes 

Arc Length 

Breaker 

Operating 

The chart shown in Figure 4 gives a 
complete record of all tests showing the 
operating time of each individual pole 
unit against current interrupted. Both 
the first and second operations on the 
reclosing tests were induded in order to 
determine if there was any significant 
difference in time between them; The 
effect of the change in dead time between 
the interrupting and the redosing test is 
dearly shown since the overall breaker 
time for the redosing tests ranged from 

No. 

Closing Opening 138 Kt. 

(Cycles) (Inches) 

Time 

(Cycles) 

18a.... 





&..... 
19a.... 

b . 

20a.... 

b . 

21a.... 

22a.... 

23a.... 

, 2,600......., * 

. 2,700.. * . 

. 2,300. * , 

. 1,160_..... 650. 

. ** 

....... 350.... 

....1,7........1.9..:. 

... .1.8. ..2.2. 

...2.0........ 2.2. 

• •>1.0..1.1. 

...1.5........2.1..... 

•. . .0.8 

...4.6 

... .5.2 

....4.6 

...4.7.... 

...4.8 

...4.3 

...5.1....: 

...5.1 

...4.8.... 

...4.6 

»..5.2. 

b . 

24a.... 

5.. ... 
25a..... 

6.. ... 

.1,200. 920. 

. 4,100........3,400. 

.10,200 ........ 7,800. 

.. 220.... 

• •*•••• . 810•••« 

o.b to o.z cycles compared with a maxi- 

* Test breaker did not trip. 

•.♦■Test breaker did not reciose. 
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are cttusitlcYcfl. Thin Was *.»•»*« 
ft*»m the records taken on the puma 
neiilly installed automatic oscillograph* 
at lima, IfiAvanl, and T»»iny ?.wf*nt;« - 
An indication of the relative 
severity of voltage dips was also obtained 
fi t tin recording voltmeter chart k talu-n 
at varUnii location*, although the 40 
curacy of thc-e comparisoni. »?. qurAi-Mt 
able became of tin* variable damping 
ehara* 1 * ri .tics »*| fJi»- dithrriit. uiMm 
incutv 

Discussion of Results 

A'- compiled with tin fisit** whirh ha-, 
been spent tu developing Mil tin tis? 
im ab'l; tu tIti'it Mali* of v.afjv 

factory J riiutlH itin*, it t;< »»mn table 
that in Miiii 4 roinpitalmly brief time 
an futirclv ui‘W pfimiplc of ;m: interrup¬ 
tion ha> been developed and incorpo¬ 
rated in a ;airi’i*‘ivfiil breaker wiiit.lt give?; 
ublmtialiv live i vi li performance nit 
its tit a mil Hy*trm IN. In ottfei words, 
while if b*ok thirty years In yj rl the 
pre::enf live eydr nil rin nif breaker, 
this has Men practically realized with 
ait Mad in sntne two year* »»l develop 
merit work. 

This ennipurhou may up*; mat ever* 
more ’.ftiking when it is pointed mil. that 
in all previous field tevfs m» nil circuit 
breakers kii this system, if Isas never 
Men possible tn complete an initial 
series of tests on a new design without 
disclosing some difficulty in the breaker 


Figurt 5. Oscillogram from test 17 

Operi<hw* 0 pen operation interrupting 
1,860,000 kva 

it itlf, not of basic importance, it is true, 
hut still sufficient to prevent the comple¬ 
tion of the tests until such difficulties 
were remedied. These tests on the air- 
hied breaker were, therefore, the first 
series of tests which was ever under¬ 
taken on the American Gas ami Electric 
Company systems in which the breaker 
iu its original condition successfully com¬ 
pleted ;m entire scheduled series without 
any ad ju*. I mints, difficulties, or ins|»ee- 
liotis t hinted tout, ft is true that on the 
n eloMit£ tests it was not possible to com¬ 
plete the j»i»spam as first planned, but 
(his was due entirely to external relay 
»har.u fetisties which had nothing to do 
with the breaker itself. With proper 
adjustments in the relay setup, tests were 
eaitied throat'h without incident. This 
is believed in itself to be an unusual per¬ 
formance in the light of past experience 
with oil circuit breakers and iu view of 
the radically new design of circuit breaker 
being tested. 

Conclusions 

1. The high voltage air blast breaker 
tested has demonstrated an interrupting 

figure 6. Oscillogram from test 25 

interrupting 1,7/0,000 kva, reelosing in 17 

cycles, and interrupting 1,870,000 kva 


performance at least the equivalent of 
that expected from any modern oil 
breaker of conventional design. It may 
reasonably be expected that present ideas 
entering into mechanical design and 
construction will undergo changes during 
the next few years, but a successful inter¬ 
rupting principle has again been estab¬ 
lished beyond doubt. 

2. With the extension of ultrarapid 
reelosing applications oil the American 
Gas and Electric Company systems, the 
adaptability of any high speed breaker to 
reelosing is obviously an indispensable 
qualification. The present air blast 
breaker has this inherent, adaptability, as 
demonstrated by tests at reelosing speeds 
at. least equal to, ami at short circuit 
duly far beyond, any similar tests ever 
made on oil breakers. Eased on pre¬ 
vailing standards, the interrupting rat 
iugs of Ills kv oil breakers are subject to 
a reduction of lf> to 25 per cent when ap¬ 
plied on 20-cycle reelosing service. Al¬ 
though it may lie too early to form definite 
conclusions, even a conservative inter¬ 
pretation of these test results points the 
wuy to a probable downward revision of 
such derating factors as applied to air- 
blast breakers in the future. 

Ik The current-transformer problem 
is decidedly more complex for the air 
blast breaker than for the conventional 
oil circuit breaker since the relatively 
simple and economical procedure of ap¬ 
plying bushing current transformers to 
oil circuit breakers cannot, be carried out 
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in the case of the air-blast breaker. It 
would be highly desirable, therefore, in 
the interests of the future development of 
this type of circuit breaker, if a more 
economical solution of this problem than 
the separate current transformer could 
be found. 

4. The success of this development on 
138 kv points encouragingly to the pros¬ 
pect of developments at higher voltages, 
such as 230 kv, or even higher. The 
economic picture here might be even 
more favorable to the air-blast breaker, 
considering the physical dimensions and 
large quantities of oil required in the 
conventional breakers for such voltages. 

5. As regards the possible difficulties 
in what may be considered an experi¬ 
mental period in the use of air and the 
equipment required for handling the air, 


there is no*doubt that practical experi¬ 
ence is needed. The only way to get 
this, of course, is through trial installa¬ 
tions. This will be done with thip 
breaker and, it is hoped, with others, with 
the view of acquiring the necessary field 
experience to handle air successfully. 

Fortunately, the existence of reliable 
oil circuit breakers makes it possible to 
carry out such a program at least in the 
moderately high-voltage class like 138 kv, 
systematically and without delay, but- 
unhurriedly. 
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The Acceleration-Oscillogram Method 
of Motor-Torque Measurement 

C. R. ATKINSON E. G. DOWNIE 

ASSOCIATE AIEE ASSOCIATE AIEE 


Synopsis: The need for an improved 
method of measuring starting torque of 
large induction starting synchronous motors 
as compared to the power input and dyna¬ 
mometer methods, has led to the use of the 
acceleration oscillogram. A low ripple, 
permanent magnet type d-c generator is 
driven by the motor, and traces a time-speed 
oscillogram, from which acceleration, and 
the torque producing it, may be calculated. 

Comparative torque tests, at full and re¬ 
duced voltage, made by this and the other 
methods on the dynamometer coupled 
motor, showed the definite advantage of 
the acceleration tests in combined conven¬ 
ience and accuracy. Interesting facts about 
synchronous motor starting torques, not 
’accurately shown by previous tests,, have 
been brought to light. The acceleration or 
'deceleration oscillogram is also applied to 
the measurement of torques or losses of 
very small high-speed motors by using other 
methods of rotation indication, involving 
no loading of the motor. 


T HERE has been need in our motor 
testing departments for a simpler and 
more accurate means of obtaining speed- 
torque curves of various types of motors. 
Particularly this need has been felt in the 
•a-c synchronous motor section, building 
synchronous motors (induction starting) 
•of from approximately 25 to 1,000 horse¬ 
power rating. 

Two methods have been used, one 
based on measurement of power input, 
•and the other on the dynamometer. The 
first is rather inaccurate because several 
variable factors can be accounted for only 
in an arbitrary manner, and the second in¬ 
volves a rather elaborate test setup, in¬ 
cluding a dynamometer of sufficient 
torque to load the motor at all speeds. 

The method we will describe gives re¬ 
sults of accuracy comparable to the dyna¬ 
mometer test. It is taken at full voltage 
with no corrections, and requires only a 1 
simple test setup. It is based on the 
simple principle that the torque developed 
in a motor while accelerating from stand¬ 
still to full speed is absorbed by friction 

Paper 42-5, recommended by the AIEE committees 
•on instruments and measurements and electrical 
machinery for presentation at the AIEE winter 
•convention, New York, N, Y., January 26-30, 
1941. Manuscript submitted August 26,1941; 
made available for printing October 30, 1941. 

C. R. Atkinson is in the motor and generator 
•engineering department and B. G. Downib is in 
the works laboratory of General Electric Company, 
Fort Wayne, Ind. 


and windage and acceleration of the rotat¬ 
ing parts. If only useful output torque is 
to be determined, friction and windage are 
not considered, and the required results 
are obtained from acceleration figures 
only. 

The Tachometer Generator 

Speed-acceleration data may be ob¬ 
tained graphically from a time-speed 
curve, or directly from the proper electric 
circuit. The first requirement in produc¬ 
ing an accurate time-speed curve is a 
tachometer generator which produces a 
d-c voltage, free from commutator and 
rotational ripple, exactly proportional at 
all times to the rotational speed of the 
motor. Any ripple in the voltage becomes 
confused with pulsations from actual 
speed surges in the starting motor, and 
makes the resulting curve difficult to 
analyze. 

The use of a satisfactory d-c generator 
has largely made possible the accurate re¬ 
sults we have obtained. The generator is 
a permanent magnet field type, specially 
built with a large number of commutator 
segments for minimum commutator ripple 
and the best possible armature construc¬ 
tion for low rotational ripple. With a 
100-microfarad filter condenser, no ripple 
is visible in the oscillographic trace of the 
output voltage. The coupling used to 
connect the generator to the motor must 
be rigid in torsion, and must not exert any 
axial or radial force on the generator shaft 
extension. Any deflection of the genera¬ 
tor shaft introduces rotational ripple. The 
coupling being used is of the common 
leather ring type, with provision for 
mounting the motor half by three tapped 
holes and cap screws on the truly faced 
end of the motor shaft. Best results were 
obtained by not clamping the generator 
too rigidly in position, thus allowing any 
slight radial deflection to be absorbed by 
the whole unit, rather than the shaft alone. 

The oscillogram method of torque test 
is especially convenient for the synchro¬ 
nous motor, for other starting data may be 
obtained on the film. Line current and 
field discharge current are recorded on the 
film as well as the speed indicating voltage 
from the generator. 


Torque Calculations 
From Oscillograms 

Calculations from the time-speed oscil¬ 
logram begin with speed and time calibra¬ 
tions, in terms of revolutions per second 
per millimeter and seconds per millimeter. 
The quotient of these two is a constant 
which may be multiplied by the tangent 
of the measured slope angle of the speed 
curve at any point to determine the ac¬ 
celeration. The moment of inertia of the 
motor and tachometer generator (unless 
negligible compared to the motor), and 
normal full load torque may also be in¬ 
cluded, to give a constant to be multiplied 
by the slope to give direct values of per¬ 
centage of full load torque, the term com¬ 
monly used by motor engineers. (See ap¬ 
pendix A.) The speed curve is divided 
into a convenient number of equal sec¬ 
tions along the time axis, and the slope 
and amplitude measured at each section. 
The results are data for a complete speed- 
torque curve, percent synchronous speed, 
versus per cent full load torque. 

Comparative Tests 

Asmalleducationaltwo-unitdynamome- 
ter set was chosen for its convenience 
in illustrating this method of torque test 
and comparing the results with those of 
other methods. Both units were the same 
electrically, rated 7Va horsepower as 
motors; but one (normally the motor) 
had a phase-shifting stator mounting, and 
the other was cradled as a dynamometer. 

The input and dynamometer test read¬ 
ings were taken simultaneously over the 
speed range at reduced voltage (appendix 
B). Starting oscillograms were taken at 
full and reduced voltage, with the motor 
coupled and uncoupled to the dyna¬ 
mometer unit. Deceleration oscillograms,, 
coupled and uncoupled, gave data on fric¬ 
tion and windage torque at all speeds. 

Figures 1 and 2 show starts at full volt¬ 
age with the dynamometer coupled, from 
a standstill (1), and with the rotor coast¬ 
ing slowly in reverse rotation before the 
start (2). The method of Figure 2 per¬ 
mits the transient effect of power applica¬ 
tion to pass before zero speed is reached. 
The first, however, gives a better indica¬ 
tion of available breakaway torque. This 
transient starting torque in induction 
motors has been discussed by Wahl and 
Kilgore. 1 Figure 3 shows a full voltage 
start of the motor unit alone, without the 
added inertia of the dynamometer unit. 
It can be seen that for accuracy in analy¬ 
sis, when average torque readings are re¬ 
quired, the slower start, as obtained with 
added inertia, is desirable. A reduced 
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voltage start, for direct comparison 
against reduced voltage data from the 
other methods, is recorded on Figure 4. 
The tendency of the machine to hunt is 
shown on the starting curves by the speed 
pulsations above and below synchronous 
speed, which did not die out until after the 
end of the oscillogram. 

The speed-torque curve obtained from 
Figure 4 is plotted on Figure 6, with 
points added from input and dynamome¬ 
ter tests, all at 140 volts on the 220 volt 
connection. Agreement is fairly good be¬ 
tween acceleration and dynamometer 
tests but the input method does not show 
the half-speed dip in torque which is un¬ 
questionably present. Figure 7 is for full 
voltage starting with acceleration torque 
data from Figure 2 and added points from 
input and dynamometer tests, with re¬ 
checks at some speeds, corrected for 220 
volts. Again the dynamometer tests are 
in best agreement, with input tests not 
showing the half-speed dip (appendix C). 
Acceleration oscillograms show friction 
and windage torque (both units) of 4.1 
per cent at 600 rpm and 5.8 per cent at 
1,200 rpm. These values should be added 
to the acceleration torque values for exact 
comparison with input test values. 

Variations of the Method 

Acceleration may be shown directly on 
the film by passing the charging current to 


Figure 5. Starting oscillogram 
with direct acceleration indica¬ 
tion (coasting backward before 
start) 

A —Zero speed B —Acceleration 

a condenser (from the d-c tachometer gen¬ 
erator) through an oscillograph galvanome¬ 
ter. It can be shown (appendix D) that: 

Acceleration * 

d*r_ I R dl 
dt*~CK q Kq dt 

where 

I — capacitor charging current 

C= capacitance of capacitor 

R —total circuit resistance 
Kg =volts per revolution per second of 
generator 

The term I/(CK a ) is dependent only on 
current magnitude and is obtained di¬ 
rectly from galvanometer deflection on 
the film. Correction for the other term 
would be tedious so it must be kept small 
by low circuit resistance and low current. 
The obvious requirement then is a high 
sensitivity, low resistance galvanometer 
element. 

Figure 5 shows acceleration by this di¬ 
rect method. Unfortunately, the accelera¬ 
tion deflection was not set high enough 
for accurate reading on smooth accelera¬ 
tion, but shows clearly its value in re¬ 
cording torque pulsations such as those in 


Figure 1. Full-volt¬ 
age starting with 
namometer 
coupled (from stand¬ 
still) 


C—Speed D —60-cycle timing wave 

the synchronous motor approaching syn¬ 
chronous speed. We have found sloj*t* 
measurement of a speed curve more geuor • 
ally useful, because of simplicity of taking 
the oscillogram, ease of calibration, ant! 
the need for average rather than install* 
taneous torque values. 

A speed-torque curve may be traced di 
rectly on the screen of a cathode-rav 
oscilloscope during the starting of a motor 
by applying the tachometer generator 
voltage to one pair of plates, and passing 
the capacitator charging current through 
deflecting coils (or a shunt and d-c amjili 
fier) to produce torque deflection in quart 
rature with the speed deflection. This hat 
been done experimentally with good rr 
suits but has not yet been applied to pro 
duction torque testing. 

The general principle of speed oscillt* 
grams for determination of starting, an*! 
friction and windage torque has been aj» 
plied to a number of applications whcrr 
the tachometer generator could not i* 
used, and speed indication is obtained *»is 
the film by other means. Some tests j« 
volve high speeds (up to 20,000 rpm) an* I 
many do not permit any loading effect bv 
the indicating device. Three method-* 
have been used successfully: 

» 

1. Small magnets on the motor shaft genet 
ate a voltage in a stationary coil, which »■* 
amplified and applied to an oscillograph 
galvanometer. 

2. A mirror on the motor shaft reflects m 
light directly on the oscillograph film, while 
a galvanometer traces a timing wave. 





Figure 2. Full-volt- 
age starting with 
dynamometer 
coupled (coasting 
backward before 
start) 


3. A mirror or shutter mechanism on I hr 
motor shaft controls light on a photocell, 
and the resulting impulses are amplified and 
applied to an oscillograph element. 

In all of the cases, speed is calculated «tl 
any point by counting revolutions per unit 
time, or measuring time elapsed per rev*» 
lution. 



Z5'3 
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Figure 3. Full-volt¬ 
age starting without 
d y n amomet er 
coupled (coasting 
backward before 
start) 



Figure 4. Reduced- 
voltage starting with 
dynamometer 
coupled (coasting 
backward before 
start) 


A—Zero speed 


B —Line current C—Field discharger current D —Speed 


Conclusions 

1. Neither the power input nor dynamouir 
ter torque tests are entirely satisfactory 
in the analysis of synchronous (or induction * 
motor starting characteristics. 

2. The acceleration oscillogram torque ten* 
is simpler to set up and run, is taken at full 
voltage with no corrections, gives consistent« 
accurate results through the whole speed 
range, and may be used to determine tran¬ 
sient as well as average torque. 

3. Variations in the method allow it to hr 
applied to many types and sizes of motor#* 
for determining losses as well as starting 
torques. 
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Appendix A. Derivation of Ac¬ 
celeration Formula 


Appendix B. Input and Dyna¬ 
mometer Test Methods 


% 

Consider a point on the time-speed curve, 
H millimeters on the horizontal time scale 
and V millimeters on the vertical speed 
scale. 

t =time in seconds 
r = revolutions 

& ft =time calibration, seconds per milli¬ 
meter 

k v —speed calibration, revolutions per 
second per millimeter 
0“slope angle of curve 
WR *=moment of inertia of rotor, pound- 
feet 8 



Figure 6. Reduced-voltage (64 per cent) 
starting torque by various methods 


G =acceleration of gravity, feet per second 
per second 

j r VK v t—HKn 

d*r dKV v , 

- dt=dHK h 


dt * dt 

dr dVK v 


K , 


dt 8 dHK h ~Y h ^ 6 acce ^ erat ^ on » revolu¬ 
tions per second per second 

WJ?i Mr 

Torque (pound-feet)--X2jrX~ 

G dt * 

WR* 

— ~r— X2rX—tan 9 
G Kn 

=K tan 9 


For the input method readings the cradled 
unit with the dynamometer attachment was 
connected synchronously to a variable 
frequency source of sufficient capacity to 
afford practically infinite bus to the test 
machine. The motor then was coupled to 
the dynamometer and connected electrically 
to a variable-voltage 60-cycle source for 
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Figure 7. Fuii-voltage starting torque by 
various methods 


short periods during which time the input 
and torque readings were made. This setup 
should have provided an ideal arrangement 
for taking torque tests by either input or 
dynamometer method, but practically it left 
much to be desired. Briefly, the range 
of frequency control was limited, frequency 
or speed control at very low speeds (in¬ 
cluding standstill) was not available, and the 
torque reading on the dynamometer scale 
varied throughout a reading period, due 
perhaps to change in the torque character¬ 
istics of the armature and amortisseur wind¬ 
ings from heating. 


Appendix C. Peculiar Motor 
Characteristics Shown 


The agreement in the lower speed portion 
of Figure 7 was not good, particularly near 


half speed, but this was pretty much to be 
expected. In fact, queer antics of syn¬ 
chronous motors at and near half speed often 
have been hard to explain in the light of 
heretofore obtainable tests. In some cases 
one was inclined to doubt the accuracy of 
the test readings, in others, the inherent ac¬ 
curacy of the method. We ant icipate there¬ 
fore that this new method of recording 
torque directly and instantaneously will 
confirm some previous observations that 
one hardly dared to believe. 

For instance, sonic motors have shown a 
tendency to lock or synchronize at half 
speed (in fact a great many show a slight 
tendency in this respect). Others seem to 
show such a characteristic only when being 
started on a voltage considerably reduced 
from their rated voltage. A torque test 
on such a motor by the power input method, 
at more nearly rated voltage might indicate 
a peak of torque at half speed. Knowing 
when to believe such an observation will go 
far in helping to determine the cause. 


Appendix D. Derivation of Ac¬ 
celeration-Current Formula 


So “tachometer generator voltage (open 
circuit) 

E c = capacitor vol Luge 
I “capacitor charging current 
C= capacitance of capacitor 
jR= total circuit resistance 
/£«“volts per revolution per second of 


generator 
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Temperature and Electric Stress in 
Impregnated-Paper Insulation 

J. B. WHITEHEAD W. H. MaeWILLIAMS, JR. 

FELLOW AIEE ENROLLED STUDENT AIEE 

T HE effect of temperature elevation on Proos apparently had his eye on gaseous 

impregnated paper insulation is to ionization, and says nothing as to possible 
increase conductivity and dielectric loss chemical changes. This paper reports 
and to accelerate such chemical action as the results of a careful laboratory study 
may be possible among the constituent of the matter. Although only one oil has 
paper, oil, and adjacent electrodes. Both been studied so far, and others may show 

effects increase rapidly above, say 60 de- different behavior, the results have 

grees centigrade, but are relatively small seemed to the authors so striking that 
at ordinary atmospheric temperatures in they are being reported at once, 
dry and air-free insulation. 


with appropriate measurements of d-c 
conductivity and 60-cycle power factor 
at intervals to insure uniformity of final 
conditions. The oil was stored in a steel 
drum under nitrogen, and as needed was 
degassed and dehydrated at 0.15 milli¬ 
meter mercury. 2 Some of the samples 
tested were impregnated with oil which 
had been exposed for 65 hours to oxygen 
at a pressure of five centimeters mercury, 
and a temperature of 80 degrees centi> 
grade. The paper for these samples was 
dried in the usual manner, the oxygen at 
a pressure of five centimeters was ad-, 
mittcd to the impregnating cell, and 
thereafter the oil saturated with oxygen 
at the same pressure was admitted. 
After 12 hours air was admitted to the 
cell at atmospheric pressure and so main¬ 
tained for the duration of the test. Un- 


The effect of high stress, is also well 
known. Power-factor-voltage curves in 
thoroughly impregnated paper (no gase¬ 
ous ionization) are generally flat up to 
300 or 400 volts per mil at temperatures 
up to 40 or 50 degrees centigrade and at 
higher stresses rise only slightly until 
breakdown is approached. Further tem¬ 
perature elevation is immediately re¬ 
flected not only in large increases in 
power factor but in characteristic 
changes 1 in the shape of the power-factor- 
voltage curve. These immediate (as dis¬ 
tinguished from long-time) effects have 
usually been considered from the stand¬ 
point of the values of dielectric loss 
reached and permissible limits of tem¬ 
perature elevation. 

Little attention has been paid to the 
study of the long-time effect of combined 
high temperature and high stress. The 
slow increases in power factor and loss in 
cables operating at relatively low values 
of stress and temperature have usually 
been attributed to chemical changes in¬ 
herent in the constituent materials and to 
increasing gaseous ionization. Safe re¬ 
strictions are placed upon these in design 
with due reference to the influence of tem¬ 
perature. 

However, such time changes have been 
noted by manufacturers’ engineers but, 
as is so often the case, not published. 
Time changes in power factor in labora¬ 
tory samples have been reported by one 
of the present authors. 1 * 2 Perhaps the 
most conspicuous data are those of Proos. 8 
In a series of load-cycle studies on power 
cables he noted the following: 

(a). Electric stress at low temperature for 
long time, no permanent change in power 
factor at high stress. 

(&). Load (and temperature) cycles plus 
high stress, large permanent changes in 
power factor at high stress. 


Test Samples 

The tests were made on samples con¬ 
sisting of 10 flat circular layers of 0.004- 
incli wood pulp cable paper, specific 
gravity 0.997, made by a well known 
manufacturer. The 6.25-inch diameter 
samples were placed in a circular parallel- 
plate capacitor with brass electrodes and 
with the usual guards. The outside di¬ 
ameter of the high-voltage and guard 
electrodes is 5.13 inches. The capacitor 
was mounted in a Pyrex glass dish so that 
the impregnated specimen was under oil 
at all times. The capacitor and dish were 
mounted in an outer brass cell, with ther¬ 
mostatic control, which could be heated 
to 105 degrees centigrade and which could 
be evacuated to a pressure of 0.05 milli¬ 
meters of mercury. Connections were 
provided for measuring and for guard 
electrodes and for voltage up to 15 kv on 
the high-voltage electrode. A-c measure¬ 
ments were made by a transformer bridge 
modified to permit rapid determination of 
power-factor-stress characteristics. Fur¬ 
ther details of the capacitor and other 
auxiliary measuring equipment will be 
found in an earlier paper. 2 

The oil used was prepared by a well 
known manufacturer for cables of the 
solid type. The principal properties 
are given in Table I. 

The paper in all cases was vacuum 
dried and degassed at a pressure of 0.05 
millimeter of mercury and a temperature 
of 105 degrees centigrade for 60 hours, 

Paper 42-10, recommended by the AIEE committee 
on power transmission and distribution for pres¬ 
entation at the AIBE winter convention New 
York, N. Y., January 20-30, 1942. Manuscript 
submitted September 24, 1941; made available for 
printing November 5, 1941. 

J. B, Whitehead is director of the school of engi¬ 
neering and W. H. MacWilmamb, Jr. is associated 
with the school of engineering of the Johns Hopkins 
University, Baltimore, Md. 


der these conditions, the oil contained 
0.7 per cent of oxygen by volume, or 
about five hundred times as much oxygen 
as that contained in the normal air-dried 
specimen. Further details as to the oxU 
dation process and measurements may bq 
found in an earlier paper. 2 

The Tests 

The principal tests were a comparison 
of the power-factor-stress and tempera¬ 
ture characteristics of Specimens sub¬ 
jected to two sets of conditions, 

(«). Without electric stress, and at a tenu 
perature of 80 degrees centigrade. 

(&). Under an a-c stress of 400 volts per 
mil, at the same temperature. 

These runs lasted approximately one 
week each, and were interrupted at inter¬ 
vals of approximately 24 hours for the 
measurement of power-factor-stress rela¬ 
tions between 25 and 400 volts per mil. 
At the end of approximately a week the 
tests were interrupted and the tempera- 
ture lowered to that of the atmosphere 
and another power-factor-strcss curve 
taken. The specimen was then dis¬ 
mantled and power-factor measurements 
made on individual layers at atmospheric 

Table. I. Salient Properties of the OH 

Pour point.. -18 degree* centigrade 

Flash point...279 degree* centigrade 

Dielectric strength....30,000 volt* per 0.1 inch 

40 Degree* 80 Degree* 

Centigrade Centigrade 


Specific gravity.0.002 .... 0.872 

Viscosity.6.1 poises. ...0.2 poises 

20 -minute d-c 1 f 8.6 10 ** mho 

conductivity J *.I pef centimeter 

Power factor.0.0005.0.0018 

Dielectric con¬ 
stant....2.27.2.22 
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temjK'raturt* ami a stress of fiO volts per 
mil. 

Results 

T«ST 1. NO STRESS, N<) (>XYORN\ 

80 Diukris Ckntiukadr 

Figure 1 shows the results of a test run 
of an air- anti oxygen-free sample main 
tamed at 80 degrees centigrade for a pe 
tiod of one week. Time was measured 
from t he termination of the iinpteKU.ition 
j«*riotl. It will he noted that the curves 
are relatively Hat and of low absolute 
value. 11a* slight increase in j tower fac¬ 
tor at 150 volts per mil over the period of 
seven days is tUNHia. The curves show 
fin* beginnings of a churaetimtie *4 all 
such curves at higher lemjterattires; 
namely, a utaxiuinm in the neighborhood 
of the stress mentioned. The power fae 
tor stress curve, at room tctti(*etatuie 
and after the test, is absolutely Hat. The 
layer power factor curve is in no way sug¬ 
gestive of action at the electrode*. 


of a more rapid increase beyond 1,8 hours. 
I'he overall increase in power factor for 
the |wind of the run is 0.02*2, or about 
0.0050 jH*r day, which may he compared 
with the practically negligible increase 
of test l (licit greater than tUWMKt per 
day). The power-fact or stress curve at 
atmospheric temj*erature, after the test, 
is close to the initial curve at 80 degrees 
and rises slightly with increasing stress, 
this indicating a i*ei maun it change in the 
dielectric as a result of the run at high 
stress and 80 degrees centigrade; compare 
with Figure I Again the layer power- 
factor cm ve contains no sjsvial suggestion 
“f action at the electrodes. 

Test :t. Ht'srAtNMi A-C Sikls.% At 

-too Villas pi n Mh,, su Diannas 

CuxtitiHAtm, No Hxviar.N* 

Figure 1 show.*, three power factor* 
‘drew curves on a njh eirnen similar to that 
in test 2 liesultN ‘ imilat to those of test 
2 were obtained in this test which was 


TKHI 2 StJSTAtNKti A-C SlNKSH AT 
4tJ0 VIJUS I*i:« Mu., 80 IlKliKM S 
Ct'S rn ah: No i )xymn 

As will to? seen in Figure 2 the power 
factor stress curve at the start is approxi 
mutely Hat at a relatively tow value and 
comparable with.the initial curve of test 1 
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Fiftwt 1. Ch«nf«i In p©w«r lector <to« to 
femptttiur* (80 cfefrtti cantltowto) *ton«. 
No oxyf«n 


However, tins curves taken on sucemlimi 
days 

(«). Indicate a rapid tnereaw of power fac¬ 
tor with time. 

W« Take on the characteristic form indi« 
rated in Figure 2, 

The salient features of these curves are 
the rapid increase in power factor at low 
stresses, with maximum values at ap¬ 
proximately 125 volts jmr mil, and there¬ 
after the continuous decrease of p«*wer 
factor up to and beyond 4tXt volts per 
mil. The increase in the maximum 
value is approximately linear with time 
in the lower range, with some indication 



fi$ai« 51. €b*»iii to grown; fietor chit to 
eomfatotd Umpmiim (80 dtfrtt* cantl- 
«r«dt) #nd dm* (400 roll* gnu mil). No 
oxyftti 

continued to 112.# hours A (let 112,1 
hours at *100 volts p r util, curve .1 was 
Ink* ii. After an additional half Imur at 
4W volt* faer mil, stress was removed, and 
after a further period of 20 hours without 
stress curve H was taken. After u further 
21 hours without stress curve C was 
taken. T he three curves of Figure ,1 in- 
dirate that, while rapid increases in 
power factor accompany any prolonged 
application of stress, these increases reuse 
almost immediately upon removal of 
stress. The high values reached appear 
to to* fs ritianeut, indicating a definite de¬ 


terioration of the insulation. Changes in 
the janver faetor-stress curves at decreas¬ 
ing values of temperature following a run 
of HI hours at 8(1 degrees centigrade and 
400 volts per mil arc* indicated in the 
curves of Figure 1, As seen. the charac¬ 
teristic maximum in the power-factor 
curves (lies nut appear below flu degrees. 
I here is, however, the suggestion that 
these maxima might appear at fit) degrees 
centigrade (or lower), if the stress were 
eau ied to higher values. 

Tust 4. Spst'AiNfp A C Swi ss at .pit) 
Volts w;k Mil, flu Di um i:s Cisri 

okapi:, No Oxyok.v 

rhe procedure in this test was identical 
with that in test 2, except that the sms 
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fifiir* 3. Ckflitgai to jrow«r factor iftor m* 
moval of draw (80 cantltmto), No 

oxyftn 


A 112 4 toiur* under stmt 
IJ * IIS? 9 hour* mtkt sums, W tows off 
C.112 9 htnir* m*kt strew, 43.0 hours off 


tamed f» uij*riatun sva.*, gfl degree?, cruft 
grade, T h»* results of the test of p;» hours 
duration ate shown in Figure f», 1}»» 

trend of the power factor v»iltage curves 
is similar to that found for the lemfcra 
turc of fWt degrees in Figure l, Moreover, 
there h the steady increa.M* of power factor 
with time at each value of stress, ’i'he 
increase is practtoallv uniform as shown 
by the graph giving the increasing values 
at 125 volts jier mil. The rate of increase 
of power factor, ft.00u.Tm jar day, is 
noticeably less than the corresponding 
figure of 0,005(1 ju-r day for temperature 
80 degrees centigrade found in test 2, 
In tills ease the power far t**r stress curve 
at room totn{ieraf.tire was jaafectly flat, 
at the approximate value 0.00.3, as ennt- 
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Figure 4. Changes in power factor with tem¬ 
perature after removal of stress. No oxygen 


monly observed for all specimens through¬ 
out the course of the work. 

Test 5. Sustained A-C Stress at 400 

Volts per Mil, 40 Degrees Centi¬ 
grade, No Oxygen 

In a similar series of tests over a period 
of seven days the powcr-factor-stress 
curves are all approximately flat and have 
approximately the same value, the curves 
being grouped irregularly within the 
range 0.0027 and 0.0035 at 125 volts per 
mil. No uniform variation was found, 
and for the purpose of discussion in this 
paper, it is assumed that the time varia¬ 
tion of power factor in this test is negli¬ 
gible. (0.00011 per day overall average 
as compared with 0.0050 per day for 80 
degrees at 400 volts per mil.) 

Test 6. Oxygen, No Stress, 

80 Degrees Centigrade 

This specimen was impregnated with 
oil which had been saturated with oxygen 
at a pressure of five centimeters mercury 
and a temperature of 80 degrees centi¬ 
grade for 65 hours; impregnation also 
took place in an atmosphere of oxygen 
under the same pressure. The powcr- 
factor-stress curves over a period of seven 
days are shown in Figure 6. The steady 
rise in power factor (0.0017 overall) is 
more than three times greater than that 
of Figure 1 (0.005), which may be at¬ 
tributed to the continuous process of 
oxidation. There is also a suggestion 
of the appearance of maxima similar to 
those in Figure 2. The decrease in 
power factor between curve “0" day and 
‘T’ day is due to the change of atmos¬ 
phere from oxygen at five centimeters to 
air at a pressure of 76 centimeters of mer- 
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Figure 5. Changes in power factor due to 
combined temperature (60 degrees centi¬ 
grade) and stress (400 volts per mil). No 
oxygen 
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Figure 6. Changes in power factor due to 
oxidation at 80 degrees centigrade 


power factor per hour under sustained 
stress at 400 volts per mil is plotted as 
ordinate with temperature as abscissa. 
As will be seen, an appreciable steady in¬ 
crease is found at 60 degrees, the hourly or 
daily rate increasing rapidly above that 
temperature, the increase between 60 de¬ 
grees and 80 degrees being approxi¬ 
mately seventeen times. 

Discussion of Test Results 


enry. The curve for 25 degrees centi¬ 
grade following the main test remains at 
low value, but shows au upward tendency 
at higher stresses. 

Test 7. Oxygen, 400 Volts per Mil, 

80 Degrees Centigrade 

The specimen was impregnated with 
oil saturated with oxygen at a pressure of 
5 centimeters of mercury and 80 degrees 
centigrade, as in test 6, and subjected to 
sustained stress at 400 volts per mil for 
116.5 hours. Figure 7 shows the power- 
factor-stress curves. The curves for 
“0” hour and that at 25 degrees after 
test, are practically coincident with 
that of test 0 (oxygen, no stress). 
Otherwise, the behavior is closely 
the same as test 2 (stress, no oxy¬ 
gen), the characteristic maxima appear¬ 
ing at about the same values of stress, 
and the rate of overall time increase being 
slightly lower than that for the oxygen- 
free specimen. The time increase of 
power factor is closely linear in each case, 
being 0.0056 per day for the oxygen-free 
specimen and 0.0051 per day for that con¬ 
taining oxygen. The curve for layer vari¬ 
ation of power factor again shows no evi¬ 
dence of electrode activity. Figure 8 
shows the power factor-stress curves at 
decreasing values of temperature follow¬ 
ing the time-run at 80 degrees. The 
behavior is closely the same as that shown 
in Figure 4. 

Rate of Power-Factor Increase 
Versus Temperature—No Oxygen 

In Figure 9, based on the data of the 
foregoing tests, the rate of increase in 


The outstanding result of the tests is 
the very great increase in the time rate of 
increase of power factor, when high tem¬ 
perature and high stress are applied si¬ 
multaneously, over the rates observed 
when the efleet of each is observed sepa¬ 
rately. The relative rates of power-factor 
increase are: at 80 degrees centigrade 
and no stress, 0.0005 per week; ut 80 de¬ 
grees centigrade and 400 volts per mil, 
0.0302 per week, an increase of ut least 78 
times in the rate of power factor increase 
This figure is startling. Temperatures up 
to 80 degrees centigrade are not uncom¬ 
mon in high voltage cables. While 4(H) 
volts per mil is somewhat high, stresses 
up to one half that value are now in use, 
the higher values are spoken of. 

The question immediately arises as to 
the nature of the underlying phenomena. 
Within the ranges of temjierature and 
stress here studied, there is a uniform 
linear rate of increase of loss, hence of 
conductivity, hence in the number of free 
ions present. Apparently oxygen plays 
a relatively small part, an increase of 500 
times in the amount of oxygen actually 
causing u slight reduction in the rate of 
power factor increase (which suggests the 
elimination of possible small active com¬ 
ponents) . We thus fall back on the ques¬ 
tion of possible interaction among the 
three constituent materials- paper, oil, 
and metal. 

It has long been known that oil with¬ 
drawn from contact with paper and metal 
electrodes suffers a deterioration as indi¬ 
cated by increased values of power factor 
and loss. Whitehead and Jones* made 
separate studies of the influence of the 
contact of dll with paper, with brass, and 
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0.035 



Figure 7. Changes in power factor due to 
combined influence of stress, temperature, and 
oxidation. Oil contains 0.7 per cent by 
volume of oxygen 



Figure 8. Changes of power factor with tem¬ 
perature after removal of stress. Oil contains 
0.7 per cent by volume of oxygen 
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Figure 9. Rates of increase of power factor 
due to combined influence of stress and 
temperature 


riers until all are active in caeli cycle, and 
the loss component tends to a limiting 
value. The capacitance component of 
the current increases with stress and ulti¬ 
mately more rapidly than the loss com¬ 
ponent. Consequently, with increasing 
stress the power factor passes through a 
maximum and then begins to decrease as 
shown. Power factor-stress curves of 
this shape were reported by one of the 
authors in an earlier paper, 1 and sub¬ 
stantially the same explanation suggested. 
C. G. Garton and P. Boning have also 
discussed curves of this type. 

It is hoped to continue similar studies 
with other oils. 


with both, and found that the increase in 
power factor over the range 20 degrees to 
80 degrees centigrade was greater than 
the changes caused by 0.013 per cent by 
volume of oxygen in the oil. Thus, even 
with substantial amount of oxygen in the 
oil, observed values of the rate of deterio¬ 
ration up to 80 degrees centigrade are en¬ 
tirely accounted for by the contact of the 
oil with paper and with metal. 

It is commonly assumed that there is no 
inherent electrolytic dissociation in insu¬ 
lating oils. Chemists are very positive in 
their statement that pure hydrocarbon 
liquids are free from such dissociation and 
that insulating oils should also be found 
in this class. However, it is well known 
that most such liquids, and certainly the 
purest insulating oils, have some residual 
conductivity. This has commonly been 
attributed to residual electrolytic impuri¬ 
ties, but all attempts to identify such im¬ 
purities, to measure them, and to elimi¬ 
nate them, have failed, and the liquid still 
shows a residual conductivity. On the 
other hand, some chemists 4 have main¬ 
tained that all such liquids should show 
some electrolytic dissociation and con¬ 
ductivity, albeit of very low values. 
More recently, 6 studies of the large in¬ 
crease of conductivity of insulating liquids 
in contact with metals and under high 
stress have been attributed to large in¬ 
creases in the electrolytic dissociation 
witl in the liquid. 

If an electrolytic dissociation for an in¬ 
sulating oil is admitted, an explanation of 


the results of this paper seems to be within 
sight. The powerful influence of tem¬ 
perature in increasing electrolytic disso¬ 
ciation is well known. If to this we add 
the effect of high stress as a powerful in¬ 
fluence for upsetting the stable equilib¬ 
rium of a complex oil molecule, it is easy 
to see that in the combined influence of 
temperature and stress we might find 
some, form of cumulative increase with 
time of the number of ions present. The 
deteriorated condition at high tempera¬ 
ture appears to remain when the stress is 
removed. When the temperature is low¬ 
ered loss and power factor are greatly 
reduced but the oil does riot return to its 
original condition. This behavior is not 
inconsistent with the tentative picture 
presented. 

It is a suggestion, therefore, of this 
paper, that the results reported are due 
to the fact that the oil itself has, or per¬ 
haps acquires as a result of contact with 
paper and metal, an .inherent electrolytic 
dissociation, and that the rapid changes 
due to the simultaneous application of 
temperature and stress are due to the 
well known influences of these conditions 
on electrolytic action. 

The shape of the power factor-stress 
curves of Figures 2 and 5 may be ex¬ 
plained as follows; increasing stress in 
the low range is accompanied by increase 
in the lengths of the excursions of the free 
ions present in oil spaces, and conse¬ 
quently increases in conductivity and 
loss. However, as the voltage increases, 
more and more ions reach the paper bar- 


Conclusions 

1. Chemical instability and deterioration 
of impregnated paper insulation, due to the 
combined influence of temperature and elec¬ 
tric stress, may begin earlier and increase 
more rapidly than commonly supposed. 

2. Using a high grade insulating oil and a 
standard cable paper, the time rale of in¬ 
crease of dielectric loss, at 80 degrees centi¬ 
grade and 400 volts per mil, is over GO times 
greater than the rate of increase at 80 de¬ 
grees without stress, or at 400 volts per mil 
stress and temperature 40 degrees centi¬ 
grade. It is recognized that different values 
may pertain to other oils. 

3. Oxygen plays only a relatively small 
part in the chemical changes in the oil here 
reported. 

4. It is suggested that the behavior re¬ 
ported is due to electrolytic dissociation in 
the oil, inappreciable at low stresses and 
temperatures, but increasing rapidly for 
values which are now being approached in 
the operation of high-voltage cables. 
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Progress Report of D-C Testing of 
Generators in the Field 

E. R. DAVIS 

ASSOCIATE AIEE 


Synopsis: For many years the company 
with which the authors are associated en¬ 
deavored to find some satisfactory method 
of testing generator insulation in the field. 
With this in mind, it was decided to experi¬ 
ment with higher d-c potentials. Several 
d-c testers were built and a series of tests 
made. This paper describes the progress 
during the first ten years of testing genera¬ 
tors in the field with high d-c voltage. 

Testing Equipment 

3,000-Volt D-C Tester 

A 3,000-volt d-c tester was built in 
1931 using the simplest of rectifying 
tube circuits. This tester consisted of two 
rectifying tubes, filament and plate trans¬ 
formers, and necessary rheostats for volt¬ 
age control. For purpose of measuring 
leakage current through armature insula¬ 
tion to ground, a milliammeter was used. 
A voltmeter was installed for measuring 
applied potential. Rheostats were in¬ 
stalled in the input side of the filament 
and plate transformers which permitted 
dose control of d-c test voltages from 0 to 
3,000. 

8,000-Volt D-C Tester 

Due to the need for a higher test volt¬ 
age, an 8,000-volt, one-kilowatt tester, 
Figure 1, was built in 1934, using prac¬ 
tically the same rectifying tube circuit 
as the 3,000-volt tester. This tester per¬ 
mitted testing with d-c voltages ranging 
from 0 to 8,000. 

14,000-Volt D-C Tester 

In order to obtain capacity and voltage 
believed necessary to test the larger capac¬ 
ity units, a 14,000-volt 2-kw tester was 
brnlt in 1940, Figures 2, 3, 4, and 5, using 
a standard bridge rectifying tube drcuit. 

Test Procedure 

3,000-Volt Tests 

The first routine tests were made April 
6, 1932, on armatures of 3,750-kva 2,300- 

Paper 42-1, recommended by the AIEE committee 
on electrical machinery for presentation at the AIEE 
winter convention, New York, N. Y., January 
26-30,1942. Manuscript submitted May 16,1941; 
made available for printing October 14, 1941. 

E. R. Davis and M. P. Lbptwich are both with the 
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M. F. LEFTWICH 
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volt generators and on 18,750-kva 6,600- 
volt generators. The d-c test voltage 
applied was 3,000 for the 3,750-kva gen¬ 
erators and 2,500 for the 18,750-kva gen¬ 
erators. Test voltage between winding 
and ground was applied and gradually in¬ 
creased, the milliammeter being observed 
closely for any indication of excessive 
leakage or breakdown, until specified test 
voltage was reached at which point the 
current was read and recorded. The test 
voltage was then removed and generator 
armature grounded to discharge winding. 
If, however, during the initial application 
of test voltage, evidence of undue leakage 
or breakdown was noticed, test voltage 
was immediately removed and reapplied, 
slowly increasing voltage to determine the 
point at which this indication was ob¬ 
served. 

8,000-Volt Tests 

A new series of tests was instituted 
June 12, 1934, using same procedure and 
recording milliampere readings as de¬ 
scribed before. The d-c test potential ap¬ 
plied on these tests was as follows: 

3,000 volts for generators rated at 2,300 
volts. 
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8,000 volts for generators rated at 6,600 aiid 
13,000 volts. 

After considerable experience in testing 
and recording data, using both 3,000 and 
8,000 volts, it became apparent that the 
spot readings which had been recorded 
heretofore were not indicative of the true 
insulation resistance or characteristics. 
Consequently, a series of special tests was 
undertaken in order to determine the time 
necessary for initial charging of the wind¬ 
ing at various temperatures (Figure 6) be¬ 
fore the true insulation leakage current 
could be accurately observed. D-c po¬ 
tential was gradually increased to the 
specified test voltage and then held con- 



Figure 2. Testing instruments showing carrying 
case 


stant continuously on the armature for 
remainder of test with a current reading 
recorded at the end of the first minute of 
the specified test voltage application and 
continuing with each minute of test. The 
specified test voltage applied for this 
series of tests was 3,000 for the generators 
rated at 2,300 volts and 8,000 for the gen¬ 
erators rated above 2,300 volts. In addi¬ 
tion to current readings, data on relative 
humidity, barometric pressure, and core 
iron temperature were also recorded. The 
generator winding was grounded prior to 
beginning of tests and also between each 
five- or ten-minute test of a series. 

From experience it was found that high 
per cent relative humidity during test peri¬ 
ods has no bearing upon the test readings 
provided the temperature of the generator 
under test is higher than ambient. How¬ 
ever, if any outdoor bus is included in the 
test, high per cent relative humidity will 
cause the milliampere readings to increase 
sharply, thus giving false indications of 
insulation leakage or resistance. 

The age of insulation appears to have 
no effect upon the magnitude of milli¬ 
ampere test readings except in a new ma¬ 
chine or new windings in old machines. It 
is evident that the new insulation goes 
through an aging process and becomes 
dryer. This aging condition is illustrated 
by curves, Figure 8. 
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Results 

3,000-Volt D-C Tests 

During the course of the first routine 
testing, one breakdown occurred on a 
3,750-kva, 2,300-volt bar-wound genera¬ 
tor at a d-c test potential of 2,500 volts. 
On inspection of the point of breakdown, 
it was apparent from the condition of the 
surrounding insulation that leakage had 
been occurring at this point for some time. 
Eventually, the winding would have failed 
at this point with probable severe damage 
to core iron and adjacent coils. One new 
armature bar was installed in repairing 
the generator. 

An 18,750-kva 6,600-volt lap-wound 
generator broke down on d-c test at 1,500 
volts. The generator was then tested with 
a conventional tester which showed the 
insulation resistance to ground to be 150 
megohms. The insulation of this winding 
consists of partly mica and partly var¬ 
nished cambric which is more commonly 
known as “composite” insulation. Upon 
close inspection of the winding, a broken 
piece of core iron was found to have cut 
into a coil. The probable reason break¬ 
down did not occur while generator was in 
service was that this coil was located near 


Figure 4. Field test¬ 
ing of an 18,750- 
kva 6,600-volt gen¬ 
erator 


grounded neutral. Six new coils were in¬ 
stalled in repairing the generator. 

8,000-Volt D-C Tests 

The use of the higher d-c test voltage 
proved beneficial in that several cases of 
excessive leakage were observed on routine 
test, which would not have been notice¬ 
able had the lower test voltage been used. 
In one case, the milliammeter read off- 
scale, 100 plus at 4,000 volts on routine 
d-c test of an 18,750-kva 6,600-volt lap- 
wound generator, when for this generator 


Table I 



Armature Tests 

Total No. 
Tests 

Generators Tested 

• 

Generators 
Failing on Test 

Year 

8,000 Volts 

3,000 Volts 

Number 

Kilovolt- 

Amperes 

Kilovolt- 
Number Amperes 

1932 . 

1933 . 

1934.. 

.. 126*.*’. 

... 117. 

... 121. 

... 166_... 

. 117. 

. 121. 

. 291. 

...75. 

...77. 

...80. 

...87. 

...87. 

...86 . 

...90. 

...87. 

...90..... 
...88 . 

. 934,805. 
942,730. 
oaa bkk 


1935•«•••• 
1936. 

.1937. 

1938 . 

1939 . 

.. 90... 

.. 131... 

.. 187... 
.. 226... 
.. 191... 

... 65. 

... 85. 

... 112. 

... 154. 

... 90. 

. 153. 

. 216__ 

. 299. 

. 380. 

. 281. 

. 904,834. 
. 904,834. 

927,084. 
.1,014,083. 
i mo saa 


1940. 

1941.. 

.. 218... 
.. 146... 

... 116. 

... 73. 

. 334. 

. 219. 

1,028.334. 

1,131,834. 


Total. 

..1.314. . . 

...1,097. 

.2.411, 





Figure 3. Portable 14,000-voH rectifier with cover removed 


the current, as indicated from test records, 
.should have been approximately 0.12 milli- 
ampere at 8,000 volts. In this generator 
the insulation in the slot portion is mir q 
and the coil ends are of class A (fabric). 
This reading immediately indicated seri¬ 
ous leakage to ground. The phases were 
separated and leakage located in slot pqf- 
tion of a coil midway between top and* 
bottom of core iron. Upon examination 
of coils when generator was dismantled, it 
was found that at some time a nut h?d 
dropped down between the rotor and 
stator while generator was in service, cut- 
tinginto core iron and coil insulation in the 
front of the coils (Figure 7) but not quite 
through to the copper. Four new coils 
were installed in repairing the generator. 

In another case, on 8,000-volt d-c test 
of an 8,000-kva 11,000-volt turbogenera¬ 
tor, the current reading was 8.5 milliam- 
peres which began climbing steadily after 
about 15 seconds from beg inning of test 
and had increased to 16.0 milliamperes 
within one minute; therefore, the test 
voltage was removed. The test voltage 
was reduced to 4,000 and the current read¬ 
ing remained constant at 3.7 milliam peres 
for the entire ten-minute period of test 
voltage application. Next, the test volt¬ 
age was increased to 6,600 at which the 
initial current was 6.5 milliamperes but 
began to rise rapidly as before, so test volt¬ 
age was removed. Finally, the test volt¬ 
age was slowly increased from zero in 
order to determine at what applied d-c 
voltage the current to ground began to in¬ 
crease, and this was found to be at 6,500 
volts. The generator lead cables were dis¬ 
connected and the generator was aga in 
tested with breakdown occurring at 3,500 
volts. The end connectors were removed 
and the generator tested at 8,000 volts 
with the current varying from 2.64 to 2.5 
milliamperes at 58 degrees centigrade 
within the standard ten-minute test pe¬ 
riod. Upon examination of the end con¬ 
nectors there was evidence of slight arcing 
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Figure 7. Mechanical damage to a large 

generator which was located with d-c tester 

» 

from one end connector to metal support¬ 
ing bracket. The end connectors were re¬ 
paired and replaced and final test at the 
end of the ten-minute test period at 8,000 
volts showed a current leakage of 0.84 
milliampere at 23 degrees centigrade. 

14,000- Volt D-C Tests 

Up to the time this paper was written, 
no higher d-c test voltage than 8,000 has 
been used. However, all d-c tests since 
1940 have been made using the 14,000- 
volt test apparatus. It is planned at some 
later date to make tests on the 13,200-volt 
machines at nearer rated voltage than has 
been done before. The results of these 
tests when they are performed are merely 
a matter of conjecture, but from previous 
experience in testing, it is believed that 
the higher d-c voltage will prove more 
satisfactory than that used at present on 
the higher-voltage machines. 

Initial High Charging Current 

The curves shown in Figure 8 illustrate 
initial high charging current with the cur¬ 
rent gradually decreasing to a constant 
value and remaining constant for several 
minutes toward the end of the standard 
ten-minute test period. These curves are 
quite interesting because they were taken 
from the time the generator was new, June 
28, 1938, up to January 3, 1941. Curves 
1, 2, and 3 show the average of periodic 
tests, and, from a study of these curves, it 
is evident that the insulation leakage cur¬ 
rent has made a noticeable decrease over 
an operating period of approximately two 
and one-half years. The foregoing curves 
are of a generator rated at 68,750 kva 
13,200 volts, having an average loading 
factor during this period of 95 per cent 
The insulation of this generator is con¬ 
tinuous mica tape, ASA classification B. 
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TIME-MINUTES 

Figure 8. Periodic tests showing insulation 
characteristics of a 68,750-kva 13,200-volt 
generator armature 

Number 1—June 28, 1938—46.8 degrees 
centigrade coil temperature 

Number 2—March 2, 1940—48.9 degrees 
centigrade coil temperature 

Number 3—January 3, 1941—50.0 degrees 
centigrade coil temperature 

In all tests represented by curves shown, 
an attempt was made to duplicate as 
nearly as possible the temperature condi¬ 
tions of previous tests. 

Defective Auxiliary Apparatus 

Defective apparatus was found on test 
such as metering and synchronizing po¬ 
tential transformers, cracked bus insula¬ 
tors, and, in one case, an insect’s mud nest 
on bus insulators caused high milliampere 
readings. In another case, a defective 
13,000-volt potential transformer was 
found on a routine d-c test at 8,000 volts. 
The milliampere readings were found to 
increase steadily with each minute’s dura¬ 
tion of test voltage application. The 
curves shown in Figure 9 illustrate this 
condition as compared with previous test 
on this particular generator. This in¬ 
crease immediately indicated trouble be¬ 
cause, as has been shown previously, the 
current is higher at the beginning of the 
test, dropping to a constant value as the 
test period continues. The potential 
transformer fuses were removed and the 
current immediately dropped to 0.10, 
showing definitely that the excessive leak¬ 
age was due to the defective transformer. 

Test Summary 

A summary of the d-c testing in the 
field by the company with which the 
authors are associated is shown in Table I, 
in which the total number of tests and 
failures is listed as compared with number 
of generators tested. 

Davis, Leftwch—Testing of Generators 
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Figure 9. Characteristics of defective ap¬ 
paratus 

» 

Curve 1— Before removing transformer fuses; 
excessive leakage indicated by increasing 
current 

Curve 2—After removing transformer fuses; 
norma! leakage indicated by decreasing current 

A detailed listing of generator failures 
and some miscellaneous troubles found as 
a result of periodic high-voltage d-c test¬ 
ing is shown in Table II. 

The method of correlating periodic tests 
on individual generators by a comparison 
of milliampere readings and temperatures 
is given in Table III. 

The considerable variation between 
some of the periodic readings can be attrib¬ 
uted inmost cases to long periods of com¬ 
plete shutdown. When any abnormal in¬ 
crease in milliampere readings is found, 
further investigation is carried on by test¬ 
ing each phase separately to ground. Dur¬ 
ing this test the remainder of the winding 
is grounded. This individual phase test 
has recently been incorporated as an 
annual test along with the regular periodic 
test schedule. 

A comparison of generator failures while 
in service and on d-c test is shown in 
Table IV. 

Conclusions 

In a series of periodic readings on any 
one generator at approximately the same 
temperature with identical test voltage 
applied, any change in magnitude of milli¬ 
ampere readings denotes a change in the 
insulation characteristics. In order to 
determine the normal leakage or to detect 
changes in leakage current, accurate rec¬ 
ords must be kept of tests on each genera¬ 
tor so that a comparison of periodic read¬ 
ings may be made. 

Transactions 17 


calculated resistance-megohms 








Table IV 


Year Ending 

Generators Tested 

No. Eva 

Eva Failed 
in Service 

Per Cent 
Eva Failed 
in Service 

Eva Failed 
on Test 

Per Cent 
Eva Failed 
on Test 

Dec. 31,1932. 

.75.. 

... 934,805... 

....32,750_ 

••.3.51••• 

• • • • 11,250 • •. 

.1.21 

Dec. 31,1933. 

.77.. 

... 942,730... 

... .64,900.... 

...6.88... 

• • • • 3,750 • • • 


Dec. 31,1934. 

.80.. 

... 943,855... 

....34,500_ 

...3.66... 

•,«.41,250 •«• 


Dec. 31,1935. 

.87.. 

... 904,834... 


...3.88.., 

_ 294, . . 

.0 03 

Dec. 31,1936. 

.87.. 

... 904,834... 

... .36,769.... 

...4.07... 

.... 3,000... 


Dec. 31,1937. 

.86.. 

... 927,084... 

....21,975_ 

• •,2,36, •. 



Dec. 31,1938. 

.90.. 

...1,014,083... 

....42,062.... 

...4.15... 

....12,500... 


Dec. 31,1939. 

.87... 

...1,012,834... 

. .. .49,384.... 

• •.4.88,.. 

- 26,760... 


Dec. 31,1940. 

.90... 

...1,028,334... 

• • • • 26)850 * • • • 

. ..2.61... 



Oct. 1,1941 . 

.88... 

...1,131,834... 

....15,800. ... 

...1.39... 

•«• .26,250. .. 


Average . 

.85.«• 

... 974,523... 

....36,012. ... 

.. .3.74. ,, 

• • • • 13,223 m e • 



Averages calculated as of December 31,1941. Maximum capacity of generators tested—68,750 kva. 
Minimum capacity of generators tested—250 kva. 



TIME-MINUTES 

Figure 10. Characteristics of defective insu¬ 
lation 

It was found that the 3,000-volt d-c 
test voltage will give excellent results in 
testing generators rated at 2,300 volts, * 
3,750 kva and below. N o d efinit e conclu¬ 
sions have been made as to the proper test 
voltage to be used for testing larger-capa¬ 
city generators rated at 6,600 volts and 
above, although 8,000 volts has given very 
good results so far. 

From a series of special tests it was 
found that the length of time required for 
the current to reach a constant value 
which is taken as the criterion of insula¬ 
tion resistance varied with the size , volt¬ 
age, and coil insulation of the generators. 
Thus, the following conclusions for time 
of application of test potential were 
reached: 

Five minutes at 3,000 volts for generators 
rated up to and including 3,760 kva, 2,300 
volts 

Five minutes at 8,000 volts for generators 
rated up to and including 18,760 kva, 6,600 
volts 

Ten minutes at 8,000 volts for generators 
rated up to and including 68,760 kva, 13,200 
volts 

From a study of curves (Figure 11) it 
may readily be seen that more accurate 
readings can be obtained at the higher d-c 



Figure 11. The relation between leakage cur¬ 
rent and applied voltage 

voltages. This permits using a rugged, 
portable millia mm eter which increases the 
practical value of the testing unit. The 
values given in these curves were taken on 
a 22,500-kva 6,600-volt hydrogenerator 
which was out of service for repairs and 
was kept heated with space heaters so that 
no change in temperature occurred be¬ 
tween readings. The generator winding 
was grounded for ten minutes before each 
voltage test. Each test voltage was ap¬ 
plied for the standard ten-minute test 
period with a current reading taken each 
minute. The final reading at the end of 
the test period under each test voltage was 
plotted so that these curves show no ini¬ 
tial charging current to the winding. 

It has been the ultimate goal in this 
testing to detect, if possible, insulation 
weaknesses before actual failure occurred,’ 
therefore, higher d-c voltages have de- . 
dded and definite possibilities in genera¬ 
tor testing because actual breakdown of 



Figure 12. Defective section of coil insula¬ 
tion of a 12,500-kva 6,600-volt generator 
located with d-c tester 



Figure 13. Defective section of coil insula¬ 
tion of an 18,750-kva 6,600-volt generator 
located with d-c tester 


incipient insulation weaknesses was ac¬ 
complished which had hitherto not been 
done with conventional testers. A defi¬ 
nite indication of subsequent failure of 
generator insulation is denoted by a 
steady or sudden increase in magnitude of 
milhampere test readings during the test 
period (Figure 10). This condition, when 
found, demands immediate investigation. 
These latent weak spots were found with¬ 
out serious damage to adjacent coils and 
core iron, which would have occurred if 
the generator had been allowed to fail in 
service. 

From our experience in d-c generator 
testing, considerable knowledge has been 
gained concerning the causes of generator 
failures and it is believed that the begin¬ 
ning of a majority of generator failures 
may be traced directly to some mechani¬ 
cal defect. 

The testing of generators and the loca¬ 
tion of troubles before failure in service 
with the higher d-c voltages over a period 
of ten years has given us excellent and 
economical results. 
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Overcurrent Protection for Distri- 
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|*t><teilinu depend on the adtnjuaey of 
available eijuipiueut to meet operating re* 
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fuse links connected in series ami in series 
with relays, revealing no improper opera 
lions. 

The ntujot problem is, therefore, when 
and liow best to apply these dilTereut de 
vices to provide the Inst service eontime 
ity ftiut can be justified economically, 
i here is a real need for uetua! operating 
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data evaluating the benefits numerically. 
This would provide information on the de¬ 
vices under the differing conditions of the 
various systems. It would not, however, 
give a comparison of the relative benefits 
of the different devices under identical 
conditions. It seems there is little pros¬ 
pect of uu early investigation being con¬ 
ducted in service to determine this rela¬ 
tionship, so a mathematical study 1ms 
been substituted. Naturally, this study is 
limited by the very rigidity of the assump¬ 
tions, even though they are made as 
closely as we know how, to operating ex¬ 
perience. However, we believe the study 
should provide a greater knowledge of the 
relative improvements in service contimi- 
itv provided by available equipment. 
This will aid in tin* selection and appliea 
tion to suit the needs and economics of a 
particular circuit. 

Calculations and 
Presentation of Data 

Separate studies were made ou two dif 
ferrnt setups of the distribution lines, 
namely: one for brunch protection, us in 
Figure l, ami another for line sectionaliz- 
iug with protective devices connected in 
series, as in Figure 11. Using the ussump 
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Figure 3. How to read the curves of Figures 
4 to 13 inclusive 

The curves shown duplicate those of Figure 4 
for a nonreclosing substation breaker and 
single-element fusing at the branches 
The “yardstick” equals the best service con¬ 
tinuity obtainable with substation equipment 
alone (see Table II) 

The upper pair of solid-line curves gives con¬ 
sumer minutes outage without branch protec¬ 
tion and the lower pair of dash-line curves 
with branch protection. The important ob¬ 
servations to be made in this and succeeding 
figures are (see reference figures on curve): 

1. That the consumer minutes outage for the 
actual substation protection alone is higher 
than the “yardstick” because the breaker trips 
on some or all temporary faults as well as on 
permanent faults (see assumptions and Table IV 

in the appendix) 

2. The improvement over actual substation 

protective equipment alone 

3. The improvement over the “yardstick" 

4. The improvement when permanent faults 
alone produce outages with branch protec¬ 
tion—or line sectionalizing (this may be the 
improvement over the “yardstick" or over the 

actual substation protection) 

5. The consumer minutes outage for manual 
restoration of service because temporary faults 
actually cause prolonged outages by tripping 
both the breaker or the branch or line sec¬ 
tionalizing device (note that for branch pro¬ 
tection Figures 4 through 9, this is less than 

observation 1) 

These observations can be converted into 
actual numerical values/ as: 

Per cent of ultimate improvement attainable ■» 
observation 2 114—34 
observation 4 = 114—24 = 86 ' 7 percenl: 

tions outlined in the appendix, the number 
of minutes outage per consumer per year 
(consumer minutes outage) on the whole 
circuit was determined for each type and 
for practically all combinations of types 
of protective devices now in general usage. 

Generally, the problem of whether to 
use protective devices connected in series 
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Table II. Calculated Values of Consumer Minutes Outage for Permanent Faults Alone With 

and Without Line Sectionalizing 

(Based on Assumptions as Outlined in Appendix) 


Per Cent Temporary Faults 


25 


80 


60 


75 


85 


0-99.9+ 


Number of Sec¬ 
tionalizing Points 


Consumer Minutes Outage for Permanent Faults Alone 


♦Per Cent 
Consumer Minutes 
Outage 


f None (the 


2 . 

3. 

4. 

5. 

6 . 


2,137.5. . 

...1,425... 

...996.25... 

...712.0... 

...427.5. 

.... 100 

1,363 .. 

... 919... 

...638.0 ... 

...456.0... 

...273.8. 

.... 64.0 

1,138 .. 

... 758... 

...552.5 ... 

...380.2... 

...228.0. 

_53.3 

1,025 .. 

... 682... 

...478.0 ... 

...342.0... 

...205.5. 

.... 48.0 

951 .. 

... 633... 

...442.5 ... 

...310.0... 

...189.9. 

.... 44.4 

906 .. 

... 602... 

...421.5 ... 

...302.0... 

...181.0..... 

.... 42.3 

874 ... 

... 583.. . 

...407.5 ... 

...291.5... 

...175.0. 

.... 40.9 


* Per cent -100 X Actual con3Umer minutes outage calculated for setup 

The "yardstick" 

<■> 100 X P onsumer mi mites outage caused by permanent faults alone with line sectionalizing 
Consumer minutes outage caused by permanent faults alone without line sectionalizing 

(or branch protection) 


For example: 

— for 1 sectionalizing point 25% temporary faults 


1,363 


2,137.5 
456.0 


■64.0% 


-for 1 sectionalizing point 75% temporary faults——-V-64 0% 

712.0 

f In a corresponding table for branch protection, the consumer minutes outage equivalent to these values— 
for pwmanent faults alone with no branch protection will vary with each different length and number of 
branches and will thus compensate for the increasing length of the total line (Figure 1). Consequently the 
percentages can be compared, as In Figures 4 to 9, inclusive, to determine the relative improvement. * 


Table III. Maximum Number of Sectionaliz¬ 
ing Points Possible With One-, Two-, and 
Three-Element Cutouts 



To Secure Proper Sequence of 
Operation 

Type of Cutout 

Minimum 
Spread Be¬ 
tween Fuse 
Ratings 

•Maximum 
Number Sec¬ 
tionalizing 
Points 
Possible 

One-element...... 

.. Every second 1 - 

rating J * 

Two-element...,,. 

. .fEvery sec-> 

1 Generally 7 


ond (some-l 

l (sometimes 


times every j 

f between 4 

Three-element re-1 
closing J 

third) J 

and 7) 

1 

Every third or j 

fourth rat¬ 
ing ) 

■ #3or4 

1 


-cmucu uu iv } raungs ot tuse Hnfcs available from 
10 to 100 amperes; 10-ampere assumed to be 
minimum sectionalizing fuse employed. 

t See reference 7. 

# Always at least one less than for two-element 
cutouts. 


on the main feeder or on the branches 
centers around the advisability of com¬ 
bining these protective devices with non¬ 
reclosing equipment at the substation. 
Thus the “yardstick, ” chosen for compari¬ 
son of the relative values of the different 
equipments and applications, relates 
everything to the best service continuity 
obtainable with substation protection 
alone, that is, without any line sectionaliz¬ 
ing car branch protection. 

In determining the best service con¬ 
tinuity, it was taken into consideration 
that something might be done about auto¬ 
matic restoration of service after tem- 

Lincks—Overcurrent Protection 


porary faults, but permanent faults re¬ 
quire the time and the work of a line crew 
before service can be restored. Thus 
when the consumer minutes outage caused 
by “permanent faults alone” is the “yard¬ 
stick,” it represents the minimum con¬ 
sumer minutes outage that can be at¬ 
tained with substation protection alone. 
Such a “yardstick” is universally applic¬ 
able to any system and, therefore, was 
used as the 100 per cent base to which all 
types of protection were related in terms 
of a percentage of this base. 

Per cent=100 X 

Actual consumer minutes outage calcu- 

_ lated for specific setu p 

The "yardstick” 

-100X 

Consumer minutes outage caused by per¬ 
manent plus temporary faults for any 

__ specific system setu p 

Consumer minutes outage caused by 
permanent faults alone with no branch 
protection or line sectionalizing 

Comparisons made in terms of this per¬ 
centage tend to eliminate the effect of 
variations of actual practice from the 
assumptions employed in the study, in so 
far as this is possible. With any sp ecific 
system setup, comparisons to the “yard¬ 
stick,” to each other, and to the ultimati 
attainable can 1 


1. The improvement obtainable with re¬ 
closing versus nonreclosing relays and break¬ 
ers. 
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2 Tin* additional benefit with variMiH 
amounts of hrmuli {ootniiou ot Urn- m-c 
timtuii/mg, 

♦J. f In* benefit. of different eortriiHuttinic> of 
substation mill hue ri{uipmrni 

4, The effect of tmtmtmince »»f Jin** to i* 
ifiu'o ihf firii'i*n(it|{i> of H*tii|iot ury fuoU * 

Curves Provide for Studying 
Individual Problems 

If will lit* imj.i.’isiMr io ilism^N a*|» r . 
(jiKiU lv in tho n|* itu of one jm| 4 *r oil fitni'H-** 
of tin* |*rohlt*iii t*ovi*ml l.*y flu?, study, 
Hw» if this wt*rv uttrni|itrri. flu*n vvoulil 
*»* »>«»>* otlii’r ♦jUfstioiis that WMtihl prr 
*t»M tiii'm.M lvt s in iirfuitl Mjrt r.itiiiK |*r.»v 
on diflVrnit syslnnis. TlnWorr. 
1'iirvi‘s f i*tgurt?s l to il titdusivi* f*ir tuandi 
protrotioti, ttml I*‘i«urr« 111 to I t iurhiftivr 
ft»r liiir Ms tioiiali/ing with u tmtulnr **f 
protrrtivr drvire* romirrtrd in nrrirsi 
have larn plotted, in view* of their future 
usefulness in studying sjiedtie pfoldetiis 
on different nysfrm* that rnay not U* 
covered in the general eutiditftiun* to W 



Flguf« 4 (lift). Singl*-«|*m*nt fining at 
branches with nonracleslng brtakar at 
substation 

[he CHJvt*-; hr no bniiich moteetioii exceeds 
! OU per cent, bec.iii'a? the itofiiectauing breaker 
t?pct« on temporaly fault*., hvr observation; 
die*s?fu hi- m.uta 

I. I he very In s>* redovitiOTi in corianirei 
Hhnytey «uio?e tor the "peunanem fault; 
alone with bn»ru;l» prote<tirin and the very 
oti.rll additional onto*}** time caused by the 
br-tfii h fuse; biic.vun; or breaker operation on 
!e'?ipo»,i*y faulty 

I he L*ii>tff btanrhey yftow tiitn h greater 
benefit; m reduction of outage time 
b I he spread between the curve-, tar per 

manerit fault; alone and }<*♦ per c ent temporalv 
fauft. i», substantially ley; fpr p ir fyuiger 
biamhes 

4 lhe outage time, due to temporary fault; 
opening breaker; or blowing branch fuse; 
tk?e', not reach Substantial values until *»0 per 
r ent, or until the temporary fault?, become 
greater m number than the permanent faulty 
'* Above Sh per cent the increased outage 
time on te»i|;imary faults increases much faster 

drasvit. ll»r nii vc** f»»c>a*nt a large shine 
r*f the data oatipiltrl in this. Ntiidv, which 
may trot tit a '.jar itn •.yMcru ryar tly fait 
N b*a»hl provide a faith el«*M* .ij»[<r»*M»tia 
turn i‘ht* curves fur ope particular nya* 
tciii setup, Mtr'li as hraucli protect mu with 
nonm losing f.pahcts, !-igtttcft I and Is. 
ate all plotter! op one or two enter sheets 
to H’nnit visual detertitinafinti r,f the u*J« 

FfSutt 5 (fowar Sfnglt-«lam«nt futfnf 
«t branch** with reefostay bfaakar *4 *ub- 
itatlon 

I he reetajing breaker obviously rtduttf to a 
ntgligrhle value the outage time when cfemlrtg 
temporary fanlti Observe three things; 

1. I hat the outage time caused by the blow* 

ing of branch futei on temporary faults Is of 
not much importance up to 75 per cent or even 
per cent values 

9, that the spread for temporary faults 
covers a very narrow range and doe* not vary 
materially with the length of the branch a* a 
did in Figure 4 

3. That the improvement provided by the t*. 
dosing breaker f» not so great with an in- 
creasmg number of branches, because the 
branch protective devices afford this Improve¬ 
ment with the nonreclosing breaker 
For enample, compare the top line (for 85 
per cent temporary faults) of the groups marked 
five mile branches all protected” in Figures 4 
and 5,. With 0 branches the curves start at 
130 per cent in Figure 4 and at 104 per cent 
in figure I or a difference (Improvement) of 
S?6 units With three branches the improve¬ 
ment is ten umti (60 per cent tn Figure 4 and 
50 per cent in Figure 5) and with ti* branches 
it is si* units (34 per cent in Figure 4 and 98 
per cent in Figure 5) 



Flgur* 6. Value of branch protection with 
different lengths and number of branches with 
singf«-elem«nt fuse cutouts. Nonreciosiny 
breaker at substation 

I hex* curves are similar to those in f Igutr 4, 
fvarpt that the variable ts the length rather 
than the number of branches A retiming 
breaker «t the substation would show, of 
course, the same improvement mer the values 
in figure b a*, the above shrsws over figure 4, 
Observe that, while the mapir improvement Is 
provided with branches lour t«j ten mites tn 
length, there n an appreciable gain over sub 
station poster !usp done, even with branches 
one mil* long especially where there a»* 
several of them 

th ! e Irenrlits with drift’tent ct|tuj»mi'nl*, 
f**r<'i*n!i»«»*H of fr injK.r itv fuiiUn, length* 
»»f bra ml »•*.. and m forth Nttmerkut 
valnca fun In* «lr*tfrtnliifd nr vtMndti’.cd us 
rlfN’rtlrffl in I'igwrv .1 on 'il*»w to Head 
the Cnrvrft.” 

Tht Effect: of Feedem Shorter or 
longer Then 30 Mile* 

riif curvfft in Figure H nrt* tntendrtl for 
morlifientinri of the oilier curve* (Figures 
Hi to 1*3 inelttftisre) when Mrtiotutfi*ing 
feeders shorter than UO miles. If lire 
eeutuges in Figure H are added direelly 
to the vultieH of Figures lit, 11,12, «ml 13. 
the result will Ire reuftnmridy amirate. 
For rural feeders longer than .*m rmJea 
the reduction from the percentage* of 
Figure* JO, II, 12, mid 13 wmtld Ire *o 
urtmll that they can }*• negleeted. 

Combining Branch Protection and 
tine Sectional izlng 

Individual protecti*m of several eotn- 
paratiwly short brunches and of line sec* 
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tionalizing with overcurrent protective 
devices connected in series, was studied 
separately. The cumulative benefit re¬ 
sulting from a combination of these can 
be approximated. The curves for such a 
combination (drawn similar to Figures 4 
to 9 inclusive) would start at a percentage 
value for zero branches which is identical 
to that shown for the degree and type of 
sectionalizing employed in Figures 10,11, 
12, and 13. The whole curve would not be 
moved down bodily as the improvement 
would decrease with an increasing number 
of branches. 


Figure 7 (left). Partial branch fusing, using 
similar cutout at substation—75 per cent 
temporary faults 

1 “Single-element fuse 
2=Two-el ement fuse 
3 “Three-element fuse 
P m Permanent faults alone 

Many rural lines employ the same type of pro¬ 
tection at the substation as that used on the 
branches, as is illustrated by these curves. It 
is obvious from these curves that all the 
branches should be protected. For the effect 
with less than six branches see Figure 8. Ob¬ 
serve that two- or three-element fuses do not 
show much improvement over single-element 
fuses 

Curves for the resetting recloser would fall 
just below those for the three-element fuses 
as In Figure 8 

sections with the two-element cutouts 4-7 
(see Table III) generally affords as good or 
better service continuity than with three- 
element cutouts. Sometimes an attempt is 
made to secure closer fusing by allowing an 
individual fault to blow two or more section 
fuses simultaneously, depending on the re¬ 
closing fuse nearer the source of supply to 
maintain service. This voids the benefit of 
the reclosing cutout closer to the substation, 
unless all such blown fuses are always re¬ 
newed before an outage occurs. 

2. In regard to automatic resetting re- 


With a circuit comprising several long 
branches, the effect of the individual 
branch protection will be governed by the 
data in curves of Figures 4 to 9 inclusive. 
The use of devices connected in series on 
individual branches should be studied by 
treating each branch separately in accord¬ 
ance with the data in Figures 10 to 14 
inclusive. 

Some Protective Devices Can, Be 
Connected in Series in Greater 
Numbers Than Others 

An important factor that should not be 
overlooked in comparing different equip¬ 
ments, when employed for line sectionaliz¬ 
ing, is the number that can be connected 
in series and still provide proper selec¬ 
tivity of operation 8-6 from the service en¬ 
trance fuse to the feeder relay and breaker. 
For example: 

1. In comparing two- and three-element re- 
closing fuse cutouts, it is possible to secure 
discriminative operation with more of the 
two- than of the three-element devices con¬ 
nected in series. If an equal number could 
he employed, the extra redosure of the third 
element would account for 10 to 18 per cent 
reduction in consumer minutes outage (at 
85 per cent temporary faults) tapering down 
to zero (at 25 per cent temporary faults) as 
shown in Figures 10 and 11. However, 
splitting the line up into a greater number of 



Figure 8. Different types of branch protection 
with nonreclosing breaker at substation for 
75 per cent temporary faults 


If a reclosing breaker were used at the sub¬ 
station, the curves would be shifted as in 
Figure 5. Observe that the reduction in out¬ 
age time by the reclosing devices below that 
provided by single-element fuse is very small, 
due to the few consumers affected by the 
outages on one branch, caused by temporary 
faults that otherwise would have had service 
restored automatically by the reclosing devices 
(this difference would increase slightly with 
85 per cent temporary faults and become 
negligible at lower percentages) 


closers, there are several different ratings 
available, such as 3, 6, 12, 25, and 50 am¬ 
peres. Generally, all of these will co-ordi¬ 
nate properly when connected in series. 
However, it is not always practicable to 
provide automatic selectivity of operation 
between the smaller size reclosers and the 
transformer fuse. This either limits the 
min im um rating of the recloser usable, and 
thus the number of sectionalizing points, or 
necessitates manual closing of the circuit 
through a fuse shunting the recloser, in 
order to blow the transformer fuse and 
thereby locate the fault. In this latter case, 
the values determined in this study do not 
apply, since the transformer faults would 
slightly increase the number of line outages 
with the reclosers, above the one per mile 
used for the other types of equipment or 
system setup. The amount of decrease in 
the value of the recloser as shown in the 
data obtained in this study, would depend 
upon the ratio of transformer-to-line faults. 
The number of transformer faults which 
would cause lockout of the recloser are, in 
general, substantially less than the number 
of line faults. 

For Reclosers Which Do Not 
Reset Automatically 

The conclusions drawn and the data in 
the curves for reclosing fuse cutouts apply 
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Figure 9. Branch protective devices delayed 
beyond Hirst instantaneous opening of reclosing 
substation breaker 


The curves start above 100 per cent at zero 
branches and 85 per cent temporary faults, be¬ 
cause the breaker locks out on some temporary 
faults. The curves for two- and three-element 
fuses would fall between those for the single¬ 
element fuse and the resetting recloser, but, 
as the range is too narrow, they were not 
plotted. The curves for 25 per cent temporary 
faults are so close to those for "permanent 
faults alone,” that they are plotted as one 
curve. The curves for 50,65, and 75 per cent 
temporary faults would fall between those for 
25 and 85 per cent about proportionately to 
those in Figure 5. Observe that here again 
the outage time is not reduced much below 
Figure 5 
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to any type of apparatus with au equal 
number of reclosers and without the fea¬ 
ture of automatically resetting after clear¬ 
ing a temporary fault. 

Conclusions 

The study permits drawing general 
conclusions, which may he helpful in sys¬ 
tem planning. 

Is SuiiSTATUw pRortarm; 

K( % nm'Mi:NT liNouc.li ? 

1* Combining overenrreut brunch protec¬ 
tion or line sn’twiudidngwith twinning 
breakers at the suhstatiou jnovitles a cumu¬ 
lative reduction in consumer minutes out* 
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Flgura 10, line lecttonaiixtng with iln 9 U- 
ifamant tut* cutout* and with two- and three* 
element raclodnj fuse cutout* with ttme type 
«t substation *• at sectlonftfxlng point* 


age that neither method alone can provide 
(compare eurves of Figures 4 with 5, 8 with 
9). 

2. The cumulative reduction from this 
combination is not so great as with an in¬ 
creasing number of branches or sectionaliz- 
ing points, but a numltcr of branches do 
provide substantial combined benefit (see 
discussion in cuptions of Figures f* und 11). 

3. Overlapping the substation reclosing 
protection with line, protective devices pro 
vides some additional improvement with 
branch protection and a major improvement 
with line sectionalixing. With such over¬ 
lapping, the breaker trips amt mioses once, 
without the branch or litre protective device 
opening for all faults out to the ends of the 
line, and then the relay provides time delay, 
so that the branch or line sectionulizing pro¬ 
tective device disemmeets the faulted por¬ 
tion of tie* circuit ahead of the second trip¬ 
ping of the relay, Single element fusing at 
the launches or fs-ctionalizing points with 
this overlapping protection approaches very 
closely to providing the minimum consumer 
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1 ••Smsile.fltiJient fu*e 
g » f wo-eJement fuse 
3 *• Three-element fuse 

There curves represent condition* found on 
many rural circuit* where the same type of 
protection It employed at the Jubilation and 
out on the line*. A nonrecloung breaker 
could be substituted for the jintfle-element fuse 
at the substation without changing these curvet 
but, when substituted for the two* and three- 
clement futes, would raise these curves, The 
curves exceed the “yardstick** (100 per cent) 
because of the temporary fault* causing outages. 
Observe three things; 

1. The very large reduction in consumer 
minutes outage for “permanent fault* alone** 
with fin* secbonalieing, but the much greater 
increase In this outage time caused by opening 
on temporary faults by sectionalbing fuses as 
compared with branch fuses, figure 4 
Single-element fusing provides an Im 
provement(for all but one sectionalixing point 
at 8S per cent temporary faults) which with 65 
per cent and lesser percentages of temporary 
faults is more than half of that obtainable 
3. Two* and three-clement fuses show much 
more benefit for sectJonaiidng than for branch 
protection 


figuta 11» Line wctfonafUinj with raclojing 
breaker at substation 

1 ** Single element fuse 
9 « Two element fuse 
3 *** Three-element fuse 
#*» Resetting recloier 

The curves exceed the '‘yardstick** <100 per 
cent) with 0 sect inn* fixing points due to the 
breaker locking out «n jpme temporary faults 
(see Table IV in append«), The reebsing 
breaker obviously reduces to a negligible value 
the outage-time when clearing temporary 
faults with no *ec!ion*U*ing. Obsrrve; 

1* That this reduction is not so great with an 
increasing number of section points (as with 
branch protection, figure *>), because line 
sectionalixing affords some of this reduction 
anyway, and because the benefit is restricted 
to the first section beyond the substation, which 
become* shorter a* the number of section points 
if increased 

2. That single-element fusing provides al¬ 
most an equal degree of improvement over the 
reebsing breaker alone a* with a nonreebsing 

breaker, figure 10 

3. That rescuing reclosers show a substantia) 
improvement over three-element fuses with 

temporary faults exceeding 50 per cent 
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minutes outage attainable for the spt-citU- 
system setup, 

T- Where such overlapping protection as in 
paragraph 3 reaches only part way out on 
the Hue, tin* improvement over a reclosing 
breaker will be approximately proportional 
to the percentage of the line ho protected, 
that is, if half the line is so protected, the 
improvement will be about one half of the 
difference in percentages between that per¬ 
centage with a reclosing relay Figure f, or 
II, and that with the overlapping protection 
covering the whole line. Figure 9 or It* re¬ 
spectively. 

Up What Vai.up; Is Branch T'Korpcf ion * 

1, Overenrreut protection of individual 
bunches provides a greater improvement 
uver substation protection alone, than is 
provided by line seclUmuliring (compare 
corresponding curves Figures j q w ith 
Figures Hf 18). 

2, The length of the branch has a major 
effect, on the benefit secured f-iec F’icurt-.s 4 
ft. arid id. 

3, Protecting even u number of short 
branches pin vides a cumulative improve' 
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figure If. bin* sactlonaliting with recbiing 
substation braaker, set Tor fnstantanaous trip¬ 
ping on ftnt opening, with all types of sec* 
UonsllxJrtg devices delayed to open only 
ahead of second opening 

1 •"•^Ingle-element fuse 

2 »*»Twr» element fuse 

3 ** Three-element b*e 
R ** Resetting reebser 

It is assumed that all faults cause operation cd 
the instantaneous trip, corresponding to 
ground relayin-t only. The improvement 
shown will be decreased approaching the 
corresponding curves of figure 11, about pm 
portbnntely to the percentage of faults that 
are line to tine. Observe three thing* 

1. The major reduction in outage time w«th 
all types of te&tionafixing equipments, because 
this overlapping protection is the equivalent 
to adding one automatic resetting redosur* 

to the device at each section point 

2. The outage time Is negligible due to fuse 
blowing or breaker opening on temporary 
fault* even with single-element fuse* at 65, 

and lesser percentages of temporary faults 

3. Reclosing fuses or resetting reebsers at 
the section point* become effective at 75 and 

higher percentages of temporary faults 
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ment that is likely to justify at least single- 
element fusing (see Figures 4, 5, and 6). 

4. Individual protection should be applied 
to all the branches. Protecting only a por¬ 
tion of the branches affords less benefit, 
Figure 7, than protecting all the branches, 
Figure 4 (see also Figure 8). 

5. Single-element fusing of branches pro¬ 
vides approximately 85 to 95 per cent of the 
total improvement obtainable (see value 
worked out in example in Figure 3; see also 
Figures 4, 5, and 8). 

6. Two-element reclosing fuse cutouts pro¬ 
vide a slight additional improvement in ser¬ 
vice continuity (see Figures 7 and 8). 



I 2 3 4 5 6 7 8 

NUMBER OF SEQIJ.QNAU2INS POINTS 


Figure 13. Line sectionalizing with reclosing 
substation breaker, set for instantaneous trip¬ 
ping on first opening, with all types of sec¬ 
tionalizing devices delayed to open only 
ahead of second opening of breaker. Breaker 
protection for only half of line 

1 “Single-element fuse 

2 “Two-element fuse 

3 “Three-element fuse 

Resetting recloser 

Quite often the minimum obtainable pickup 
current setting of the relay only permits pro¬ 
tecting part of the line or on delta circuits the 
overlapping protection only reaches out part 
way on the line. These curves show the effect 
of such relaying covering the first half of the 
30-mile feeder. This does not overlap the 
sectionalizing device with just one point which 
is located at the center of the line so that the 
values under this condition are the same as in 
Figure 11. It should be noted that these 
curves are located about half way between the 
respective curves of Figures 11 and 12, or 
about proportionately to the section of the 
line on which the overlapping protection is 
provided 


7. Three-element reelosing fuse cutouts af¬ 
ford so little benefit over the two-element re¬ 
closing fuse cutout that it raises the ques¬ 
tion as to the justification for the extra 
premium paid for the third fuseholder, 
Figures 7 and 8. (This is true even though 
the assumptions of Table IV in the appendix 
favor the three-element device.) 

8. Reclosures which reset automatically 


after clearing a temporary fault provide only 
a slight additional improvement over that 
accomplished by reclosing cutouts, even 
when fuses are not renewed until an actual 
outage occurs (see Figure 9). 

Of What Value Is Line 
Sectionalizing? 

1. Sectionalizing the main feeder and long 
branches with protective devices connected 
inseries generally affords additional improve¬ 
ment over the best service continuity that 
can be afforded by overcurrent protective 
equipment located at the substation. 

2. SectionaUzing with single-element fuse 
cutouts is generally very effective. They 

(«). ^ Will afford the major portion of the total 
obtainable improvement at 65 or a lesser percentage 
of temporary faults with nonreclosing or reclosing 
substation breakers, (see Figures 10 and 11). 

(6). Will be more effective at 80 per cent tempo¬ 
rary faults with the reclosing substation breaker 
which provides overlapping operation, that is, 



Figure 14. Line sectionalizing shorter lines 


Same as on other curves so that these can be 
added directly to values in Figures 10,11,12, 
and 13 


tripping ahead of all the fuses on the first opera¬ 
tion, than three-element reclosing cutouts with a 
reclosing breaker but no overlapping protection— 
under similar conditions, at 65 or a lesser percent¬ 
age of temporary faults will equal the best of re¬ 
closing equipment without overlapping protection 
(compare Figure 12 with 11). 

(«). Require more than two points with a reclosing 
breaker or more than one point with a nonreclosing 
breaker in order to improve rather than impair 
service at 85 per cent temporary faults (see Figure 
10 ). 

3. Sectionalizing with two and three-ele¬ 
ment reclosing fuse cutouts is much more 
effective than the use of similar equipment 
for branch protection. Each affords respec¬ 
tively 

(?)• Some additional improvement over no sec¬ 
tionalizing at 85 per cent temporary faults with a 
reclosing cutout or breaker at the substation (see 
Figures 10 and 11). 

(6). About 25 to 35 per cent additional improve¬ 
ment over the effective operation of the single¬ 
element fuse cutout at 75 per cent temporary faults 
with a reclosing cutout or breaker at the substation 
(see Figures 10 and 11). 

(c). About 10 to 15 per cent additional improve¬ 
ment over the much greater effectiveness of the 
single-element cutout at 85 per cent temporary 
faults with overlapping reclosing breaker operation 
(see Figure 12). 

The additional improvement referred to in 
(.<*)> (b), and (c) above is in per cent of the 
ultimate obtainable between the curves for 
"permanent faults alone,” with and without 
line sectionalizing. These percentages do 
not include any of the advantages possible 
from discovery and renewal of blown fuses 
with a service interruption (see Table V in 
the appendix). 

4. Generally, two-element reclosing fuse 
cutouts are more effective than three-ele- 
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ment designs because a greater number of 
the two-element cutouts can be connected in 
series and still provide selectivity of opera¬ 
tion (see Table III). Figures 10 and 11 
show this even with the more favorable 
assumptions for the three-element fuse of 
Table IV in the appendix. 

5. Sectionalizing with reclosers, which re¬ 
set automatically after clearing a fault, is 
most effective at the higher percentages of 
temporary faults where the resetting feature 
has a greater opportunity to decrease the 
number of outages of long duration caused 
by temporary faults, Figure 11. 

(а) . With 85 per cent temporary faults and a re¬ 
closing substation breaker, this amounts to 40 to 
60 per cent additional improvement over three- and 
two-element cutouts respectively (see Figure 11). 

(б) . This additional improvement tapers down 
from about 25 and 35 per cent at 75 per cent tem¬ 
porary faults, to zero at 25 per cent (see Figure 10). 

(e). With reclosing breakers at the substation 
which clear ahead of the protective devices on the 
first opening, the additional improvement is only 
about 15 to 25 per cept (see Figure 12). 

The percentages of additional improvement 
(a), (6), and (c) above do not take into 
consideration any difference in the number 
of reclosers and cutouts that can be con¬ 
nected in series and provide proper co-ordi¬ 
nation. 

Should Branch Protection and 
Line Sectionalizing Be Combined? 

1. There is a cumulative benefit obtainable 
by combining branch protection and line 
sectionalizing which cannot be provided by 
either one alone. 

2. This cumulative benefit is obtainable, 
whether the system comprises one main 
feeder with a number of short branches, or 
two or more long branches with a short 
main feeder. (With the latter, the branches 
would be sectionalized with protective de¬ 
vices connected in series.) 

3- The cumulative benefit does not increase 
directly with an increasing number of pro¬ 
tected branches. 

Should the Percentage op 
Temporary Faults Be Considered? 

1. Any decrease obtainable in the percent¬ 
age of temporary faults tends to permit se¬ 
curing an equal improvement in service 
continuity with lower cost overcurrent pro¬ 
tective devices. 

2. It might prove valuable to make a 
study in which the costs of improving line 
construction, tree trimming, and so on are 
compared with the savings in protective 
equipment which the improvements made 
possible. 

Use of Curves for Specific Studies 

It has been shown by this study that 
individual protection of branches and/or 
line sectionalizing can be combined effec¬ 
tively with the reclosing substation relay 
and breaker to reduce the consumer min¬ 
utes outage on distribution systems. The 
data presented in the curves should facili¬ 
tate the studying of specific problems. 

Electrical Engineering 



This may make possible more efficient 
use of available equipment to meet the 
particular needs and justifiable economics 
of different circuits and systems. 

Appendix. Assumptions 
Employed in Mathematical Study 

1. The Distribution Lines Studied (Length 
of Lines). 

(а) . In one part of the study, one to six unpro¬ 
tected and protected branches, each one, five, or 
ten miles in length, were added at the mid-point of 
an unsectionahzed 30-mile main feeder, increasing 
the total length of line, as in Figure 1. (The dif¬ 
ference in total length might introduce a slight error 
m comparing the benefit provided with and without 
branch protection, but not in comparing the rela- 
tive benefits afforded by the different equipments 
that might be employed.) Connecting the branches 
at the nud-point provided an averdge for an even 
spacing of the branches along the feeder. 

(б) . In the other part of the study, a 30-mile mqj n 
feeder was broken up into from one to seven sec¬ 
tions by zero to six overcurrent protective sectional¬ 
isms devices connected in series as in Figure 2. 
(The effect of the shorter* 5 to 30-mile feeders, was 
checked.) 


longer time than the zero had been employed 
it would have indicated slightly greater bene¬ 
fits for branch protection, line sectionaliz¬ 
ing, and single-element fusing.) 

7. Locating Fault and Restoring Service. 
The trouble crew: 

(a) . Traveled 80 miles per hour to the sectionaliz- 
ing point at which the protective device had 
opened. No time was allowed for examining sec- 
ttonalizing or branch protective devices en route, 
as it was assumed these would have indicating 
features visible from the car. 

(b) . Spent five minutes to climb the pole and to 
restore service if a temporary fault bad caused the 
outage at the sectionalizing or branch protection 
point. 

(e). Traveled 15 miles per hour to the mid-point 


Table IV. Assumptions and Operating Ex¬ 
perience on Service Restoration 


By Re¬ 
closing 
the 

Circuit 


Service Restored Per Cent of Total Faults 
on Line# 

Values Used in Values From Oper r 

Calculations atlng Experience* 
(Per Cent) (Per Cent) 


of the branch or section on which the fault per¬ 
sisted. The mid-point provided the average for the 
uniform spacing of faults. 

(<f). Spent 30 minutes repairing a permanent fault 
with the outage persisting on the entire faulted 
portion until the fautt was repaired. (The inclusion 
of some sort of manual sectionalizing or cutting out 
of the faulted portion would have decreased the 
number of consumers affected, and thus decreased 
very slightly the improvement indicated, as result¬ 
ing from line sectionalizing and branch protection. 
For example, if the permanent faults hud been 
repaired in zero time for all consumers, the per¬ 
centages used for comparison would have been 
raised only about five units.) 

(«). After repairing the fault: 

1. Either the substation attendant was notified 
instantly when he was required to close the breaker 
(although some time probably would be required 
for notification, which would have enhanced the 
value of line sectionalizing and branch protection). 

2. Or the crew traveled 30 miles per hour to return 
to the sectionalizing or branch protective device 
to restore service. 

8. Service Restoration by 1st, 2d, 3d and 
4th Reclosures was assumed to be in accord¬ 
ance with the values in Table IV. Service 
restoration is expressed as a percentage of 
the total faults on the line. 

9. No Inspection With Reclosing Fuse 


2. Equipment Employed. Both studies 
included checking comparative results with 
overcurrent protection provided by: 

(а) . Substation breakers actuated by nonreclos- 
ul f relays, automatic reclosing relays, and auto¬ 
matic reclosing relays which overlap all branch and 
line protective equipment, so that the breaker 
trips and recloses once without the branch or line 
devices opening, and then provides time delay be¬ 
fore the second tripping of the relay on more per¬ 
sistent faults; each combined with 

(б) . Sectionalizing or branch-line single-element or 

two- and three-element reclosing fuse cutouts or 
reclosers which reset automatically after clearing 
a temporary fault. B 

3. Number of Consumers. Three per 
mile uniformly distributed. (Any other 
number per mile might have been used with¬ 
out affecting the percentages used for com¬ 
parison.) 

4. Number and Type of Faults. One per 
mile per year uniformly distributed with 
temporary faults equaling 25, 50, 65, 75, 
and 85 per cent of the total. (One per mile 
is probably somewhat high but any other 
value might have been used without chang¬ 
ing the percentages used for comparison.) 

5. Attended Substation. A period of five 
minutes was allowed after the fault occurred 
for notification and for the attendant to 
close the breaker, thus restoring service if a 
temporary fault had cleared itself after the 
breaker locked open. (Notification by an 
alarm system at the substation would lower 
the percentages used for comparison to the 
extent that the manual closing of the breaker 
approached that of a momentary outage. 
Conversely, any lengthening of the time] 
such as that required to get to an unattended 
station, would raise the percentages, In 
both cases, the degree of change would de¬ 
crease slightly with an increasing number of 
protected branch or sectionalizing points,) 

6. Trouble Crew. Always available at 
the substation to start instantly with no 
time allowed for notification or preparation. 
(More 'often the crew will be out on the sys¬ 
tem, sometimes closer to and sometimes 
farther from the fault Ideation, so this as¬ 
sumption provided an average. If any 


Once., 
Twice.. 

3 Times 

4 Times 


«0 .50 to 60 

15 Additional.10 to 15 Additional 

5 Additional. 5 Additional 

3 Additional. 1 Additional 


# If the percentage of temporary faults is less *i»»n 
these values, service is restored only up to the actual 
number of temporary faults. If greater than the 
sum of the percentages of restoration for that num¬ 
ber of reclosures, it was assumed that the remaining 
temporary faults persisted longer than the lockout 
time ot the protective device, causing a permanent 
outage until the substation breaker, line sectionaliz¬ 
ing device, or branch protective device was closed 
manually. Thus perfect operation ("permanent 
faults alone causing an outage) was assumed to be 
provided up to the sum of the 50+15+5 values or 
TO per cent of the total number of faults for devices 
which redose three times (50 per cent for those 
which reclose once, 65 per cent for those which re- 
close twice, and 73 per cent for combinations which 
redose four times). 


See. Table I in text and reference 3, 

Maximum advantage was given to three-element 
redosrag fuses and other multiredosing devices as 
compared with two-element redosing fuse cutouts, 
since the values used in the calculations," Table 
IV, are low for the first redosing, and high for the 
second as compared with the "values from opera- 
?“5« xperience ” Some data show as high as 76 
to 90 psr cent restoration of service following the 
first reclosure. This would malm alt the curves for 
two-element redosing fuses at branch or line sec- 
tionaMzing points, as in Figures 7, 8, and 10 to 13 
inclusive, approach more dosdy the curve for 
permanent faults alone" for that setup. Of course, 

?*** correspondin K improvement with 
three-element fuses and resetting reclosers in ap- 

SStl? eqUahn * the curvea tor "permanent 


Cutouts Was Assumed. Because such in¬ 
spection would have permitted re-fusing be¬ 
fore an outage occurred, the data indicate 
only the minimum benefit for these devices. 
(This benefit would be increased to a degree 
approaching that of the device that resets 
automatically as such fuse renewal before 
the occurrence of an outage approaches 100 
per cent. The percentage of such discovery 
and renewal is fairly high, because linemen 
and trouble crews are on the lookout for the 
indicating devices as they pursue their regu¬ 
lar duties along the lines, Table V. Thus 
all reclosing fuse data arc ultraconservative.) 

10. The Protective Orbit of the Substation 
Breaker (which is determined by minimum 
pickup current of the relay) included the 
whole feeder and all of the branches, Iti 
many instances, distribution lines have out¬ 
grown this orbit. Consequently, the lower 
current individual protection of the branches 
and line sectionalizing on the otherwise un¬ 
protected portion may prevent burning 
down lines, annealing of the conductors, and 
los9 of revenue, in addition to any advan¬ 
tages shown by the study. Conversely, this 
lower current protection will cause some 
outages (momentary or prolonged, depend¬ 
ing on the type of equipment) for faults 
which would have burned clear. The com¬ 
bined effect of these few additional opera¬ 
tions will balance off to the extent that faults 
which otherwise would have burned clear, 


Table V. Operating Record of Two-Element Reclosing Cutouts on Line With Practically No 

Special Patrolling 


Number of TemporaryyFaulta Restored By Cutout 


Total No. 
Faults 


No. of 

Permanent 

Faults 


™ Kot 
Discovered Discovered 

Without Before 2d Total 

Outage Fuse Blew Restored 


Caused 

Outage 


1039 30 g 

- .:: :::: :IL % ::::: ;JU 


and renewiiig'fiS'fusTuak fae£rVa“o£tSe ocSuwJd’^^iTh* 1b< \ inf ? made P° S3ible by discovering 

“ outage occurred, and »/, by the reclosing operation of the cutout. 
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Current-Transformer Performance Based 


phase-angle lag of exciting current 
referred to the reversed secondary 
voltage E» 


on Admittance-Vector Locus 

A. C. SCHWAGER 
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Synopsis: In the past designers as well as 
users of current transformers have em¬ 
ployed ratio error and phase-angle curves in 
which the abscissa represents primary or 
secondary current to a linear scale. Numer¬ 
ous curves were necessary both for obtaining 
a clear picture of the performance character¬ 
istics as well as for determining the errors 
for the multiplicity of possible secondary 
burdens. Fart I of this paper shows that a 
more functional picture of current-trans¬ 
former operation is obtained by replacing 
these commonly used curves by the admit¬ 
tance-vector locus of the secondary winding 
with the primary open circuited, the end 
point of the vector representing the inde¬ 
pendent variable in a curvilinear co-ordinate 
system. The numerous ratio and phase- 
angle curves resulting from various second¬ 
ary burdens and, in case of multiratio trans¬ 
formers, from different numbers of turns, 
when referred to this new co-ordinate system 
revert to one single curve. Ratio error and 
phase angle for any burden at any power 
factor, turn ratio, and secondary current can 
be scaled or read directly from a chart using 
as a basis the admittance vector locus of the 
steel forming the magnetic circuit of the 
transformer. For designers as well as users 
it is often advantageous to be in possession 
of analytical expressions for ratio error and 
phase angle. In part II of the paper general 
formulas are set up which express the per¬ 
formance in toms of the various constants 
and variables of a transformer, making it 
unnecessary to refer to charts for the analy¬ 
sis of important design or performance 
factors. 


Parti 


■JiASEJ) on the fundamental paper by 
D P. G. Agnew 1 published in 1911, a 
practically standard procedure of com¬ 
puting current-transformer performance 
has been established in the past three 


decades 3 consisting of the following steps: 

1. The transformer is most readily ana¬ 
lyzed by introducing the 1/1 ratio type in 
which the number of primary turns is made 
equal to the number of secondary turns. 

2. The above transformer can be repre¬ 
sented by the equivalent circuit shown in 
Figure 1 and the corresponding vector dia¬ 
gram Figure 2 in which 

OA *=!*=secondary current 
exciting current 

0 C=> =magnetizing-current component 

otI e 

CB=I W = watt-current component of I, 
OD zaltRs **voltage drop across resistance 
of burden 

DE=ItX B ' ss voltage drop across reactance 
of burden 

£F=JsjR 2 =voltage drop across resistance 
of secondary winding 
FG*=*IiXi =voltage drop across leakage re¬ 
actance Of secondary winding 
OjE=/iZ B =£ £ =voltage drop across bur¬ 
den 

0G*=ItZ*=*E }=voltage drop across total 
secondary impedance 
<£=phase-angle lag between £2 and It 
0=deviation of phase angle between h 
and h from 180 degrees 



Rb 


Xb 


Figure 1. Equivalent circuit of a 1/1 ratio 
current transformer 


cause greater or lesser consumer minutes 
outage than faults for which additional pro¬ 
tection is provided. No data are available 
on this relationship. However, they prob¬ 
ably would have slight effect on the percent¬ 
ages used for comparison. 
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3. Magnetizing and watt components of 
the exciting current are computed from 
charts showing watts, reactive volt-amperes, 
and volt-amperes per pound for the steel 
used in function of the flux density; see 
Figure 3. The conventional procedure con¬ 
sists of computing the voltage Es for the 
secondary current and burden for which the 
errors are to be determined, and calculating 
the flux density from 




Et 10 8 
AN} 4.44 


gausses 


( 1 ) 


where 


A = cross section of core in square centi¬ 
meters 

IV=number of secondary turns 
/=» frequency 

and obtain I m and I w as follows: 

I n =W/Et\ I m ~RVA/Et) VA/Et 

( 2 ) 


The curves shown in Figure 3 apply to a 
conventional grade of silicon steel and will 
be used as a basis in the following. If a 
sample of the transformer to be investigated 
is on hand I n , I m , and I e are available from 
the excitation curves of the secondary wind¬ 
ing. 1 

4. Ratio and phase-angle can be computed 
by means of the following formulas: 


£(1/1) 


Ig+Ijn sin <£+I» cos $ 

SS 1 ' ■■ - ' ■' ■' 

It cos 6 


tan 0 


I m cos <f>—Iifi sin <j> 
Ii'\ m Im sin cos 


2?W=|-W1) 


(3) 

(4) 

(5) 


where iVi=number of primary turns. 
Ratio error =*A(l/l) =»£(1/1)—1 (5a) 

In order to obtain curves showing the 
errors over a current range, the above 
procedure must be repeated for numerous 
secondary-current values. In the follow¬ 
ing it will be shown that a clearer picture 
of current-transformer performance re¬ 
sults if numerical calculations of ratio 
error and phase angle are not executed at 
such an early stage. The method used is 
similar to that of representing the per- 
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formance of power transformers and in¬ 
duction motors by means of circuit loci, or 
specifically by means of the circle diagram. 
Referring to Figure 2, extending calcula¬ 
tions into the complex plane, the complex 
ratio if(1/1) can be expressed as follows: 

Rm) .h r zML._ l+ L m 

Since hZ*=E h (6) can be written as fol¬ 
lows: 

R(l/1)-1+^Z (7) 

The vector IjE% can be recognized as 
the negative admittance vector of the 
secondary winding with the primary 
winding open circuited; denoting it with 
Y it follows: 

*(i/D—l-rz (8) 

The ratio of a 1/1 transformer is equal 
to the negative real number one de¬ 
creased by the product of the admittance 
vector and the total secondary impedance 
vector. 

It is customary to represent the per¬ 
formance of transformers at various fixed 
secondary burdens Z B . In bushing-type 
transformers with equally distributed 
secondary winding, the leakage reactance 
is negligible in comparison to the burden 
impedance and in wound-type transform¬ 
ers it can, in many cases, be considered 
constant over the normal metering range. 
Under these conditions Z remains con¬ 
stant when considering ratio error and 
phase-angle changes due to variations in 
the secondary current. The admittance 
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vector becomes the baric current-trans¬ 
former curve, curves for various burdens 
being similar. An investigation of the 
admittance-vector locus is therefore indi¬ 
cated. 

The Admittance-Vector Locus 

It appears advisable to refer to a spe¬ 
cific transformer at this time. Due to its 
most frequent use a multiratio bushing 
transformer will be investigated, but 
none of the generalities of the study is 
thereby sacrificed. The transformer has 
N secondary turns equally distributed on 
a core of 17 1 /* inches inside diameter, 
21 s /4 inches outside diameter, and 7 8 /* 
inches height, giving a cross section of 
112.5 square centimeters and a weight of 
265 pounds; it is used in conjunction 
with 115-kv oil circuit breakers. The 
admittance-vector locus is determined in 
accordance with the following procedure: 

From formula 1 the flux densities B are 
determined for various assumed second¬ 
ary voltages referring to chart, 
Figure 3, the corresponding VA/Vo and 
W /lb values are determined. The power 
factor is computed for each voltage, and 
the total volt amperes are obtained by 
multiplying the VA/Vo by the weight. 
The magnitude of the admittance vector 
is equal to 

Y- VA/Et (9a) 

If curves showing the exciting current 
and its components in relation to the sec¬ 
ondary voltage are available, 8 the admit¬ 
tance vector and its components can be 
obtained as follows: 

Y=*r e /E s ; conductance G**I u fE»; 

susceptance B-I m /E 2 (9b) 


For each voltage E 2 the calculated ad¬ 
mittance vector is plotted. Due to its 
frequent use the admittance vector corre¬ 
sponding to one secondary turn lias been 
computed and is shown in Figure 4. As 
r an be seen, the locus has the shape of a 
hairpin, the admittance decreasing from 
365 mhos for approximately 0.003 volt to 
30 mhos for 1.5 volts and increasing again 
to large values for increasing voltage. 

Similarly, the phase angle with respect 
to the secondary-voltage vector (positive 
real axis) decreases to a minimum with 
increasing voltage and increases with 
further increase in voltage. It is appar¬ 
ent that this curve is a function of the 
characteristics of the steel only; a more 
basic curve is shown in Figure 5, where 
the flux density is chosen as the independ¬ 
ent variable. In the range shown the 
admittance decreases for flux-density 
values of from 10 to 5,000 gausses, where 
a minimum is reached, and increases 
thereafter with increasing flux density. 
Minimum admittance corresponds ap¬ 
proximately to maximum permeability 
of the steel; the right-hand branch of 
the curve indicates the region below 
saturation, the left-hand branch the re¬ 
gion in which saturation occurs. <f > 0 is the 
phase angle of the exciting current of the 
steel. It is advantageous to refer to this 
basic curve, having B or a quantity di¬ 
rectly proportional to B as independent 
variable. Obviously, the value of volts 
per turn Et/N is such a quantity, having 
the advantage that it is related most di¬ 
rectly to the important variables of the 
problem, namely applied voltage and 
secondary turn numbers. If the admit¬ 
tance vectors for a given core and varying 
turn numbers are compared at identical 
flux densities or volts-per-turn values, 


amperes, reactive volt- 
amperes, and watts for one 
pound of steel in relation 
to flux density 


VA A RVA PER POUND 


Admittance 
vector Yx in mhos for one turn 
as function of volts per turn for 
115-kv bushing transformer 

Admittance for N turns com¬ 
puted according to Y n **Yi/N 1 


W.RW4W PER POUND 
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Figure 5 (left). Admittance vector Yi in mhos 
for one turn as function of flux density for 
115-kv bushing transformer 

Figure 6 (right). Construction of complex 
ratio from admittance-vector locus 

Magnitude of ratio R(A/Y)^= ABIAOj phase 
angle 6*=A0AB 


tii'i 


then the following well-known formula 
results: 


F*(B) = Ki(5)/ N* 


( 10 ) 


This relation is indicated in Figure 4 
showing Yi, making it useful for deter¬ 
mining the admittance for any number of 
turns. In order to profit by the applica¬ 
tion of this equation, volts-per-tum values 
are used as independent variable in the 
following. 

Aside from its application in the follow¬ 
ing analysis, Figure 4 is valuable for de¬ 
termining the exciting-current vector in 
idle transformers in conjunction with 
multiple interconnected circuits, such as 
in bus-differential scheme protection. 4 

The use of this chart shall be shown in 
conjunction with an example: 

Determine the exciting current of the 
above transformer for a voltage of 20 volts 
and 40 turns. Ei/N is computed to be 
0.5 volt per turn. The resulting admit¬ 
tance Yi is 49 mhos; therefore 

Fio*49/40*=0.031 mho 

and the exciting current—0.031X20= 
0.62 ampere; the phase angle amounts to 
66 degrees. 



lOOOl 

0.5 0.B 

Figure 7. Chart for calculation of ratio and 
phase angle for any number of secondary 
turns. N/ any total burden Z at any power 
factor and any desired secondary current Is, 
provided N*/Z < 1,000 

Example: N=40, Z=2 ohms, pf=0.8, / s = 84 
amperes. Ei/N=*kZ/N= 4.2 volts per turn, 
giving point B on locus. N*/Z= 800, giving 
point A on 0.8 pf line. Ratio (1/1)= 
AB/AO** 1.19, 6— 40AB= i 9 degrees 30 
minutes 


Equation 11 can also be written as 
N * 

T+* 

- jjr- (12) 

z 

The construction of the complex ratio 
R in accordance with 12 is developed in 
Figure 6 where point 0 represents the 
origin of the Fj plane, B the end point of 
the admittance vector corresponding to 
a given value E 2 /N, and AO the complex 
vector N 2 /Z with its end point shifted to 
the beginning of the vector Fi in order to 
bring about the addition. 

The absolute value of the ratio is equal 
to R(l/\)=AB/A0 

The phase angle is equal to 6— Z OAB 

If the transformer has a single turn 
primary, the ratio according to (5) is 

R(N)=NXR(1/1) 

Using the construction shown in Figure 
6, the chart in Figure 7 has been prepared 
from which ratio and phase angle for 
various burdens, secondary turns, and 
secondary currents can be quickly deter¬ 
mined. 

Assume a secondary current 1 2 , a sec¬ 
ondary burden Z in ohms of power factor 
pf, and a given number of secondary turns 
N, the procedure followed is 

1. Compute volts per turn=I 2 Z/N and 
mark point on locus Fx corresponding to this 
value as B. 

2. Compute N 2 /Z and mark corresponding 
point A at proper power factor resulting in 
True ratio = NXAB/AO 

Phase angle= A OAB 

Except for low ratio bushing-type 
transformers, Figure 7 can be modified so 
that the ratio error and phase angle can 
be read directly off scales. For bushing- 
type transformers with a large number of 
secondary turns and for wound-type 
transformers, the phase angle 6 becomes 
so small that I 2 and Ji can be considered 
parallel. Referring to Figure 2, the pro¬ 
jection OH of OB upon the secondary- 
current axis divided by the secondary 


The Universal Transformer-Ratio 
Chart 

Referring to equation 8 and substitut- 
ing Y n — Yi/N 7 in order to generalize for 
any number of secondary turns, it follows: 

*<1/1)—1-r.J; (11) 

Except for constants defining the bur¬ 
den and turn number, the ratio is a func¬ 
tion of the admittance vector Fi only. 


Table I. Formulas for Transformer Performance 




Flux-Density Range 

Line 

Quantity 

Low 

100-5,000 Gausses 

High 

12,000-18,000 Gausses 

1.. 

2... 

3... 

.Watt/lb ... 

...7X10-»B* 

. ..8.5X10"»Bi'‘ ... 

...20.0/27* ... 

.5X10-*B* 

.5X10-«B« 

.14.7/27* 

4... 


40.2(23/27) -»’* 

.... N* •“ 

2.24X10 -»(£/2V)» 

27* 

5.. . 

6.. , 

...... AR(1/1).. 

.... .5 (min) 

.. .34.8(Z/ N*) { (Et/N) -*-*+0.290} ;.. 

. i .09,100(2/27*) ((&/27)-m-0.888) ... 

. 1.94 X10 -*(Z/ N 1 ) {(Et/ 27)* +3,7901 
.3.85 (2/27*) [(Ei/ 27)*—11,370) 
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Figure 8 (left). Chert 
giving ratio error and 
phase angle for any 
number of second¬ 
ary turns N, any 
total burden Z at 
power factors of 1.0, 
0.9/ and 0.5 and 
any desired second¬ 
ary current l 2 , pro¬ 
vided N*/Z » 
1/000 


AR =^Cx 


current closely approximates the ratio 
error a£=1?(1/1)-1. Similarly, the 
projection, OK of OB, is directly pro¬ 
portional to the phase-angle. Figure 
8 shows the transformation of Figure 7 
for the case of “small errors” for burden 
power factors of 0.5, 0.9, and 1.0. The 
readings obtained from the scales have to 
be multiplied by Z/N 2 . Since Figures 4, 
7, and 8 are based on the Y x curve, they 
can, if desired, be combined into one 
chart providing all the essential data re¬ 
quired for the following calculations: 

1. Exciting current of secondary winding. 

2. Ratio error and phase angle for few 
.secondary turns. 

3. Ratio error and phase angle for a large 
number of turns. 

It is believed that these charts give a 
more functional picture of the transformer 
performance than, the large number of 
ratio and phase-angle curves previously 
required to serve the same purpose. Es¬ 
sentially there exists only one curve, the 
admittance-vector locus of the core into 
which all other curves revert by proper 
transformation. The practical advan- 
- hage of the Figures 7 and 8 are numerous. 
In the past relay engineers, when deter¬ 
mining errors for a certain burden were 
forced to interpolate from a large number 
of curves representing different burdens 
and power factors. The new methods 
give accurate values from one single 
curve which gives equal emphasis to the 
normal load and overload range. The 
problem of matching transformers be¬ 
comes particularly simple; ideal match¬ 
ing requires point A on two transformers 
•to slide simultaneously over identical 
J&i/N values. 

In the case of bushing-type current 
-transformers used for overcurrent relay¬ 
ing it is not important to know the phase 
angle. Figure 8 can, therefore, be 
changed to permit the use of a linear scale 
for E 2 /N as shown in Figture 9, which indi- 


*-2/ i v— 1 v — i vuiu per 

turn, giving point B on locus. Project B 
perpendicularly upon 0.5 pf line in left 
quadrant giving B'i follow B ' along circle 
about O to B" and read value 01=203, giv¬ 
ing: A/?=Z/N* X203 = 0.04, resulting in 
*<1/0-1.04 and/?(N)»104 

Project B perpendicularly upon 0.5 pf line 
in right quadrant giving B* } read value 
Cy=88, giving: 0=3,438XZ/N S X88=6O 
minutes 

cates how the Y\ curve is transformed into 
the conventional ratio-error curve “a.” 
It follows that for transformers with 
“small errors” the ratio error A R for any 
number of turns and fot any burden at a 
given power factor and any secondary 
current can be represented by a single 
curve in a rectangular co-ordinate sys¬ 
tem with linearly progressing secondary 
current scale. 

It is often preferable to know the ratio 
error in terms of primary rather than sec¬ 
ondary current. From curve "a” Figure 
9, which shows the ratio error in function 
of secondary volts per turn, IiZ/N, and 
therefore of It, another curve can be con¬ 
structed which represents the error in 
function of the primary current. Since 
Zi = (1-f- aR)I 2 , the following relation ex¬ 
ists: 

IiZ/N=(l+AR)I t Z/N 

Curve “ b ” in Figure 10 is obtained from 
curve “a” by determining hZ/N for 
various ItZ/N values in accordance with 





VOLTS PER TURN 


Figure 9. Transformation of Yi curve into 
conventional ratio-error curve '‘a"; total 
burden power factor=0.5 





FOR CURVE V 
^ FOR CURVE V 


Figure 10. Transformation of I 2 Z/N abscissa 
into hZ/N abscissa giving curve "b” from 
which ratio errors at given primary current can 
be read 


the above relation and assigning to the 
IiZ/N values so obtained ordinates equal 
to those corresponding to the respective 
ItZ/ N or Et/N values. 

Different curves result for differing 
Z/N 2 values; however, since, in standard 
multiratio transformers with burdens of 
0.5, 1.0, and 2 ohms, several combina¬ 
tions of burdens and turns give identical 
Z/N 2 values, many of the curves coincide, 
resulting in a corresponding reduction in 
the total number of curves previously re¬ 
quired. 

In Figures 7 to 10, Z designates the 
total secondary impedance. However, 
since, in bushing-type transformers with 
equally distributed secondary winding, 
the leakage reactance is negligible and the 
resistance of the winding is small when 
compared to the resistance of the external 
burden, Z closely approximates the ex¬ 
ternal-burden impedance. 

The results obtained by the use of 
these charts are identical with those ob¬ 
tained by previous methods. For any 
current value, any secondary burden and 
secondary number of turns, ratio and 
phase-angle values calculated from these 
charts are identical with those obtained 
by the use of previous methods. 1-4 

Part II 

Referring to Figure 5 it can be seen that 
the admittance-vector locus consists es¬ 
sentially of two straight lines which are 
parallel to the imaginary axis, indicating 
constant conductance for both low- and 
high-density range. It has been shown 
that the reactive volt-amperes in these 
two ranges can be closely approximated 
by formulas Containing constant expo¬ 
nents for the flux density B. 6 Lines 1 
and 2 in Table I, give the formulas for 
watts/pound and reactive volt-amperes/ 
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pound applying to the steel represented 
by Figure 3. Lines 3 and 4 give the corre¬ 
sponding formulas for the conductance 
G N and susceptance B n respectively for N 
turns, for the particular bushing-type 
transformer described above. Formulas 
3 and 4 can be modified to express ratio 
and phase angle in terms of the compo¬ 
nents of the admittance vector, and if 
the study is limited to small errors or 
JVyZ2>l,000, result in 

2?(1/1) = l+2<(2?jy sin cos 0) (13) 

0(mi&.) **3,438 Z(Bff cos sin <j>) (14) 

Substituting for G N and B N the values 
from lines 3 and 4 of Table I into equa¬ 
tions 13 and 14 and limiting the investiga¬ 
tion to the commonly used power factor 
of 0.5, lines 5 and 6 result for ratio error 
and phase angle respectively. Although 
a wide range of flux density is omitted 
from formulation, it can be seen from 
Figure 5 that it represents a relatively 
small absolute range around the bend of 
the admittance-vector locus. A fair ap¬ 
proximation can be obtained for this 
range by assigning it constant values 
corresponding to the values resulting from 
23=5,000 in the low-flux density formulas 


of Table I, lines 3 to 6 inclusive. If the 
expression Ez/N is eliminated from formu¬ 
las, lines 5 and 6, for either of the two 
flux-density ranges, linear equations re¬ 
sult between A R and 6 as previously 
pointed out for the low-flux-density 
range.* 

Conclusions 

From the foregoing analysis it can be 
seen that the admittance-vector locus is a 
useful means of representing current- 
transformer performance. It is advan¬ 
tageous to introduce volts per turn as 
independent variable. This procedure 
results in charts from which normal and 
overload performance of a particular 
transformer at any burden and turn ratio 
can be obtained from one single curve, the 
admittance-vector locus of the steel used 
in the core. 

A considerable saving in drafting effort 
is accomplished in case of multiratio bush¬ 
ing-type transformers where heretofore a 
large number of curves was required. 
If desired, reference to charts can be 
avoided by the use of simple formulas 
giving ratio error and phase angle for the 
entire load range and for any desired 


turn ratio and secondary burden. This 
study is intended primarily to present a 
new method of approach for the repre¬ 
sentation of current-transformer perform¬ 
ance. Numerous important factors, such 
as the modification of the vector locus 
due to wave distortion and methods used 
in measuring volt-amperes and core 
losses, have not been reported upon; it is 
hoped that they can be made the subject 
of a futtire publication. 
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Field Tests on High-Capacity Station 

Circuit Breakers 

H. D. BRALEy 

ASSOCIATE AIEE 


Synopsis! The development of high-capac¬ 
ity air-blast breakers in this country has 
taken place without the background of 
operating experience which has attended 
the use of oil circuit breakers and has, 
therefore, emphasized the need for testing 
this equipment at levels comparable with 
the assigned interrupting ratings. 

. Although field short-circuit tests to verity 
circuit-breaker performance have been made 
on operating systems previously, they have 
been limited in most instances to moderate 
duty levels or, in the larger interrup ting 
ratings, to the testing of high-voltage ap¬ 
paratus. Staging severe short-circuit tests 
at 15 kv introduces operating problems of 
greater significance since it virtually requires 
the application of the fault to the generating- 
station bus. This paper presents: 

1. A r£sum£ of the studies which indicated that it 
would be practicable to stage short-circuit tests 
ranging up to 2,000 megavolt-amperes directly on 
a particular generating-station bus. 

2. A description of the physical plant equipment 
assembled for test purpose. 

3. Operating experience during a series of 14 short 
circuits ranging from 200 to over 1,500 megavolt- 
amperes at 14.6 kv. 


field, and it seemed desirable to make tests 
up to the full rated interrupting capacity 
on one of the air-blast circuit breakers in 
the higher interrupting range. 

When confronted with a serious pro¬ 
posal to stage not one but a series of major 
short-circuit field tests, it was only natural 
that the initial reaction of the more con¬ 
servative minded should be one of consid¬ 
erable concern. The more progressive 
souls decreed that in addition to making 
an investigation of the feasibility of stag¬ 
ing field short-circuit tests, consideration 
should also be given to the practicability 
of exposing the entire system to the short- 
circuit disturbance, on the hypothesis 
that it would be better to learn the effects 
under controlled conditions than possibly 
to be required to encounter a s imilar dis¬ 
turbance unexpectedly. The information 
obtained as a result of the field tests 
proved the wisdom of this course of ac¬ 
tion. 


that the Hell Gate station was outstand¬ 
ing in all the desired requirements by 
comparison with other stations in the 
system. Preliminary studies indicated 
that the mechanical stress imposed upon 
the windings of any generator would be 
not more than 50 to 60 per cent of that 
normally obtained with a short circuit on 
the generator terminals and should, there¬ 
fore, be within safe limits if all winding 
insulation and bracing were in first-class 
condition. Furthermore, machines in 
this station had been subjected to short 
circuits in which the calculated mechani¬ 
cal stresses were of the same order as 
those expected in the proposed tests, and 
these had resulted in no apparent damage. 

The second step involved short-circuit 
studies to determine the number of ma¬ 
chines and tie feeders which would be nec¬ 
essary to furnish the required test current 
at each test level, making such allotment 
of generators and tie feeders as to expose 
each machine to a minimum number of 
short circuits. It was concluded that the 
three-phase short-circuit tests should be 
undertaken with the necessary generators 
isolated from the system load, except 
through such tie feeders as might be nec¬ 
essary for loading machines prior to the 
application of the fault and for providing 
the additional capacity to furnish the re¬ 
quired fault current. This decision was 


I N 1939 a trial installation of two 15-kv 
air-blast circuit breakers with a rated 
interrupting capacity of 500 megavolt- 
amperes was placed in service at t he 
Waterside II station of the Con¬ 
solidated Edison Company of New York, 
Inc. As a result of this operating expe¬ 
rience a total of 24 15-kv air-blast circuit 
breakers ranging in rated interrupting 
capacity from 500 to 2,500 megavolt-am¬ 
peres were purchased for installation in 
the Sherman Creek station. 

The success with which the manufac¬ 
turers of oil circuit breakers had been able 
to predict the performance of this equip¬ 
ment, as the result of field tests and ex¬ 
trapolation of laboratory tests at lower 
levels of duty, had been generally satis¬ 
factory, and there was, therefore, reason¬ 
able expectation that the same procedure 
could he extended to the air-blast design. 
However, the guide posts were not as well- 
marked as those in the oil-circuit-breaker 
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tees on power transmission and distribution and 
protective devices lor presentation at the AIBB 
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26-30, 1942. Manuscript submitted October 25, 
1941; made available for printing November 10, 
1941. 
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Preliminary Analysis 

The first approach to this undertaking 
for making tests ranging up to 2,000 
megavolt-amperes was to select the gen¬ 
erating plant best adapted to the purpose 
with regard to capacity in generators, tie 
feeders, switching flexibility, space avail¬ 
able for test apparatus, and facilities 
necessary to supply the required current 
and voltage. It was quickly ascertained 


based on two factors: 

First, a three-phase fault directly on the 
Hell Gate load bus would result in a serious 
disturbance to the low-voltage network sys¬ 
tem served directly from that bus at gen¬ 
erator voltage, and this procedure could not, 
therefore, be undertaken without annoyance 
to customers. 

Second, the effect on the system would be 
greatly diminished by the cushioning im¬ 
pedance of the tie feeders. Moreover this 
would be a more severe test of the system 
performance than disturbances which had 


Table I. Calculated and Actual Test Currents at 14.5 Kv 



Teat Date 


Three-Phase Teat Current 
and Duration (60-Cycle Base) 


Calculated Teat 


Duty Amperes Cyolea Amperes* Cycles 


Connected 

Mogavolt-Ampere 

Capacity 


Gen cra¬ 
ters Tie# 


1 ....9-21-40••*... O. . 

2 ....9-21-40. O.. 

2 A.. • .9-21-40..... CO .. 

3A... .9-21-40. CO.. 

3 -9-22-40. O... 

4 ....9-22-40. O.. 

SB.... 9-22-40. O.. 

1A.. . .5-10-41..... O.., 
2A....5-10-41_ .CO.., 

3B -5-10-41. O.. 

4B....5-10-41. CO.. 

5 C .5-10-41..... 0.. 

6 C.5-10-41..... CO.. 

7 D -5-11-41_ O. 


.. 8,900 
..24,000 
..24,000 
..40,000 
..40,000 

..53,000 
. .80,000 
e e e 
see 


« • e 
' S e 


-0 .9,400 




- 6 .22,000 




- 0 .26,000 




- 6 .34,000 




• • •. 6 .30,000 


-0.5. 

• a e e 

- 0 .45,000 




.... 2.4.06,000**.. 

....20.0. 




• • • • 0i2, 




.... 0.2. 

e e * » 







.... 6.2. 




• • e • 3.3, 






• pee 12 « »»«!•• «26|000t 


-14.5. 




...100. 

... 100 ...... 

...188. 

...188. 


00 

00 

00 

00 

00 

00 


.♦•294...... 

...294.160 

...106. 00 

...106.. 00 

...294 . 60 

...294. 00 

...294.100 

...294 .160 

...188.00 


** Current after 2.4 cycles. 


t Linc-to-grounil test. 
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been encountered previously as a result of 
a three-phase operating failure just outside 
of a tie-feeder reactor and it would, there¬ 
fore, afford a measure of system performance 
under severe fault conditions. 

Since the maximum current tests were 
the determining factor governing the 
stresses on station equipment, the power 
requirements for this case were first de¬ 
termined. It was found that to attain 
the desired level of 2,000 megavolt-am- 
peres, it would be necessary to raise the 
test voltage from the nominal operating 
value of 13.6 kv to 14.6 kv and to use all 
of the machines that could be spared from 
service while still maintaining the desired 
reserve. This required the use of a 60- 
megavolt-ampere tie feeder to Waterside 
Station II, a 100-megavolt-ampere tie 
feeder to the Niagara-Hudson system 
and three generator units of 43.75-, 
62.5- and 188-megavolt-ampere capacity. 
In addition, it was found necessary to 
pretrip the test breaker in order to take 
advantage of the current asymmetry. 
The calculated currents together with the 
necessary facilities in machines and tie 
feeders for the various tests are shown ini 
Table I. 

A complete analysis of short-circuit 
forces was made on the connections and 
equipment of the feeder position supply¬ 
ing the test breaker. All calculations 
were based on the maximum peak value 
of current expected under the highest 
capacity test. Full offset at “zero” time 
was assumed and proper allowance made 
for the decay of both a-c and d-c compo¬ 
nents, resulting in a maximum instan¬ 
taneous peak current, at the first half¬ 
cycle following the fault, of 200,000 am¬ 
peres at 14.5 kv. 

Since the station buses and feeder out¬ 
lets are of isolated phase arrangement, 
forces arising from the interaction of 
phase currents are of little or no impor¬ 
tance until the several phase conductors 
converge in the station cable vault. 
The arrangement of equipment ground¬ 
ing coppers within the isolated phase por¬ 
tion of the electrical galleries was such 
that any possible failure to ground would 
require ground-current flow at right an¬ 
gles to the phase conductors. This 
eliminated the necessity of considering 
interaction of phase and ground-fault 
current. Consequently, within the gal¬ 
leries, the actual forces considered were 
only those on the test-feeder circuit, aris¬ 
ing from the current flow in the several 
sections of the phase conductor, as it 
looped, turned, and doubled back on it¬ 
self, in passing through oil circtiit break¬ 
ers and the reactor of its’ own phase. 

The maximum force concentration ap- 
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peared as a cantilever load on the wall 
bushings entering the oil circuit breaker 
compartments. This amounted to ap¬ 
proximately 6,000 pounds at the end of 
the bushing and normal to its axis. A 
greater force, 6,000 pounds, was found to 
act on the oil-circuit-breaker moving 
contact, tending to open the breaker 
against the restraint of its latching mecha¬ 
nism. 

Since the wall bushing mentioned above 
was rated by its manufacturer as able to 
withstand only about 600 pounds at the 
end of the stud, it was decided to elimi¬ 
nate these forces by placing a short-circuit¬ 
ing strap across the external bushing 
studs, removing the circuit breakers and 
reactors of the feeder from the circuit, and 
thus eliminating virtually all cantilever 
loading on the wall bushings. 


200 MVA 

TO NIAGARA HUDSON 



nections to Hell Gate station in the maximum- 
capacity test 

Within the station cable vault, where 
the separate phase conductors making 
their exit from conduit were racked in a 
parallel flat arrangement on the wall of 
the vault, maximum instantaneous forces 
of 3,700 pounds per foot were found. In 
regions where the cables converged to en¬ 
ter a joint with three-conductor cable, the 
sheaths were in contact, and the maxi¬ 
mum instantaneous value of the forces 
tending to separate the cables was found 
to be 11,500 pounds per foot. Suitable 
wrapping and bracing were provided to 
hold these cables securely in place during 
the short circuit. Disconnecting switches 
in the test circuit, where rated below the 
expected test current, were removed and 
replaced by copper bus work. 

Concurrently with the foregoing stud¬ 
ies, an investigation was undertaken to 
determine the likelihood of instability 
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between generators following clearance of 
the trouble. It was assumed here that 
the fault might have to be cleared by the 
backup protection, and that the total 
clearing time would be approximately 0.5 
second. These calculations indicated 
that there would be no question whatever 
of stability, since no generator should 
swing from its initial position relative to 
the others by more than 10 degrees. Fur¬ 
thermore, the load readjustment through¬ 
out the system, after fault clearing, 
should not be sufficient to result in any 
material disturbance, even though the 
Waterside tie feeder should trip. The 
calculated voltage dips during the highest 
capacity fault were 18 per cent on the 
Hell Gate load busses, 15 per cent at 
Waterside II* 20 per cent at Sherman 
Creek, and 40 per cent at the Dun- 
woodie substation. A simplified one-line 
diagram of the 60-cyde system tie con¬ 
nections is shown in Figure 1. 

Organization 

A working committee was set up, com¬ 
prising representatives of the production, 
system operation, construction, technical 
service, and electrical engineering depart¬ 
ments of the company and also represen¬ 
tatives of the General'Electric Company. 
Schedules and dates were set up to cover: 

A . Drawing and engineeringinformation. 

B. Construction dates and equipment de¬ 
liveries. 

C. Test procedure. 

D. Personnel assignments. 

To a key man in each group was dele¬ 
gated the responsibility of executing the 
work assigned by the chairman of the 
working committee. Through this or¬ 
ganization it was possible to keep all 
work moving on schedule and settle all 
of the points, with a minimum of delay 
and with complete understanding as to 
the action to be taken by all concerned. 
This procedure was responsible for the 
success which was attained in completing 
all preparations on schedule and eliminat¬ 
ing confusion as to procedures and re¬ 
sponsibilities, during the actual carrying 
out of the test work. 

Test Facilities 

The breaker selected for test was a 
General Electric Company type A R- 20- 
150 three-phase 60-cycle 1,200-ampere 
15-kv unit with a rated interrupting ca¬ 
pacity of 1,500 megavolt-amperes. The 
detailed description of this circuit breaker 
is covered in a companion paper, 1 and its 
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Figure 2 (left). Air-blast circuit breaker installed in structure 

Control wiring and instrument wires to control station shown at 
upper left corner of structure 

Figure 3 (below). View of observation barricade 
Control cables from circuit breaker may be noted at the top 



performance will be referred to here only 
insofar as it was concerned with the test¬ 
ing operations. 

One of the type H circuit breakers used 
for closing duty in the testing station of 
the General Electric Company was used 
for the same duty in these tests. This 
breaker was installed in the breaker test 
house in close proximity to the air-blast 
breaker. 

The clearance of material stored in the 
transformer and cable yard to make space 
available for the breaker test cubicle and 
other structures, at first appeared to pre¬ 
sent a task of gargantuan proportions, 
what with scores of cable reels, econo¬ 
mizer tubes, grate bars, and an indescrib¬ 
able assortment of material acc umulat e d 
by a decade of “string savers.” At the 
very beginning, therefore, the test pro¬ 
gram began to pay dividends, to the de¬ 
light of the station superintendent. It 
made necessary a general house cleaning 
of the storage yard, by transfer of some 
of the equipment to other locations, and 
a more orderlyrestacking of theremainder. 

The breaker house structure, consist¬ 
ing of a steel framework closed on all 
three sides and the top with corrugated 
steel sheeting, was supported on a con¬ 
crete mat. All enclosing sides and the 
top of the structure were covered with 
two layers of sandbags, as a protection to 
numerous transformers and other equip¬ 
ment against damage from possible fire 
and flying debris. 

The .open side of the structure was laid 
out to face a one-story brick storeroom 
structure. A barricade of two-inch thick 
lumber, erected in ten-foot sections for 
quick assembly and removal, for protec¬ 
tion of the observers, was placed under 
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the overhanging roof of the storeroom, 
directly facing and approximately 70 feet 
distant from the breaker house. A space 
in the storeroom, with a separate entrance 
door facing the breaker house, provided 
a convenient area for all of the magnetic 
oscillograph equipment required by the 
General Electric Company. The con¬ 
trol station, for operation of the closing 
breaker and test breaker, as well as the 
communication facilities, with the gener¬ 
ating station control room, was also lo¬ 
cated at this point. The remainder of 
the equipment required for the test in¬ 
cluded separate, standard wood construc¬ 
tion shanties, such as were readily avail¬ 
able in the market. Four such struc¬ 
tures were used for housing the field con¬ 
struction office, dark room, air compres¬ 
sors, and cathode-ray oscillograph. Pho¬ 
tographs of the breaker test house and 
the observation barricade are shown in 
Figures 2 and 3 respectively. 

An independent three-point communi¬ 
cation system was installed to provide 
communication between the test-control 
station in the yard, the generating-sta¬ 
tion control board, and the generating- 
station control-cable terminal room, 
where was located the Company’s auto¬ 
matic recording instruments. A public 
address system was also installed, for 
information of the observers concerning 
safety regulations, announcement of test 
procedures, and the results of the various 
tests. 

A standard feeder outlet position was 
used for the test outlet from the station 
bus, and the circuit from this point to the 
breaker test house consisted of two three- 
conductor 800,000-circular-mil lead-cov¬ 
ered cables in parallel. 

Braley High-Capacity Circuit Breakers 


After careful consideration, the decision 
was reached that the station breakers 
should be used for backup protection 
against failure of the test air-blast breaker 
since there was some element of risk in 
using the control breaker in the breaker 
test house, due to its close physical prox¬ 
imity to the test breaker, and further¬ 
more. the control breaker might also fail 
as a result of its use in applying short cir¬ 
cuits. The bus setup iti the station could 
be arranged so that two 5,000-ampere, 
1,500-megavolt-ampere bus-tie oil circuit 
breakers, in the section of bus to which 
the test feeder was connected, would 
divide the total test current, so that 
neither one would be subjected to a duty 
iu excess of two-thirds of its rated inter¬ 
rupted capacity. Current transformers, 
installed on the bus section to which the 
test feeder was connected, were discon¬ 
nected from the bus-differential relay cir¬ 
cuit and connected, in such a manner us 
to totalize the total test current to a 
backup overcurrent induction relay, ar¬ 
ranged to trip the two bus-tie oil circuit 
breakers. These connections are shown 
in Figure 4. 

Operating Procedures 

In order to maintain suitable safe¬ 
guards and to avoid confusion and mis¬ 
understanding, the following operating 
procedure was established: 

A. A production department representa¬ 
tive with five assistants was stationed in the 
test area. The operator in charge of this 
group was responsible for the enforcement 
Of safety regulations. He saw that the test 
area was cleared, protective barriers were in 
place, and so on, before each test. He also 
issued and cleared the necessary work per- 
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mits for inspection of the test breaker after 
each test and stationed his watchmen at 
various points in the test area before each 
test. This operator alone gave all of the 
orders to the high-voltage operator in the 
station for energizing and de-energizing the 
test feeder. Thus by delegating this 
authority to only one individual, any con- 
fliction of orders was avoided. 

B. In the electrical galleries the doors be¬ 
tween adjacent bus sections w$re blocked 
open, and qualified observers stationed in 
the gallery corridors on all floors had an un¬ 
obstructed view of the gallery compart¬ 
ments during test periods. This procedure 
provided a means of detecting the nature 
and location of any trouble and also pre¬ 
vented the unauthorized access of other 
personnel. 

C. A representative of the steam engineer¬ 
ing department was stationed at the throttle 
of each turbine, and these men were under 
instructions as to the action that they 
should take in the event of trouble develop¬ 
ing either on the turbine or the generator. 
The station electrical mechanics maint ained 
a watch on the generator, and the generator 
cable ducts, and neutral cable duct runs, to 
watch for any indication of trouble in those 
areas., 

D. A simple signal system was set up to 
warn all concerned that a test was about to 
take place. Signals were given throughout 
the generating station ten minutes in ad¬ 
vance of each test. Each inspector or ob¬ 
server then reported by telephone to the 
high-voltage control board that he was in 
position. Five minutes before each test, a 
signal was given on the turbine-room call 
whistle and a “standby” signal put up on 
the signal stand on each turbine being used 
for the test. When all observers were re¬ 
ported as being in position, the production 
department representative in the test yard 
was notified and then proceeded to give the 
necessary switching instructions, relative to 
making the test feeder alive. One minute 
before each test communication was estab¬ 
lished between the production representative 
in the yard, the high-voltage operator, and 
the representatives in charge of the test 
instruments set up in the cable-terminal 
control room. Time was then counted off, 
and the test applied. Communication was 
maintained until all observers had reported 
to the high-voltage operator. At the high- 
voltage operating board an operator was 
stationed at the controls of each generator 
and was under instructions as to the steps 
which should be followed should trouble de¬ 
velop. Observers were also stationed at each 
street manhole through which the test 
feeder was carried, all manhole covers being 
removed during the test period. 

F. An electrical construction crew was 
maintained in the station construction 
office for any necessary work which might 
develop as a result of unexpected trouble. 
For the same purposes a crew from the 
underground department was also main¬ 
tained during the entire test period, to be 
available for any necessary repair work 
which might be required. 

G. Beginning with the test at the 1,000- 
megavolt-ampere level and above, inspec¬ 
tions were made of the equipment in the 
electrical galleries, the station cable bay, and 
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Figure 4. Diagram of relay connections for 
backup protection 


the street manholes, for evidence of damage 
after the first test at each level. 

1940 Tests 

The first series of tests was undertaken 
Saturday, September 21, and the follow¬ 
ing Sunday, September 22,1940. Test 1 
at 200 megavolt-amperes was in the na¬ 
ture of a trial test shot for checking all 
of the equipment and the operating proce¬ 
dure. In this test the Waterside 
II tie feeder was tripped at Waterside 
number 2 by the directional impedance 
relays. This was the first of the unan¬ 
ticipated events. Later inspection of the 
oscillographic recording disclosed that the 
relay operation was undoubtedly due to 
the asymmetry of the current, which had 
the effect of increasing the operating 
range of the relay by some 40 per cent. 
This relay was blocked on subsequent 
tests, but protection was maintained by 
backup time delay over current relays. 

On test 2 at 550 megavolt-amperes the 
same tie feeder was tripped again, but, on 
this occasion, by the directional imped¬ 
ance relay at the Hell Gate end of the 
feeder. This was unanticipated operation 
number 2. This relay was also blocked 
out for succeeding tests. Subsequent 
tests on this relay disclosed that there was 
excessive “wipe” in the contacts of the di¬ 
rectional element. The incorrect opera¬ 
tion was, therefore, attributed to failure 
of the directional contact to open before 
the impedance contacts closed. This 
may be better understood when it is noted 
that prior to the fault the power flow on 
the tie feeder was from Hell Gate to¬ 
wards Waterside, the tie feeder being used 
to load the generator prior to the test. 
The directional elements of the imped¬ 
ance relay were, therefore, closed under 
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this condition, but when the fault was 
applied, the direction of power flow was 
reversed due to fault current being sup¬ 
plied from Waterside to Hell Gate. The 
tripping of the tie feeder, of course, caused 
a loss of load to the two generators after 
clearing the fault The machines were, 
however, resynchronized to the station 
load bus without difficulty. 

Test 2A at 550 megavolt-amperes was 
run off without undue incident. 

In setting up the busses for the next 
test, a 160-megawatt unit, which had not 
been used in any of the tests up to that 
time, was placed on the test bus. One of 
the gallery observers heard a heavy static 
discharge, which appeared to come from 
the vicinity of the generator breaker com¬ 
partment. This was unexpected event 
number 3. Although not directly re¬ 
lated to the breaker test, this condition 
might have resulted in an operating fail¬ 
ure if it had not been for the observers 
posted in the electrical galleries. The 
machine was immediately removed from 
service and testing of the circuit under¬ 
taken. It was ascertained that one of 
the stress cones at the termination of one 
of the cables was the seat of the trouble. 
The cable terminal was remade and gave 
no further trouble. 

On test 3 at approximately 800 mega- 
volt-amperes the air-blast breaker arced 
over on two phases and failed to clear the 
fault. The fault was cleared by the 
backup bus-tie breakers in the station in 
29.5 cycles. Subsequent inspection of 
the bus-tie breakers disclosed that the 
6-7 section bus-tie breaker had thrown 
some oil on the B phase pole unit. While 
the performance of the bus-tie breakers 
was not unusual in this respect, it was 
considered that a little more discretion 
might profitably be exercised, as means 
were available for so doing. The psycho¬ 
logical effect of the flash and the accom¬ 
panying sound effects, in connection with 
the arc to ground at the test breaker, un¬ 
doubtedly lent some emphasis to the 
need for more caution. As a consequence, 
the backup relay in the generating station 
was arranged to trip all generators and 
tie feeders connected to the test bus, as 
well as the bus-tie breakers, since this 
would operate to distribute the duty 
among the various circuit breakers in the 
station somewhat more equitably. 

It is well worthy of note that, although 
the air-blast breaker was subjected to se¬ 
vere arcing for nearly one-half second, 
there was no ensuing fire after arc ex¬ 
tinction, no damage to any of the im¬ 
mediately adjacent apparatus in the 
breaker house, and the necessary servic¬ 
ing and adjustment were completed in 
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approximately two hours. This per¬ 
formance may be contrasted with that 
commonly experienced with oil-circuit- 
breaker failure of like nature. 

After repairs and adjustments to the 
air-blast breaker, test 3 at approximately 
860 megavolt-amperes and test 4 at ap¬ 
proximately 1,000 megavolt-amperes were 
completed without undue incident. 

On test 5B, at approximately 1,500 
megavolt-amperes, the air-blast breaker 
again failed to clear the fault, and it was 
cleared by the backup protection in 26 
cycles. The damage to the air-blast cir¬ 
cuit breaker was confined principally to 
the glaze of inteiphase brazing insulators 
and dislocation of some parts of the arc 
chute. As in test 3 A, there was no dam¬ 
age to adjacent equipment. There was 
no evidence of stress on any of the station 
circuit breakers except to a minor degree 
on the 6-7 bus-tie breakers. The voltage 
dip on the network distribution sys tem 
ranged from 15 to 30 per cent in the Man¬ 
hattan and Bronx districts, approxi¬ 
mately 50 per cent at the Dunwoodie sub¬ 
station, and 10 to 20 per cent on the Ni- 
agara-Hudson system. A one-tenth cycle 
variation in frequency was recorded. A 
number of railroad synchronous convert¬ 
ers in the Westchester area tripped out as 
a result of the disturbance. There were 
no operations of automatic network pro¬ 
tector units noted at 24 key observation 
points. All generators and tie feeders 
were restored to the system within 4Va 
minutes. 

An examination of the end windings of 
all generators and equipment in the elec¬ 
trical galleries following these tests dis¬ 
closed absolutely no evidence of any dam¬ 
age to the equipment. 

1941 Tests 

The second series of tests was made on 
Saturday, May 10, and Sunday, May 11, 
in 1941. The preparation was compara¬ 
tively simple, since all the facilities had 
been retained from the previous year. A 
total of six three-phase short-circuit tests 
and one single-phase short-circuit test was 
scheduled. The three-phase tests con¬ 
sisted of one “O” and one “CO” test at 
approximately 600-, 1,200- and 1,500- 
megavolt-ampere levels. 

The brekker tested in this series was the 
same as that used previously, except for 
modifications to increase the air pressure 
from 150 to 250 pounds per square inch, 
and certain modifications in the design 
of the arcing chamber and the exhaust 
stack. A special air-blast breaker desig¬ 
nated as type AJ?-20-2507, three-pole, 

15-kv, was used for the closing control 
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breaker in this series of tests, in lieu of 
type H breaker used previously. An 
additional cathode-ray oscillograph was 
provided for measurement of the voltages 
from the short-circuiting connection on 
the test breaker to ground. 

All of the short-circuit tests were suc¬ 
cessfully interrupted by the air-blast 
breaker, and, as a consequence, all test 
work was completed very close to the 
schedule. During the tests at the higher 
levels of duty, there were several reports 
of flashes and sparks in the electrical 
galleries in the generating plant. These 
were, naturally, a matter of some con¬ 
cern, until a careful inspection disclosed 
•only minor burns on the circuit-breaker 
operating rods at the clevis pins on the 
third floor and between a lighting-fixture 
outlet box and a ground bus on the sec¬ 
ond floor. As the short-circuit connec¬ 
tion on the test breaker was ungrounded, 
and there was no indication of system 
ground current, it was evident that these 
manifestations in the galleries could have 
been caused only by induced voltages set 
up by the test current. Additional clear¬ 
ance was established at the points con¬ 
cerned and no further reports of sparks 
were received. 

It is of interest to note that, on tests at 
the 1,500-megavolt-ampere level, the 
railroad synchronous converters in the 
Westchester area, which were subjected 
to a 50 per cent voltage dip, did not trip 
out as in the tests made the previous year. 
This very clearly indicates the benefits 
of high-speed fault clearing with respect 
to its effect on operating equipment. 

In the “ 0 ” test “5 C", it was hoped 
that, by setting the pretrip relay to op¬ 
erate 1.2 cycles after initiation of the 
fault, it might be possible to increase the 
test duty over that obtained in the pre¬ 
vious year. For some unexplained rea¬ 
son, this was not entirely successful, al¬ 
though the pretripping time was checked 
by tests, before the test current was ap¬ 
plied. The oscillographic record shows 
that arcing did not start until nearly 
three cycles after initiation of the fault, 
rather than 1.2 cycles as anticipated. 

It may also be noted that the actual 
current obtained on tests was appreciably 
lower than the calculated values, par¬ 
ticularly in the tests in excess of 1,000 
megavolt-amperes. 

This .discrepancy may be attributed to 
two factors: 

1. The reactance of the generator cables, 
busses, and test circuit within the station 
was not included in the calculations. 

' . f 

2. The subtransient and transient react¬ 
ance constants of the large generator (188 
megavolt-amperes) were probably higher 
than the calculated constants. 
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The line-to-ground test (7 D) was 
made for the purpose of obtaining test 
data on the zero phase sequence react¬ 
ance of the 188,000-megavolt-ampere unit 
and the station grounding system, rather 
than for testing the air-blast breaker. 
The 188-megavolt-ampere generator is 
composed of two 94-megavolt ampere 
generators driven by a cross compound 
turbine. The neutral of only one of the 
generators is grounded. In this test this 
generator unit and the tie to the Waterside 
II station were isolated from the rest of 
the system. The breaker tripping time 
was intentionally delayed in order to ob¬ 
tain a steady-state value of current. 
While the measured values were lower 
than those which had been calculated, 
this was attributed to the reactance intro¬ 
duced by the various multiple paths over 
which the ground current could flow be¬ 
tween the generator neutral connection 
and the termination of the test cable in 
the electrical galleries. A recalculation 
of this circuit has shown that the differ¬ 
ence between the actual test current and 
the calculated current would be accounted 
for by 0.05 ohm. 

Conclusions 

1. High-capacity short-circuit tests di¬ 
rectly on the bus of a large power station 
may be made without unreasonable risk to 
the system and equipment, if the undertak¬ 
ing is preceded by careful planning, and if 
safeguards are established to protect against 
the abnormal conditions which customarily 
prevail as the result of short-circuit phenom¬ 
ena. 

2. System tests under controlled conditions 
furnish valuable data on system and equip¬ 
ment performance. Such tests not only 
serve to check the performance of the ap¬ 
paratus ostensibly under test but also 
demonstrate the adequacy of other parts 
of the system, under the most severe con¬ 
ditions they are designed to meet. 

3. Calculations of generating-station bus 
faults, in which the reactance of even very 
short runs of connections arc neglected, ap¬ 
parently result in currents which are ap¬ 
preciably higher than actual values and are, 
therefore, on the conservative side in deter¬ 
mining the interrupting duty of switching 
equipment. 

4. Field testing tends to instill more con¬ 
fidence in the science of stability computa¬ 
tions which has contributed so materially to 
the establishment of sound engineering 
principles in the design and operation of 
power systems. 

6. It has been realistically demonstrated 
that the fire hazard inherent in the oil-cir¬ 
cuit-breaker design is greatly minimized by 
the air-blast design. 
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Frequency-Modulated Carrier 


Telegraph 

F. B. BRAMHALL 

MEMBER AIEE 

Synopsis: Voice-frequency carrier-current 
telegraph systems used in this country and 
abroad have until now employed amplitude 
modulation, analogous to single current 
signalling in d-c telegraphy. A variety of 
so-called two-tone telegraph systems has 
been tried out by various workers, but none 
of these was adopted on a commercial scale 
because ail required the employment of at 
.least double the frequency spectrum space 
ordinarily assigned for amplitude modula¬ 
tion. The system described employs true 
frequency modulation to derive the advan¬ 
tages of polar current signalling, with the 
same spectrum efficiency as conventional 
amplitude systems, and secures at the same 
time freedom from attenuation change in 
the transmission medium and greater im¬ 
munity to extraneous disturbing currents. 

F REQUEN CY-modulated sys tems for 
radiobroadcasting and facsimile trans¬ 
mission have been developed and placed 
in operation with remarkable success dur¬ 
ing the past few years. Publications 
covering practically all phases of this type 
of modulation, particularly with reference 
to its interference suppression qualities, 
have been legion. The fundamental prin¬ 
ciples have been soundly established and 
today are perhaps as thoroughly under¬ 
stood as those of amplitude modulation. 
Consequently, this paper will be confined 
to a brief Outline of recent land-line voice- 
frequency telegraph-carrier developments 
culmmating in the adaptation of frequency 
modulation. 


System 

J. E. BOUGHTWOOD 

ASSOCIATE AIEE 

Theory 

Virtually all telegraphic communication 
circuits fall under either of two basic 
types of operation: 

(a). Single-current operation wherein 
transmission of current indicates a marking 
signal and absence of current a spacing 
signal. 

(5). Polar operation wherein transmission 
of current of one sense or sign indicates a 
marking signal and current in the opposite 
sense or sign indicates a spacing signal. 

Relative current requirements for equiva¬ 
lent interference susceptibility in single 
and polar operation are given in Figure 1. 
The resulting power relations are as fol¬ 
lows: 

Power per cycle single operation 
Power per cycle polar operation 

mt/2) 

(I/2) 2 Rt 

Peak power single operation PR 
Peak power polar operation *(J/2)*J?* 4 

The two-to-one reduction in average power 
and the four-to-one reduction in peak 
power pertaining to the polar method con¬ 
stitutes a major reason for its adoption 
on all but relatively short d-c telegraph 
circuits. In addition, it is inherently im¬ 
mune to the bias losses experienced in 
single current operation as a result of 


energy being transmitted on marking 
signals and interrupted on spacing signals 
in the usual single current mode of opera¬ 
tion. The resulting square-topped wave 
trains existing at section A are modified 
by the restricted bandwidth of the channel 
tuners to the envelope form shown at 
section B. The envelope is then con¬ 
verted by a linear demodulator to a simi¬ 
larly shaped unidirectional pulsating cur¬ 
rent flowing through the receiving relay, 
as indicated by C. Faithful reproduction 
of the original modulation is secured by 
applying to the receiving relay a local 
bias of such magnitude as to produce 
equal marking and spacing intervals from 
the relay armature, curve D. It is self- 
evident from the sinusoidal nature of C 
that any alteration in its magnitude rela¬ 
tive to the local operating bias—as, for 
example, might result from varying line 
attenuation—will destroy the equal time 
interval relationship between marking 
and spacing pulses introducing a loss in 
the form of biased relay action. 

Inasmuch as the advantages of polar 
operation have always been clearly recog¬ 
nized, the development literature of the 
earner telegraph has been replete with 
suggestions and schemes for its realization 
either in full or in part. To overcome bias 
susceptibility, for example, more or less 
complicated devices have been evolved 
which function either to maint ain the 
demodulator input at a predetermined 
level or to regulate the receiving relay 
bias in accordance with received carrier 
level. Such artifices have been in use for 
a number of years with creditable results, 
their effectiveness being of the order indi¬ 
cated in Figure 3. 

Of a more fundamental nature is the 
oft proposed “two-tone” polar carrier sys¬ 
tem involving two carrier sources of some- 
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Figure 1. Relative current requirements in 
single- and polar-current systems for equal 
interference susceptibility 
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variations in circuit transmission equiva¬ 
lent. Where peak current permissible is 
the limiting factor a two-to-one suscepti¬ 
bility gain is realized. 

From their earliest inception down to 
the present time practically all telegraph 
carrier circuits have been founded on the 
basic form shown in Figure 2 wherein a 
carrier frequency is amplitude modulated, 
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Figure 2. Funda¬ 
mental carrier tele¬ 
graph circuit 

A —Keyed carrier 
B —Received carrier 
C— Relay current 
0—Relay operation 


what different frequency operating over 
separate channels and terminating dif¬ 
ferentially in a receiving relay as shown 
in Figure 4. Energy of frequency F m is 
transmitted over one channel for a mark¬ 
ing pulse and energy of frequency F, over 
the other channel for a spacing pulse, thus 
closely approximating the requirements 
for polar transmission and providing the 
increased stability pertaining thereto. In 
theory, but not always in practice, both 
channels are similarly affected by varia¬ 
tions in circuit attenuation, thus fulfilling 
the polar conditions for bias-free recep- 
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Figure 3. Effectiveness of automatic bias 
corrector 


tion. From an operating aspect, however, 
this circuit is economically infeasible, re¬ 
quiring at least twice the frequency spec¬ 
trum per telegraph channel as a single¬ 
current system. Suggestions for circum¬ 
venting this obstacle usually involve a 
closer spacing of F m and F, so that both 
frequencies will be accepted by a tuner 
of the type normally provided for ampli¬ 
tude-modulation signalling. The fallacy 
herein can be seen by inspection of Figure 
5, illustrating the distribution of carrier 
and sideband voltages in amplitude 
modulation of a carrier frequency. 

In a single-current system (Figure 5a) 
the two intelligence-bearing sidebands 
created by the act of modulation and the 
carrier are symmetrically located with 
respect to, and lie entirely within the 
available band. The side bands, of 
course, are separated from the carrier by 
an interval equal to the modulating fre¬ 
quency. If an attempt is made to pass 
two carriers F m and F s representing 
marking and spacing frequencies through 
a similar band, the impossible conditions 
illustrated in Figure 5b obtain. Both car¬ 
riers are amplitude modulated, each hav¬ 
ing an independent set of sidebands, the 
higher sideband of F, and the lower of F m 
lying outside the passband. The remain¬ 
ing components reaching the receiving 
demodulator will produce in its output 
not only a portion of the original modula¬ 
tion but also the beat between the two 
carriers and the two sidebands. Hie re¬ 
sult will be severe distortion which ran be 
eliminated only by sufficient separation 

Figure 4. Two-tone polar carrier system 
employing separate channels for marking 
and spacing frequencies 


and selection of F m and F t and their re¬ 
spective sidebands. 

A mathematical analysis of carrier and 
sideband components resulting from the 
sine wave frequency modulation of a car¬ 
rier F 0 between the limits F m and F t at 
a rate equal to (F a —F m )/2 (unity modu¬ 
lation index) discloses the relative voltage 
relationships shown in Figure 6. A theo¬ 
retically infinite number of sidebands are 
created symmetrically spaced with re¬ 
spect to the carrier and separated by 
intervals equal to the modulating fre¬ 
quency. Practically, however, the energy 
content of sideband components lying be¬ 
yond the second is sufficiently minute to 
eliminate them from consideration. In 
addition, for telegraphic purposes, it has 
been found possible to further eliminate 
second-order sidebands without intro¬ 
ducing serious distortion, leaving a spec¬ 
trum during modulation similar to Figure 
5a. The small distortion component can 
be eliminated by simple resistance-capac¬ 
ity shaping of the received signal if so 
desired. Under steady-state or d-c con¬ 
ditions the F m or F„ frequency only is 
present, depending upon the transmitting 
relay position, and thus we have a method 
for deriving a “two-tone” polar system 
requiring no greater bandwidth than a 
conventional single-current amplitude- 
modulated carrier system. Except under 
certain critical conditions the F m and F a 
frequencies do not appear during modula¬ 
tion. 

Description of System 

The most obvious and practical method 
of frequency modulating a carrier in re¬ 
sponse to polar d-c telegraph signals is to 
vary the frequency of an oscillator by 
means of the transmitting relay. Figure 
7 illustrates the method wherein the 
frequency determining circuit LC, tuned 
to mid-passband frequency F 0 , is shunted 
by a control network comprising L\ and 
LiCi separately in series with rectifier ele¬ 
ments A\ and A%. A cycle of operation, 
starting with the transmitting relay on 
spacing, connects positive battery to the 
control circuit establishing across Ri a 
potential, positive with respect to ground, 
of magnitude slightly greater than the' 
peak oscillating voltage existing across 


LC. Under this condition the impedance 
of rectifier A* approaches infinity, ef¬ 
fectively isolating L 2 C 2 . Simultaneously 
rectifier^! becomes biased in the conduct¬ 
ing direction, i? 2 acting to limit the control 
current to a value slightly greater than 
the peak oscillating current flowing 
through Ai. As Cj presents a low imped¬ 
ance to the carrier frequency, Li effec¬ 
tively parallels LC and the frequency 
approaches 



In like manner marking or negative battery 
applied by the transmitting relay isolates 
Lu and Z, 2 C 2 effectively parallels LC, the 
frequency approaching 


^^k (c+a > 

L 2 is necessary to provide a d-c path for 
the rectifier polarizing current similar to 
that provided by L\. In practice, L\, L*. 
and C 2 are so proportioned that 

F 0 -~F m =*F,— F 0 ~ 70 cycles 

The modulation index becomes equal to 
unity at a keying speed of 70 cycles per 
second, the nominal maximum of the 
system. The conditions set forth in 
Figure 6 are met by introducing a shaping 
network AT to restrict the rate of change of 
control circuit voltage to an approxi¬ 
mately sinusoidal shape at the maximum 
modulation frequency. Failure to pro¬ 
vide this network introduces a distortion 
component of relatively small magnitude 
in the received signal. As might be sur¬ 
mised from Figure 7, the impedances of 
rectifiers Ay and Az, varying between maxi¬ 
mum and minimum in inverse relation¬ 
ship, produce an amplitude factor in the 
modulated wave. This component is 
considerably smaller and, fortunately, in¬ 
verse in phase to a similar component 
introduced by the curvature inherent in 
the attenuation characteristic of a normal 
carrier telegraph channel. Frequency 


Figure 5. Carrier and side-band relationships 
in amplitude modulation 

/\t“ modulation frequency 



_ NOMINAL 

bandwidth" 


0.3 


, 0^5 

UL 


a 23 



F 0 

A 



L_NOMINAL 

I 3A NOWIDTH" 


! tt r 



January 1942, Vol. 61 Bramhall, BoughWood—Freguency-Modulated Telegraph System 


Transactions 37 





Figure 6. Carrier and side-band relationships 
in frequency modulation for unity modulation 
index 

deviation accuracy of a high order is 
achieved as the percentage deviation is 
independent of voltage (above a certain 
critical minimum value) applied to the 
control circuit 

The receiving terminal employs a cur¬ 
rent, limiter, converter, and differential 
detector as illustrated in Figure 8. The 
current limiter is perhaps unique in that 
regenerative action is utilized to secure the 
high order of sensitivity required on cer¬ 
tain classes of systems where terminal 
repeaters are not justifiable. Regenera¬ 
tion is set to give stable limitin g action 
down to m inu s 45 decibels, a gain in sensi¬ 
tivity of approximately 25 decibels over 
the unregenerative state. Thus a prac¬ 
tically constant value of effective relay 
operating current is assured for all con¬ 
ditions conceivably encountered in com¬ 
mercial carrier practice. Conversion 
from frequency modulation to amplitude 
modulation prior to detection is effected 
by a discriminator comprising two paral¬ 
lel-tuned circuits LiCi and LiC 2 operating 
in series and tuned respectively to mark¬ 
ing and spacing frequencies. The two 
discriminator output voltages, after being 
separately detected, are differentially 
added before being applied to a d-c power 
amplifier stage for operating the receiv- 


output 



ing relay. A differential biasing circuit is 
provided to compensate for slight circuit or 
relay misalignment. Figure 9 shows the 
mechanical arrangementemployedin trans¬ 
mitter and receiver design, each unit occu¬ 
pying 3 V 2 inches of vertical rack space. 

Comparative Test Results 

A series of laboratory and field tests 
were made to determine the relative 
merits of frequency-modulated and con¬ 
ventional amplitude-modulated systems. 
The following data were taken at a line 
speed of 60 cycles per second under 
identical circuit conditions on a basis of 
equal peak carrier voltages as a criterion. 
A transmission testing machine was used 
to determine operating margins under any 
given set of conditions in terms of milli¬ 
seconds loss, a method universally recog¬ 
nized for its accuracy in telegraph trans¬ 
mission studies. 

A comparison of circuit susceptibility 
to single-frequency crosstalk (simulating 
severe unbalance in four-wire carrier sys¬ 
tems as may be encountered under 
emergency conditions) is given in Figure 
10. With amplitude modulation the sig¬ 
nal loss is substantially proportional to 
the receiving tuner attenuation character¬ 
istic, becoming a maximum of 3.15 milli¬ 
seconds for a 12 decibel peak ratio be¬ 
tween signal and crosstalk at mid-band 
frequency. Conversely the frequency 
modulation characteristic displays the 
familiar double hump resulting from its 
triangular noise spectrum wherein the 
loss due to a single interfering frequency 
is proportional to its separation from the 
carrier frequency. As a deviation ratio 
of unity is employed, maximum loss oc¬ 
curs at a crosstalk frequency differing 
from the carrier by an interval equal to 


Fi sure 7(left). Schematic dia- 
9 ram of frequency modulator 


the deviation frequency. The signal loss 
at this point of greatest susceptibility is 
approximately 1.2 milliseconds, or a de¬ 
crease of 8.3 decibels from the maximum 
loss with amplitude modulation for inter¬ 
ference of this character. 

A common form of undesirable noise 
encountered in telegraph carrier circuits 
is a random or fluctuating type produced 
by battery supplies, shot effect in ampli¬ 
fiers, etc. wherein the interference con¬ 
tains frequency components more or less 
uniformly distributed throughout the 
channel pass-band. Figure 11 is the 
average peak loss in milliseconds as 
measured at the receiving relay contacts 
for various values of fluctuating noise—a 
particularly difficult task to perform ac¬ 
curately owing to the probability factor 
inherent to random interference. A sub¬ 
stantial improvement of roughly 9 deci¬ 
bels obtains to frequency modulation for 
large signal-to-noise ratios as compared 
with the theoretical value of 2\/3 FjF a 
or 10.8 decibels. 

A third form of interference to which 
open wire carrier circuits are particularly 
vulnerable is the impulsive type, usually 
attributable to lightning, wherein shock 
excitation of the receiving t une r by a steep 
wavefront produces in the terminal equip¬ 
ment an exponential wave train having a 
fundamental frequency in the neighbor¬ 
hood of the nominal carrier frequency. 
The ultimate signal loss is a function of 
both the amplitude and the phase of the 
transient relative to the instantaneous 
carrier, resulting in an interference fortui¬ 
tous in nature. Peaks of max imum loss 
thus occur on a probability basis and 
must be given due consideration in the 
method of loss measurement. Figure 12 
is a comparison of amplitude and fre¬ 
quency modulation under these conditions 
and closely resembles Figure 11 for fluctua¬ 
tion noise. A reduction of approximately 
10.5 decibels in average peak loss is 
secured for large signal-to-noise ratios as 
compared to the theoretical improvement 
factor 4tF a /F a or 12 decibels. 


Figure 8 (below). Operational Considerations 
Schematic diagram 

of frequency-modii- It is common practice in high-frequency 

lation receiver carrier systems to employ group modula- 


CURRENT 

LIMITER 


DISCRIMINATOR 

DETECTOR 


D-C AMPLIFIER 

RECEIVING 
RELAY 


N 


- 

) SENDING 
J RELAY 



I t 

POLAR BIAS CONTROL 



38 Transactions 


BramhdU, Boughtwood—Frequency-Modulated Telegraph System Electrical Engineering 









Figure 9. Fre¬ 
quency - modulation 
equipment 

A —Modulator - os¬ 
cillator 

& —Demodulator-am¬ 
plifier 
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Figure 10. Effect of single-frequency cross talk 
on amplitude- and frequency-modulated 
systems 


tion and demodulation for transferring the 
fundamental carrier channels to their as¬ 
signed frequency band for transmission 
over the line. In the perfect case, channel 
frequencies leaving the receiving group 
demodulator are identical to those enter¬ 
ing the transmitting group modulator. 
Practically, however, a frequency shift 
exists equal in magnitude to the instan¬ 
taneous frequency difference in the carrier 
sources available for group modulation 
and demodulation which, by the very 
nature of frequency modulation, intro¬ 
duces a bias component in the received 
signal It is required, therefore, that each 
frequency translating oscillator be a 
highly stable carrier source having an 
absolute frequency variation of less than 


plus or minus two cycles. Similarly, the 
tolerances on channel tuner stability are 
somewhat more stringent than for ampli¬ 
tude modulation but can be easily at¬ 
tained in production when proper pre¬ 
cautions are observed. The difficulty of 
accurate level regulation on long carrier 
circuits is reduced to a problem of main¬ 
taining the aggregate repeater loads 
safely below the distortion point. This is 
easily accomplished by various well 
known techniques. Where higher grade 
carrier channels are required on an exist¬ 
ing amplitude system, frequency-modu¬ 
lated channels can be directly substituted 
without disturbing the rest of the installa¬ 
tion. 

Evidence thus far presented would in¬ 
dicate a substantial improv ement in car¬ 
rier circuit performance wherever existing 
amplitude-modulated systems are con¬ 
verted to frequency modulation. This 
has been amply substantiated in practice 
during the past three years. Perhaps the 
outstanding advantage from a carrier 
attendant’s viewpoint lies in the im¬ 
munity of frequency modulation to re¬ 
ceived level variations. This feature 
provides greater flexibility as a charm*! 
group can be instantaneously swapped be¬ 
tween routes having widely different 
equalization characteristics without re¬ 
adjusting individual channel levels for 
optimum performance; an important con- 



Figure 11. Effect of fluctuation noise on 
amplitude- and frequency-modulated systems 



Figure 12. Effect of impulse noise on ampli¬ 
tude- and frequency-modulated systems 


sideration where synchronism must be 
maintained on automatic telegraph cir¬ 
cuits. In addition, detrimental effects of 
small instantaneous level fluctuations 
continually occurring on open wire carrier 
circuits are completely eliminated. 

Polar operation and the triangular 
noise spectrum of frequency modulation 
combine to produce a real and substantial 
improvement in circuit interference sus¬ 
ceptibility, reflected in greater operating 
margins and reduced testing and regulat¬ 
ing work. 
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Synopsis: An extensive oscillographic study 
has been made on power distribution feeders 
primarily to obtain data useful in the con¬ 
sideration of joint use of poles by power and 
telephone facilities. Some of the results, 
chiefly those obtained from three-phase, 
four-wire, multigrounded neutral feeders 
equipped with instantaneous ground relays 
and for immediate breaker reclosure, are 
believed to be of general interest and are 
presented herewith. Included are data on 
the performance of the protective devices 
utilized for clearing ground faults on the 
feeders included in the study, the effective¬ 
ness and certain limitations of these devices, 
and characteristics of the faults experienced. 


S TUDIES made by the Joint Subcom¬ 
mittee on Development and Research 
of the Edison Electric Institute and 
Bell Telephone System have shown that 
one of the important factors in pro¬ 
moting safety where power and telephone 
circuits are on jointly used poles is the 
prompt de-energization of the power cir¬ 
cuit in the event of a contact with the 
telephone plant, 1 The Joint Subcom¬ 
mittee with the co-operation of a number 
of power companies, therefore, has made 
an extensive oscillographic study of the 
performance of protective devices u tiliz ed 
on power distribution feeders for clearing 
ground faults. Some of the feeders se¬ 
lected for study were of the three-phase, 
four-wire, multigrounded neutral type 
equipped with instantaneous ground re¬ 
lays and for immediate redosure of the 
breaker. This paper deals primarily with 
the data obtained from this type of feeder 
regarding the performance of the protec¬ 
tive equipment in clearing ground faults 
and the characteristics of the faults ex¬ 
perienced which are thought to be of most 
general interest. 

Since the oscillographs usually were sir- 
ranged to record only residual currents in 
the power feeders, multiple-phase faults 
were recorded only when ground was also 
involved. As some disturbances were 
self-clearing and some were due to re- 
dosures on or recurrences of sus taine d 
faults, somewhat special meanings have 
been attached herein to the terms “fault” 
and “disturbance.” 

is considered to be any occurrence 
which caused a measurable oscillogram of 
power system current, which, in so far as 


could be established, was not from reclosure 
of a breaker or fuse on a previously existing 
trouble, from repeated oscillograph opera¬ 
tions on a sustained case of trouble, or from 
load unbalance. 

"Disturbance” is a fault as defined above, a 
reclosure on or recurrence of a previously 
established fault. In many instances a 
single oscillogram showed more than one 
disturbance due either to the fault re-estab¬ 
lishing after being self-cleared or to redosure 
of some protective equipment on sustained 
faults. 


Extent of Data 

The prindpal data presented in this 
paper concerning feeders equipped with 
instantaneous ground relays and for im¬ 
mediate breaker reclosure were obtained 
from feeders of four power companies. 
The extent of these observations is sum¬ 
marized in Table I. A total of 1,498 oscil¬ 
lograms, representing 1,279 separate 
faults and 1,758 disturbances, was ob¬ 
tained. The various feeders were under 
observation for periods ranging from 
about 4 to 48 months and had a total 
mileage of approximately 450 miles. 
Some data regarding tree-leakage currents 
and the performance of repeater-type 
fuses and pole-top reclosures were taken 
from observations on feeders equipped 
with inverse-time phase relays only or • 
with inverse-time phase and ground re¬ 
lays. Details of these feeders are not 
given herein. 

Table II gives the relay settings and re¬ 
closure practice applying to each feeder 
during the observations. The instanta¬ 
neous ground relays locked out prior to 
first redosure of the breaker on the feeders 
of companies A, B, and C but controlled 
the breaker for the first two openings in 
the case of company D. Following lock¬ 
out of the instantaneous relays the 
feeders were protected by inverse-time 
phase and in some cases, ground relays. 
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A. Manner of Fault Clearance and 

Automatic-Reclosure Performance 

The manner of dearance of all faults, as 
deduced from the appearance of the osdl- 
lographic records in conjunction with the 
corrdation data supplied by the power 
companies, is summarized in part A, 
Table III. The percentage of faults 
deared by drcuit-breaker operation 
ranged from 13 to 76 per cent. This wide 
spread in percentage is largely attribut¬ 
able to differences in fusing practice and 
to use of open-gap lightning protection on 
transformers of some feeders. The re¬ 
mainder of the faults in each case were 
either self-dearing or were deared by 
other protection, such as transformer and 
branch-line fuses or pole-top reclosers lo¬ 
cated out on the feeder. No distinction 
has been made in tables and charts be¬ 
tween these manners of fault clearance 
since the data were not sufficient, in most 
instances, for making such a classification. 
On one feeder (not otherwise considered 
in this paper) the observing equipment 
was arranged so that operations of pole- 
top .redosers, which protect most of the 
branches, could be identified. It was 
definitdy established that they cleared 27 
per cent of the faults. Undoubtedly 
other faults were also cleared in this man¬ 
ner but the data were not conclusive. The 
main breaker, which is controlled by in¬ 
verse-time relays, cleared only about 22 
per cent of the faults. 

Part B of Table III was prepared to 
show the results of instantaneous relaying 
and immediate automatic reclosure. Un¬ 
der section FI all initial breaker opera¬ 
tions are considered, irrespective of 
whether the fault current persisted until 
the breaker opened; that is, included in 
this category are cases in which a fault 
initiated a breaker operation, but the cur¬ 
rent was interrupted by a fuse or other¬ 
wise before the breaker started to open. 

In section B2 of the table only those cases 
are included in which the fault current 
persisted until the breaker first opened, 
the breaker being responsible for initial in¬ 
terruption of the fault. This latter cate¬ 
gory would appear to be the better indica¬ 
tion of the benefit that can be attributed 
directly to instantaneous relaying and 
rapid reclosure. The data indicate that 
from 50 to 100 per cent of faults falling in 
this category were clear on first redosure, 
the average for all feeders being about 70 
percent. 

There are, of course, a number of fac¬ 
tors which affect the manner in which 
faults are deared. One of these factors is 
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ritory and the brad t* atimit 
73 f»er eent reaiderrtiat and 
if*• t*rr rail immniereial. 

Mm Ughlning arrearera utm 
used lint gap*, emmei ted ««»■ 
able the Jn*r. are uwd with 
every HaM«fnrmrr 
Thi* feeder Niipfdie* rural ter 
ritnry whieh has a ntstumer 
denslfy nf al.iml *r«ett firt 
mile, 


* All feedrr* «fp e^tiipfird with an innianfanenu* gruund relay and fur immeitUte reelewure nf the breaker Feeder* of rumimnirs A t H 1. 

. . .. "*»*' -»* .w „i «**». *i,E £ . 

** power yysfrm reslduat turreftf «a* rerunM try ra< h ituiame 


Uw- lift lure Id tlirr fatilt itself, that i*. it 
fft«V «'f very ultort tUiratitm, firntmhlv 
flue tn a mumenturv fla*linver wliiefi i*ae{f 
dear trig tiefnrc abreaker nr fuse ha* lime 
try nperate fir it may lie cleami by the op, 
•eration of small transformer fuses, ttliere 
inslftiitaneoits ground relays are used it 
is iiiteruicd that they operate to dear 
such faults licfore other protective equip 
merit, excepting small fuses, can ojrerdte 


lit the ease of feeder H 1215 of etmiputty 
4, a cold cathode tul»e relay was used as 
the instantaneous ground relay for a }wir 
lion of the observation {terind. At first it 
was used with no purposely introrlurcd 
time delay; later, time delay of two 
eyelcH was introduced to prevent mmeees 
sary tripping. Without time delay its op 
erating time was approximately 11.007 sre 
<>»id, As it has no in verse time diaraeter 


istie, ofierutifiH is initiuteil praetieaHv as 
soon as the o[H<rafttig current is readied. 
This is an advantage if the fault is going 
to persist. However, if the fault consists 
vilely of very nliort lived kicks, it is desir 
atile to have a small delay in relay Mfa ta 
tion. A comparison of the operation of 
the tube tyfH* relay with ami without time 
delay of two cycles is given in Table A. 
Trout these data it is evident that slowing 
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Table II. Type of Relaying and Reelosure Practice 


Power Feeder 


Ground Relays 
Inverse Time Instantaneous 


C.T. Ratio 


Phase Relays 



Pri. 







Pick¬ 


Current 

Pri. 

Time 

Current 


up 

Time 

for 1 Sec. Pri. 

Pickup 

Lever 

for 1 Sec. 


Cur¬ 

Lever 

Opera- Pickup 

Current 

Set¬ 

Operation 

C.T. 

rent 

Set¬ 

tion Current 

(Amp) 

ting 

(Amp)* 

Ratio 

(Amp) 

ting 

(Amp)* (Amp) 


Reclosure Practice 


Company A 

A^dOS^nnd £-406 (4 kv).... 40/1... .320 ....3 .... 650 ....None. 80##... .1 (immediate)automatic** 

40/1.... 160 .... 3 .... 640.None...80 .... 3 automatic—first is immediate** 

•.«.300 ... .3 ... .1,200 .. .None...150 5 § *... 1 (immediate) automatic** 

Company B—<5.9 kr 

. GO/ 1 -360 ....2i/,.... 650 -60/1....90.5 ....900#.... 60) ... .. . . „ ** 

20 . 60/1.... 360 650 _60/1....80...5 ... .800#.... 60 ) * 1 * * 1 (‘® meti ‘ ftte ) automatic** 


Company C—12 kv 


3003. 

.... 40/1.. 

..320 . 

• ■.•2 •••• 

800 . 



. .None..;. 

. 40 

.... 1 (immediate) automatic** 

Company D—13.8 kv 

7M35. 

... 40/1.. 

..400 . 

...2*/*.... 

800 . 

...40/1.. 

..40.. 


. 80 

.... Before 5-24-38\ 3 automatic: immedi- 


40/1.. 

400 { 
..320 . 

...1 .... 

400 . 

...40/1.. 

..40.. 


.100 

( ate, 30 seconds and) 
.... After 5-24-38 f 105 seconds*** 

Halls. 

... 6/1.. 

400 { 

.. 60 . 

...7 .... 

260#. 

. . .25/1. 

50 

fi irtni 

. 25 

/ 

....3 automatic: immediate, 45 seconds 
and 120 seconds*** 



80 { 





♦Refers to relay operation only; does not include breaker time. 


♦♦Instantaneous ground relay locks out following initial breaker operation leaving inverse-time relays in control until recloser is manually reset. 

♦♦♦Instantaneous ground relay has control until after second trip-out. 

§ Instantaneous phase relays. 

{{Solenoid type relay from 6-8-34 to 4-15-35. Gas tube relay without time delay fro m 4-15-35 to 10-10-35 and from 3-15-37 to 5-12-38. Gas tube relay with 2* 
cycles delay from 10-10-35 to 3-15-37. 


Xk-1.SU« I . 4 

5-1215 J 12kv .{ 


/Current required for l 1 /* second operation. 
//Experimental only. 


Table III. Manner of Fault Clearance and Automatic Reclosure Performance 


Company A 



Company B 

Company C 

Company D 

4 Kv 

12 Kv 


6.9 Kv 

12 Kv 

13.8 Kv 

L-402 L-405 

K-1202 

E-1215 

19 20 

3003 

7M35 Halls 

Per Per 

No. Cent No. Cent 

Per 
No. Cent 

No. 

Per 

Cent 

Per Per 

No. Cent No. Cent 

Per 
No. Cent 

Per Per 

No. Cent No. Cent 


Total faults.30.. .100.. .13.. .100.. .36.. .100... 157... 100.. .24.. .100.. .69... 100.. .633.. .100.. .21. 

A. Manner of fault clearance 


.100...295...100 


a. Breaker-cleared. 4 . 


13... 4... 31... 9... 25... 29... 19... 4... 17...40... 58...375 
69...27... 75...128... 81...20... 83...29... 42...258 


b. Self-or fuse-cleared.26... 87... 9. 

B. Automatic reclosure performance 

(1) Considering all initial breaker operations 

.15...100... 5...100...18...100...110...100... 7...100...65...100...570 

.15...100... 4... 80...14... 78... 91... 83... 5... 71...42. 


a. Total... 

b. Clear on first reclosure.... __ 

c. Clear following first reclosure#.. 4 

d. Clear on second reclosure##. 4 


80.. .17... 94...107... 97... 7...100...50... 77...568 

80.. .18...100...109... 99.53... 82...569 


(2) Considering only cases where fault current persisted until breaker first opened 

a. Total......... ... . 4...100... 4...100...12...100... 42...100... 6...100...48...100...479 

*• Clear onfirst reclosure/... 4...100... 3... 75... 8... 67... 26... 62... 4... 67...25... 52...373 

c. C ear foUowlng first redosure#. 3... 75...11... 92... 42...100... 6...100...33... 69...477. 

d. Clear on second reclosure##. 3 ,,. 75...12...100... 42...100. ..36... 75...478 

closure 8 WWch ^ ^ inv ° lv * a second breaker owning- This item is the sum of (b) plus those faults which were fuse or self-cleared following first breaker re- 
##Sum of faults in (c) above plus those cleared on second breaker reclosure. Second reclosure was not immediate except for company D. 


.375. 

.. 59. 

.10. 

.. 48. 

..225. 

.. 76 

.258. 

.. 41. 

.11. 

.. 52. 

.. 70. 

.. 24 

.570. 

..100. 

.17. 

..100. 

..274. 

..100' 

.464. 

.. 81. 

.13. 

.. 76. 

..221. 

.. 81 

.568. 

..100. 

.13. 

.. 76. 

.224. 

.. 82- 

.569. 

..100.. 

.16. 

.. 94. 

.243. 

.. 89' 

i 

.479. 

..100.. 

.10. 

..100. 

..254. 

..100- 

.373. 

.. 78.. 

. 6. 

.. 60. 

.202. 

.. 80' 

.477. 

..100.. 

. 6. 

.. 80.. 

.206. 

.. 81 

.478. 

..100.. 

. 9. 

.. 90. 

.224. 

.. 88 


down the relay saved a number of unnec- . ranged from 7 to 15 cycles for the various 
essary trippings on very short duration 
disturbances. 


B. Speed op Clearance and 
Re closure 

The recorded average time from initia- 


feeders; the average time from initiation 
of fault to first immediate reclosure 
ranged from 34 to 57 cycles. In arriving 
at these times, one cycle has been added 
to the duration shown by the oscillo¬ 
grams to allow for the time it takes the 
oscillograph film to get in motion. 


The oscillograms pictured in Figure 11 
(A) and (B) illustrate faults which were 
breaker-cleared by operation of instan¬ 
taneous ground relays which control the 
breaker for two openings. (Element 2, 
which indicates breaker operation, was 
controlled from a contact on the breaker 
whose opening lagged the actual breaker 


tion of fault to first breaker opening 
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(A) 

ILLUSTRATES!- OPERATION OF INSTANTANEOUS GROUND RELAY AND IMMEDIATE RECLOSUREJ 

RECLOSURE TRANSIENT* FALSE BREAKER OPERATION FROM RECLOSURE TRANSIENT. 

EL. I-RESIDUAL CURRENT EL. 2-INDICATES BREAKER OPENINGS AND RECLOSURES 



. ft ft ft A ft ft ft 

4 jijii.iii pl/i, 

V y y«y y y y 



ILLUSTRATES:-TWO OPERATIONS IN SEQUENCE OF INSTANTANEOUS 
GROUND RELAY AND FIRST IMMEDIATE RECLOSURE. 

EL.I - RESIDUAL CURRENT EL. 2-INDICATES BREAKER OPENINGS AND RECLOSURES 



EL. I AND 2-PHASE C AND B CURRENTS 


ILLUSTRATES*.-THREE OPERATIONS IN SEQUENCE OF REPEATER- 
TYPE FUSES} ONE LINE-TO-GROUND FAULT. 


EL. 3-RESIDUAL CURRENT 



ILLUSTRATESS-THREE OPERATIONS IN SEQUENCE OF REPEATER- 
TYPE FUSES} LINE - TO - LINE FAULT. 

EL. 1,2 AND 3-PHASE A,B AND C CURRENTS 



. .....J. .... ........... ... 



ILLUSTRATES:-OPERATIONS IN SEQUENCE OF AN FP-19 
POLE-TOP OIL CIRCUIT-RECLOSER 

EL. I - INDICATES WHEN SUBSTATION BREAKER OPENS OR EL.2-NEUTRAL CURRENT 

CLOSES-FEEDER VOLTAGE AT SUBSTATION 

Figure 1. Illustrative oscillograms 
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Figure 2. Magnitude and duration of fault 
currents 


erate in from two to four cycles and re¬ 
close in from two to four seconds. 


Figure 3. Magnitude and duration of fault 
currents 


Company C-12 kv Feeder 3003 

7-2-37 to 3-7-39 

— Approximate phase-relay charac¬ 
teristic—seven cycles allowed for breaker time 
— Instantaneous ground-relay charac¬ 
teristic including breaker time 
• Breaker-cleared disturbances 

0 Fuse- or self-cleared disturbances 

© Fuse- or self-cleared after first reclosure 


openings and consequently closed slightly 
ahead of the breaker.) The first illustra¬ 
tion also shows a typical transient follow¬ 
ing breaker reclosure and an instance in 
which the transient caused a false relay* 
operation. These transients are discussed 
in the following section. The second illus¬ 
tration shows two operations in sequence 
of the breaker, both initiated by the in¬ 
stantaneous relay. In this latter case the 
fault was temporarily cleared but became 
reestablished about 40 cycles after first re¬ 
closure took place. 

Observations on several feeders which 
were equipped near the substation with 
repeater-type fuses (three-shot), indicate 
an average reclosure time of the fuses of 32 
cycles. Other observations indicate that 
pole-top reclosures, of the type used, op- 


The oscillograms pictured in Figure 
1(C) and (D) illustrate operation in se¬ 
quence of repeater-type fuses. The first il¬ 
lustration is for a one line-to-ground fault 
while the second illustration is for a liiie- 
to-line fault. Figure 1 (E) illustrates the se¬ 
quence of operation of a pole-top recloser. 

C. Transients Following Breaker 
Reclosure 

Reclosure of breakers on sound feeders 
usually produced residual current tr an - 


Table A. Operation of Cold-Cathode-Tube 
Relay 

Without Delay* With Delay 
(20 Months) (17 Months) 

Total breaker openings 

considered.60 .26 

Number showing fault . 

current duration of 

less than two cycles.. .34 (57%). 9(35%) 

Average time (cycles) 

—initiation to 

breaker opening.7.0# ..... 88# 

Average time (cycles) 

—initiation to re¬ 
doing..34.3 # .,...35.0# 

* Operation in 0.007 second. 

# One cycle added to allow for time required for 

oscillograph film to get in motion. 


Company D-13.8 kv Halls feeder 

5-26-36 to 7-11-38 

-— Approximate phase-relay charac¬ 
teristic—eight cycles allowed for breaker time: 
--Approximate ground-relay charac¬ 
teristics including breaker time 

• Breaker-cleared dis- Instantaneous 

turbances relays in serv- 

© Fuse-or self-cleared ice 

disturbances 

□ Breaker-cleared dis- Instantaneous 

turbances relays locked 

A Fuse-or self-cleared out 

disturbances 


sients of fundamental frequency and non- 
symmetrical wave form caused by the in¬ 
rush of magnetizing current to distribu¬ 
tion transformers connected between 
phase wires and neutral. The general na¬ 
ture of these transients is illustrated in 
Figure 1(A) which shows an oscillogram of 
a fault cleared by an instantaneous relay 
on a feeder equipped for immediate re¬ 
closure. In this instance the transient op¬ 
erated the instantaneous relay and re¬ 
tripped the breaker. 

These transients have been studied with 
regard to their possible limitation on re- 
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Table B. Data Regarding Unbalanced Local Currents 


Feeder 


Approx. 

Oscillo¬ 

graph 

Trip 

Amps. 


Instaa- Oscillograms Due to Unbalanced Load Currents 
taneous- - - 

Above Current 

iri_ ay Current of Magnitude 

? lck “P - Range 

Amps. Total No.* Amps No. Amps.** 


Max. Normal 
Load Phase 
Current 
Amps. 


Company A—4 kv 


£-402 . 50... 

2.-4.HA An 


S O • • 16 | (( , 

....80... 

» • • 1 » a a • 

....40-110.... 

- 150-200 

*■* ••••«••••••• ou ( • « 

Company A—12 kv 


• • • • 17 • • • • 

....80... 


....45-140.... 

- 150-200 

£-1202.30... 

£-1215. 75 

. 80... 

1 KH 

....112 .... 

....40... 

...0.... 

• • • • 20 * •. • 

... . 10-20 (1934) 

Company C — 12 kv 


»••• * • t » . 

• •. .75. ., 


....25-80 .... 

- 100-150 (1934)> 

3003 . 45. 







Company D—13.8 kv# 
Hall’s . 20. .. 


•••* 7 ••*• 



• • • • *U • • • , 

*••• 6 i • a • i 

•... 60 (1935) 

2 (1936) 


vafiws. ained CUrrent ma * nitudes - In ft few Instances the current magnitudes momentarily exceeded these 
#No records of measurable magnitude were obtained from Feeder 7M35. 


lay pickup current settings. It may be 
said, in general, that where instantaneous 
relays have control until after first re- 
closure (Halls feeder and feeder 7M35 
utilize this condition) such transients 
may place a minimum limit on relay 
pickup current settings. However, this 
limit need not be the maximum value of 
the reclosure transient (except perhaps in 
the case of tube relays which have no pur¬ 
posely introduced time delay) because the 
maximum magnitude of the transient oc¬ 
curs only within the first half cycle, the 
transient attentuates rapidly and, due to 
the almost complete suppression of the 
upper (or lower) half of the wave, the 
effective value is much less than that of a 
sine wave of equivalent peak value. This 
is well illustrated by the fact that only 
eight cases of false relay operation were 
recorded on the Halls feeder from reclo¬ 
sure transients although the instantaneous 
ground relay was set to pick up on 25 am¬ 
peres and the recorded ma ximum cur¬ 
rents from reclosure transients ranged up 
to 125 amperes. The currents from this 
cause recorded on the other sys tem* ; 
ranged up to 300 amperes but no relay op¬ 
erations could be definitely attributed to 
reclosure transients. Current values 
quoted for reclosure transients are peak 
amperes divided by s/2. 

D. Unbalanced Load Currents 

A study of the oscillographic data was 
made to determine whether unbalanced 
load currents in four-wire, multigrounded 
neutral feeders might impose an impor¬ 
tant limitation on the pickup current set¬ 
tings of ground relays in the range from 50 
to 100 amperes. The data obtained are 
s umm arized in Table B. 

Unbalanced currents due to switching 
and temporary two-phase operation, as 
well as thoseduetonormal load unbalanc e, 
have beenindudedinthis tabulation. The 
figures under the column headed “Total 
No,"representseparate instances in which 
the unbalanced currents reached values 
sufficient to produce oscillograms. Mo¬ 
mentary load surges sometimes tripped the 
oscillograph as is evinced by the fact that 
sustained currents lower than the oscillo¬ 
graph tripping currents were recorded. 
Only in the case of the four-kilovolt feed¬ 
ers of company A did the unbalanced load 
current exceed the relay pickup current, 
and the only instance of breaker operation 
due to unbalanced load current occurred 
oh one of these feeders, 
lays on these feeders were an experimen¬ 
tal installation, and it seems to have been 
the practice to cut out these relays when, 
during emergency operation, a feeder was 
unbalanced by load being switched to or 


from another feeder. Most of the large 
unbalanced currents were recorded during 
such emergency operation. 

These data are limited but indicate that 
ground relay settings of from 50 to 100 per 
cent of normal maximum load current but 
not less than 25 to 35 amperes would be 
realizable. 

Effectiveness of Circuit Breakers 
and Fuses in Clearing Faults 

In order to study the efficacy of relays, 
circuit breakers and fuses in clearing 
faulted lines, “shotgun” diagrams show¬ 
ing the magnitude and duration of all ob¬ 
served ground-fault currents having 
durations of one cycle or over were pre¬ 
pared for each feeder. On each of the dia¬ 
grams the approximate relaying time- 
current characteristic curves also were 
plotted. Illustrations of this type of dia¬ 
gram are given in Figures 2 and 3 for 
feeder 3003 and the Hall's feeder respec¬ 
tively. In these figures the lines and 
curves coded as relay characteristics in¬ 
clude relay plus breaker time. For in¬ 
stantaneous relays the tim e of operation, 
considered the same for all currents above 
pickup current, was taken as the average 
duration of instantaneously relayed faults, 
as determined from oscillographic records, 
plus one cycle to allow time for the oscillo¬ 
graph to get in operation. The plotted 
points represent the durations of the indi¬ 
vidual disturbances, as shown by the os- 


This, together with the fact that it is not 
always possible to determine accurately 
the duration from every record, accounts 
to some extent for the distribution of 


points above and below the ins tan taneous 
relay characteristic. 

In general, the maximum current mag¬ 
nitude shown by each oscillographic 
record was used in plotting the points in 
the figures. Since most of the oscillo¬ 
grams showed a fairly uniform magnitude 
wave trace, the relays and fuses were usu¬ 
ally subjected throughout the duration of 
the disturbance to currents of approxi¬ 
mately the values plotted. A code is used 
to indicate the manner of clearance of the 
disturbances. 

The results’ of these analyses, which 
were made for all feeders, indicate that 
the manner of fault clearance was consist¬ 
ent with what would be expected from the 
relay and fuse characteristic curves and 
other known circumstances at the times of 
the disturbances. 

Performance of Fuses 

In every case which could be used for 
this phase of the study, the fuse was 
found to have cleared within the time 
shown by its characteristic curve. In 
many instances where the clearing was 
apparently much faster than expected, the 
correlation data indicated that more than 
one phase conductor was involved in the 
fault. Some cases of damage to fuse 
holders were reported but there is no indi¬ 
cation that the arc was sustained after the 
fuse blew. 

Effectiveness of Fuse and Relay 
Co-ordination 

Where high-speed (instantaneous) re¬ 
laying and rapid reclosure are employed, 
the type of co-ordination sought is to pro¬ 
tect, in so far as possible, feeder and 


cillograms, without any allowance foi 
The ground re- oscillograph starting time, a procedure 
followed to simplify handling the data 
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Table IV. Faults Classified as to Primary Cause and Nature of Trouble* 





Company A 


Company B 

Company C 


Company D 

- 1 



4Kv 

12 Kv 

6.9 Kv 

12 Kv 


13.8 Kt 




L-402 

K-1202 









and L-406 

and E-1215 

19 and 20$ 

3003 

7M35 Halls 


Description 

No. 

Per 

Cent 

No. 

Per 

Cent 

Per 

No. Cent 

No. 

Per 

Cent 

No. 

Per 

Cent No. 

Per 

Cent 

A. 

1. 

Classification as to primary cause 

lightning or storm daring lightning season (April 15- 
Sept. 15). 

.24. 

..56.. 

. 108 


AA dQ 

. 10... 

.372... 

.382... 

. 1... 
. 8... 

O A A 





2. 

Primary cause unknown—occurred during lightning 
season. 

. 8.. 

..18... 

. -. 28 '. 

^ 13 

4 4 4 4 • • 4 09 4 4 4 4 4 

11 0 

• X 4,4 

.59 ... 

.80 ... 

. 0.1... 
. 0.9... 

4*4 2. 

... 9. 

.4 *4 9 4 4 4 4 4 4 81 4 

...41.115.. 

. .28 


Sum of above—probably due to lightning in most 
instances.,,, 

.32.. 

..74... 

. 184 

AO 

• 41. 4 4 4 V 4 4 4 4 4 

£7 Aft 

4 4 39 

8. 

4. 

6. 

Wind, rain, sleet, and/or snow . 

Foreign objects in line (other than caused by 8 above) . 
Primary cause unknown — occurred outside lightning 
season (Sept. 15-April 15) . 

. 3.. 
. 2.. 

. 0. . 

.. 7. .. 
.'. 4.’!! 

. .15... 

... 11.. 
••• 20. . 

,,, 28. • 

.. e ... 
..10 ... 

«« 15' ... 

4 4 4 U|4»4lUO,4444 

... 34....29 . 

... 9.... 8 . 

1ft IJl 

4*4 11 4 

...3. 

4*4 8 * 

• * * 60 ...... 190 ■. 

... 14. *•* * * 25 a . 

• • .804 •*• • * 17 .. 

• 4* 0«1 *«•• 674 4 

. .67 

..8 
.. 6 

..19 


Total faults . 

43.. 


.. .193. . 

4 4 4 AO 4 4 4 4 AO. 4 • • 4 

...ns. 

Aftft 

4 09 4.. 

a 4 4 0 • 

B. 

1. 

Classification as to nature of trouble 

Flashovers . 

.37. 

.87 

14A 

*7A 

AO KO 

.610... 
. 0... 


• 4 



2. 

8 . 

4. 

Insulator or bushing failure . 

1.. 

.. 2. ‘ 

... 0.. 


4 4 4 UA 4 4*4 Ufl 4 4 4 4 4 

... 0. 

.90.0. . . 

4 4 4 10 4 

4 4 4 O 4 

.. .45. .a.. #200. . 

. .88 
.. 0.3 

wires down* ....... 

Birds or animals in line ... 

1.. 
0.. 

• • 2. .. 

... 15.. 

e • 8 

•« 0.5. .. 

4 4 4 41 4 4 4 4 35 . 4 4 *4 

n 

. 2... 
o 

. 0.3... 
. 0.5... 

... 3. 
... 8. 
... 0. 

• 44 14. 4 4 . 4 4 15a 4 

•. .30 . 0 

.. 5 

8 . 

6. 

7. 

Poles broken or blown over . 

1.. 

.. 2... 

... 2.1 

• 44 2444. 2 . 4 4 4 4 

« 0.44 

. 0... 


w nipping conductors. .. 

Crossed wires . 

0.. 
0. . 


... 0.. 
7 

4 • 3.5.44 
Q 

..4 5444. 4, ,,,, 

A 

. 1 ... 

. 0.2 ... 

. 0.2 ... 

. 2.5... 

... 0. 



8. 

Equipment failures . 

0. . 


17 

7 A 

. JL 4 4 4 

. 16... 

0... 

• • 0 4 



9. 

Trees or limbs in line (exclusive of those causing broken 
or crossed conductors) . 

3.. 

.. 7.... 

.. 5.. 

.2 ... 

4*4 *4444 V 4 4 4 .4 

• •4 l* 4 4 4 1*4444 

a 4 . 0 4 

4 .. 1. 

... B . 7.. 

. 4 

.. 2.7 


"Correlation data were most complete in the case of companies A and S and feeder 7M35of company D. 

(These data include some faults not recorded by the oscillograph but which were indicated by the correlation data. 
Explanation of items used in classification: 


Flashovers—only cases where no damage other than fuse operation was reported. While a fiashover is not definitely known 
tne character of the disturbance, is that such was the case. Many faults of short duration fall in this category. 

Conductors down—phase conductors, ground wires, etc.—no structures reported down. 

Equipment failure—transformers, lightning arresters, etc. 

Whipping conductors—contacts with other conductors, line structures, or structures adjacent to line. 

Foreign objects—wires, trees, or limbs In line, automobiles striking poles, etc. 


to have occurred, the presumption from 


branch-line fuses during the first, and in 
some cases the second, tripout, so as to 
give faults, such as arc-overs due to 
lightning, an opportunity to clear before 
branch circuits or sections of the main 
feeder are interrupted and before perma¬ 
nent damage occurs. To provide against 
the contingency of permanent faults, the 
instantaneous relay is usually cut out 
prior to or in some cases following the first 
redosure, and inverse-time relays are then 
depended upon for back-up protection of 
the circuit. The inverse-time relay in 
this case is set to allow branch-line fuses 
to clear before the breaker again oper¬ 
ates. Thus, the objective is to prevent 
fuses from blowing by the use of instan¬ 
taneous relays, while allowing them to 
blow before the inverse-time relay oper¬ 
ates. 

In the case of the 12-kv feeders of com¬ 
pany A and the feeders of company B, 
branch-line fuses were co-ordinated with 
inverse-time relays and some benefit in 
the protection of these fuses apparently 
resulted from the use of instantaneous re¬ 
lays. However, with the speed of breaker 
operation utilized on feeders of the capac¬ 
ity of these it appears impracticable to 
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protect branch-line fuses of about 40 am¬ 
peres capacity or less, as these smaller 
rated fuses usually blew before die 
breaker, operated by an instantaneous re¬ 
lay, could clear the fault. Co-ordination 
between fuses and inverse-time relays is 
evidenced by the fact that the inverse¬ 
time relays were seldom called upon to 
dear a disturbance. 

In the case of company C, it may be 
said that co-ordination appears to be 
good, since so many faults were deared by 
the instantaneous relay and since so few 
of those which persisted beyond first re¬ 
dosure were breaker-cleared. 

The Halls feeder has relatively few 
fuses, the maximum size being 40 am¬ 
peres. Since the feeder is fused near the 
substation, a fault at almost any location 
will have a fuse between it and the sub¬ 
station. Only 27 branch-fuse operations 
have been correlated with records of dis¬ 
turbances on this feeder and in each case 
they operated following lockout of the in¬ 
stantaneous rday but before the inverse¬ 
time rday contacts could dose. Opera¬ 
tions of the inverse-time relays occurred 
on other faults following lockout of in¬ 
stantaneous rdays. In all but four cases 


the current magnitude, with respect to the 
duration shown on the oscillogram, was 
below that for which a 40-ampere fuse 
would co-ordinate with the inverse-time 
rdays. In three of these four cases there 
was apparently no fuse between the fault 
and substation; in the other case the cir¬ 
cumstances are not known. Thus, benefit 
apparently accrued from the protection of 
branch-line fuses by instantaneous relays. 
Also, the use of instantaneous rdays may 
have prevented some cases of wire failure. 

The data from the four-kilovolt feeders 
of company A and feeder 7AT35 of com¬ 
pany D are too meager to give much indi¬ 
cation on this subject. However, it is 
probable that some benefit accrued from 
the protection of branch fuses by instan¬ 
taneous rdays. 

Effect of Ground Relaying on 
Continuity of Power Supply 

This study indicates that as compared 
with feeders utilizing inverse-time rdays 
only, the use of instantaneous ground re¬ 
lays, while causing more frequent breaker 
operations, has increased the continuity 


of power supply, in that some branch-fuse 
Gilkeson, Jeanne, Davenport—Ground-Relayed Distribution Circuits Electrical Engineering 









































Figure 4 . Magnitude Distribution of Recorded 
Sustained* Residual Currents 



Figure 5. Distribution of disturbance dura¬ 
tions 

Data obtained from feeder K-1202 before 
and after instantaneous ground relay installed 




Approx. 

Max 

Fault 

Current Highest 
at Sub- Current 
station Recorded 

Code* 


Feeder Bus—RMS —RMS 

Feeder 

Kv Amperes^ Amperes* 


Table V. Classification of Faults Involving Broken or Burned-Down Wires 


Company A 


Company B Company C Company D 


Primary Cause 


4-Kv 

L-406 


12-Kv 


--- 6.9-Kv§ 12-Kv 

K-1202 and —. . ______ 

B-1215 19 and 20 3003 


13.8-Kv 


7 M3 5 


Halls 


•-• 

e-< 

e-- 


L-402&1 
L-406 ) * * 

. 4 . 

..4,500. 

..1,020 

...19. 

. 6.9. 

..3,000. 

..1,140 

...20 . 

. 6.9. 

..3,000 

.. 960 

.K-1202... 

.12 

..5,000. 

.. 850 

.£-1215 ... 

.12 . 

..2,400. 

.. 680 

. 3003.... 

.12 . 

..4,000 

..1,030 

. .Halls.... 

.13.8. 

.. 425. 

.. 420+ 


t Data from feeder 7/W35 were not sufficient for pre¬ 
paring a curve. 


* Largest magnitude sustained for three cycles 

* For one line-to-ground fault. 


or more. 


1. Lightning.0 .... 1 

2. Wind. 1 iti> q 

8 . Acts of man. .0 .... 4 

4. Trees or limbs—other 

than those cut or blown 

into line.0 _ 4 


.... 13 .... 0 
• ••* 19 .... 0 

•■•• 7 .. .2 


• • • ♦. 0 ..,.0 



....0 


.. 1 
.. 8 
.. 5 


.. 1 


Total faults. 

♦Figures in parentheses 
recorded. 


. 1 ^ 7 ‘7)*. ...15 C7.8)*. ...89(42.0)*. ...2(0,3)*. ... 3 (13.0)*. .15 (5.1)* 

give faults involving broken or burned-down wires in per cent of total faults 




operations were prevented and probably 
some wire failures as well. Also, the in¬ 
stantaneous relays clear the fault much 
more quickly than do inverse-time relays. 
Thus, in the case of faults which were not 
permanent, momentary outages on the 
feeders were substituted for long time out¬ 
ages. Where instantaneous relays are set 
to pick up at much lower current than the 
inverse-time phase relays (see Figure 2) 
they furnish added assurance of positive 
disconnection in the fault current range 
between the two relay pickup current 
values, 40 to 320 amperes in this case. It 
should be pointed out that, except on 
feeders having limited fault current, in¬ 
stantaneous ground relays would not be 
expected to save branch-line fuses below 
30 or 40-ampere rating. 

Cause and Nature of Faults 

As far as it has been practicable, all 
oscillographic records have been corre¬ 
lated with cause and nature of the trouble 
on the power feeders. In Table I Vail 
faults are classified in accordance with the 
attributed primary cause and nature of 
the trouble. The lightning classification 
has been divided into two parts; one in¬ 
cludes faults definitely correlated as due 
to lightning or to a storm during the light¬ 
ning season; the other includes correlated 


plus uncorrelated faults whose causes and 
natures were unknown but which occurred 
during the lightning season (April 15- 
September 15). Experience indicates that 
these latter disturbances are, in most in¬ 
stances, due to electrical storms. The 
sum of these two is believed to represent 
more nearly the true effect of lightning. 
The data show that lightning has been the 
major cause of trouble, accounting in gen¬ 
eral for about60per centof the total faults. 

Trees have been reported as being re¬ 
sponsible for only a small percentage of 
the faults and the trouble from them was 
largely due to limbs or trees falling into, or 
being blown or cut into the lines. The 
data from none of the systems gave evi¬ 
dence of intermittent or sustained leakage 
currents which might be a possible limita¬ 
tion to ground relaying. This has been 
substantiated by staged tests, conducted 
by two of the co-operating power com¬ 
panies, utilizing bare copper wires on 4 
and ll-kv power circuits. The tests were 
made when the sap was in the trees and 
contact with the energized conductor was 
much better than would ordinarily occur 
with a wire in accidental contact with a 
tree limb. The maximum fault current of 
10.5 amperes was recorded for a test in 
which the conductor was connected to a 
spike driven into a live willow tree trunk 


two feet above ground. The next highest 
current (nine amperes) was obtained from 
a test in which the conductor was wrapped 
several times around a dogwood tree 
trunk seven feet from the ground and 
pulled tight enough to break through the 
outer bark. 

The above indicates that one or a few 
tree grounds are not likely to draw enough 
current to cause ground relay operation 
except where pickup currents are quite 
low, say below 25 amperes. It, therefore, 
appears likely that most tree trouble is 
due to branches getting across phase con¬ 
ductors, between phase conductors and 
neutral, or pushing the wires together, 
rather than to leakage through the trees 
to ground. 

Faults Involving Broken and 
Burned-Down Wires* 

All correlation data from each power 
system have been examined to determine, 
as far as practicable, those faults which 
apparently involved broken wires. The 
results as regards the causes of these 
faults are summarized in Table V. The 
major causes were wind and acts of man. 

* In this section no distinction is made between 
broken and burned-down wires or between phase 
conductors and ground wires. 
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Although the data regarding the question 
of broken wires are, in some instances, 
rather meager, they indicate that of the 
total faults experienced on most of the 
feeders only a small percentage involved 
broken wires. 

Magnitude and Duration of 
Recorded Residual Currents 

Data obtained regarding the magnitude 
distribution of sustained fault currents 
(largest magnitude sustained for three 
cycles or more) are given by cumulative 
percentage curves in Figure 4. The ordi¬ 
nates of these curves indicate the percent¬ 
age of faults in which the current magni¬ 
tudes equalled or exceeded the corre¬ 
sponding abscissa. Since, in most in¬ 
stances, the wave traces are fairly uni¬ 
form, the distribution of maximum cur¬ 
rent values would be essentially the same 
as is shown in Figure 4. 

The duration distribution of the cur¬ 
rents recorded on feeder K -1202 of com¬ 
pany A are given by cumulative percen¬ 
tage curves in Figure 5. One curve is for 
the records obtained after the feeder was 
equipped with an instantaneous ground 
relay; the other curve is for the period 
when the feeder was equipped only with 
inverse-time relays and is included to 
show the effect of instantaneous relaying. 
The first mentioned curve is typical of the 


data from all of the instantaneously re¬ 
layed feeders. 

Summary 

1. Oscillographic data obtained under 
operating conditions regarding the per¬ 
formance of feeders equipped for instantane¬ 
ous ground relaying and immediate auto¬ 
matic reclosure are given. These data are 
presented as a matter of information and 
not in advocacy of any particular form of 
ground-fault protection. 

2. The observations described herein, as 
well as others made during the same study, 
indicate that relays, fuses, and circuit inter¬ 
rupters operate consistently and reliably 
on currents at or above which they are set 
or designed to operate. 

3. Considering only faults which persisted 
at least until initial breaker-opening, the 
percentage in which feeders were clear on 
first (immediate) reclosure ranged from 50 
to 100 per cent, the average being about 70 
per cent. 

4. The average time from initiation of 
fault to first breaker-opening ranged from 
7 to 15 cycles for the various feeders; 
average time from initiation of fault to first 
reclosure ranged from 34 to 57 cycles. 

5. A main objective of instantaneous re¬ 
laying and immediate reclosure is to substi¬ 
tute a brief outage on the whole feeder for 
a long time outage on a branch by prevent¬ 
ing branch-line fuse outages on temporary 
faults such as flashovers. This was success¬ 
fully accomplished in most instances for the 
feeders under observation except where 


fuses were less than 40 amperes rating on 
the higher capacity feeders. 

6. On four-wire feeders, a transient caused 
by magnetizing current taken by distribu¬ 
tion transformers on breaker reclosure may 
limit the pickup current for which in¬ 
stantaneous ground relays can be set if these 
relays retain control of the breaker for more 
than the first opening. 

7. Data regarding the magnitude of un¬ 
balanced load current on the multigrounded 
neutral circuits were limited. However, it 
would appear that ground relay settings of 
from 50 to 100 per cent of normal maximum 
load current but not less than 25 to 35 
amperes would be realizable. 

8. Lightning was the major cause of 
trouble, accounting in general for about 60 
per cent of the total faults. 

9. Trees were responsible for only a small 
proportion of the total faults. Trouble 
from them was largely due to branches or 
trees falling into or being cut or blown into 
the lines. On no system was there evidence 
of intermittent or sustained tree leakage 
being a possible limitation to ground relay¬ 
ing with pickup currents of the order indi¬ 
cated in (7) above. This is further sub¬ 
stantiated by staged tests in which the cur¬ 
rent drawn by well made tree grounds was 
measured. 

Reference 

1. Protection Features for the Joint Use of 
Wood Poles Carrying Communication Cir¬ 
cuits and Power-Distribution Circuits, Above 
5,000 Volts, J. O’R. Coleman and A. H. Schirmer. 
AIEE Transactions, volume 57, 1938 (Moreh 
section), pages 131-40. 



High-Capacity Circuit-Breaker 

Station 


Testing 


J. B. MacNEILL 
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'TEN years’ experience with a high- 
■ power laboratory, giving approxi¬ 
mately 1,100,000 three-phase initial sym¬ 
metrical kilovolt-amperes on short circuit 
at the machine bus, 1 has defined its use¬ 
fulness and limitations and has resulted 
in an addition to its installed equip ment . 
By taking advantage of assymmetry this 
capacity has been sufiicient to demon¬ 
strate ratings up to 1,500,000 kva, and 
the increased testing capacity is required 
to demonstrate interrupting ratings of 
2,500,000 kva. 

The previous equipment was capable 
of testing most circuit breakers up to 
their interrupting rating, but for the 
largest sizes special methods of testing 
Imd to be used to approximate the condi¬ 
tions at the breaker rating. 

1. Single-phase testing on three-phase de- 
''tef This method is generally satisfactory 
Pgo^ding the influence of adjacent phases 
^Closing operation, speed of contact action, 
%c! restored voltage conditions are allowed 
for. It is particularly valuable on large de¬ 
signs with good phase isolation, but must be 
carefully supervised on compact designs 
where the influence of adjacent phases may 
be great. 

2. Double-phase to ground on a single- 
pole,* with the contact cross bar grounded, 
was first used in Europe and is valuable on 
multiple-interrupter devices as it increases 
the total voltage on the pole unit for a given 
current and gives tank pressures correspond¬ 
ing to energy losses not otherwise obtain¬ 
able. However, its use requires care, as the 
first interrupter to clear opens only 87 per 
cent of phase-to-phase vo ltage, and the volt- 

Paper 42-26, recommended by the AIEE cotn- 
™ tt * e T Protective devices, for presentation at 
the AIEE winter convention, New York, N. Y 
January 26-30, 1042. Manuscript submitted 

November 18, 1941; made available for printing 
December 8,1941. 

J. B. MaoNbill is manager of the engineering 
switchgear division, and W. B. Batten an engineer, 
both with Westinghouse Electric and Manufactur- 
C ® mpat >y» Pittsburgh, Pa. The authors 
«• T, t0 , exp /5 ss th<ur thanks to Mr. R. C. Van 
Sickle for his suggestions and assistance in pre- 
paring this paper. 


W. B. BATTEN 

ASSOCIATE AIEE 


age across the second interrupter is limited 
to the phase-to-phase value. Thus, a 
double 66-kv connection used to demon¬ 
strate 132-kv is limited in that the first in¬ 
terrupter opens 57.4-kv and the second 
opens 66-kv. 

3. The use of high superposed voltage on a 
low-voltage circuit* has been advocated 
and discussed widely. Our experience with 
it indicates it is not sufficiently reliable for 
general use since the current wave form of 
the low-voltage circuit as it approaches 
final zero is affected, and leakage currents 
in the arc space around current zero are al¬ 
tered. 

Because of these limitations in testing 
capacity, it has been desirable in some 
cases to design circuit breakers with mul¬ 
tiple interrupters arranged for adequate 
distribution of voltage between them, 
each of which either singly or in groups 
can be adequately demonstrated for the 
maximum duty imposed on it. Eight and 
ten units per pole have been designed for 
very severe apparatus conditions and 
these designs have been presented to the 
Institute. 4 This practice, while giving 
satisfactory results in operation, requires 

Figure 1. The layout of the building*, test 
f C *M*/ and principal piece* of equipment 


a complication of design which should not 
be necessary in the future with the in¬ 
creased demand for htgli-power and high¬ 
speed switching. 

On the other hand, when an attempt is 
made to simplify the structure of high- 
voltage and high-power interrupting de¬ 
vices, the need for increased testing ca¬ 
pacity is evident, since the burden on the 
individual interrupter is increased and 
its reliability must also be above question. 
As an illustration, at the 1941 winter 
convention a single interrupter for 2,500,- 
000-kva service at 132 kv was presented.® 
This trend, moreover, will be prominent 
in future design because of low arc energy, 
simplification of structure, and reduced 
cost. 

Also, the use of compressed air for 
powerhouse installations is growing and 
2,500,000-kva * interrupting-capacity de¬ 
vices have been built and tested using a 
single break per pole. There are possi¬ 
bilities of space savmg with this type, but 
such space reduction of three-pole devices 
increases the hazard of adjacent poles, 
and makes three-phase testing under full 
power and voltage conditions desirable. 
The results of such tests made in the 
laboratory here discussed are given in the 
paper by Ludwig, Wilcox, and Baker at 
this convention. 

The laboratory described below is felt 
adequate for the future demands of Ameri¬ 
can switchgear practice; in fact, its com¬ 
plete power is necessary for the largest 
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Figure 2. Station 2—a second generator 
doubles the short-circuit capacity 

capacities only. However, it is in these 
large capacities that the major problems 
of switchgear design occur, including high¬ 
speed interruption, high-speed redosing, 
and repetitive duty. These problems 
require continued activity, not only on 
existing types of apparatus, but espe¬ 
cially on those newer forms now becoming 
active in this country, and on which a 
background of field experience at high 
power is lacking. 

Development and Use of the 
Laboratories 

The Westinghouse program of provid¬ 
ing equipment for high-capacity short- 
circuit testing was inaugurated in 1925 
when generating equipment capable of 
producing 400,000 initial three-phase 
symmetrical short-circuit kilovolt-am¬ 
peres was installed. This was available 
at generator voltages only. Extensive 
use was made of this equipment, but 

Figure 3. The new transformers and bus 
structure permit testing to 345 kv three phase 


transformers to extend the range of test 
voltages were needed. A bank of three 
33,333-kva transformers together with a 
suitable high-voltage cell was put in serv¬ 
ice in 1928 to permit testing up to 230 kv. 
This transformer bank, which was larger 
than necessary at the time, was selected 
as the need for more generating capacity 
was already apparent. In 1930 the second 
generating station designed to house two 
60,000-kva generators (nominal rating) 
was constructed, and one generator was 
installed. During the following ten 
years, this generator was used in making 
about 47,000 short-circuit tests. The 
need for more generating capacity became 
apparent late in this period and the second 
60,000-kva unit was put in service in 
1940. At this time a second bank of 
33,333-kva transformers was installed to 
provide testing capacity at the higher 
voltages commensurate with the increased 
generating capacity. 

To supplement this equipment, a high- 
current low-voltage transformer bank and 
a high-current test cell were added in 
1940, and in 1941 a low-temperature test 
room was provided. 

Since 1925 approximately 100,000 
short-circuit tests (including both large 


and small generators) have been made in 
these laboratories. Although the greater 
part of this work has been for the purpose 
of determining interrupting ability of 
circuit breakers, many other types of 
equipment have been subjected to short- 
circuit tests. Included are: 

1. Porcelain insulators—resistance to 
power arcs 

2. Lightning arresters—power-follow tests 

3. Power transformers—short-circuit tests 

4. Current-limiting reactors 

5. Current transformers 

6. Fuses 

7. Bus bar structures 

8. High-voltage capacitors 

9. Potential devices 

Generating Equipment 

The physical arrangement of the essen¬ 
tial parts of the Westinghouse Electric 
and Manufacturing Company’s high- 
capacity testing plant is shown in Figure 
1. In the original station 1 is located the 
40,000-kva set which consists of two 
20,000-kva generators driven by a 3,300- 
horsepower wound-rotor motor. Sepa¬ 
rately driven exciters are provided. 
Since the larger generators of station 2 
were put in service, the 40,000-kva plant 
is used for smaller apparatus which it can 
test to full short-circuit rating. Also, for 
most of the work requiring the high- 
current low-voltage transformers, the 
40,000-kva plant has adequate capacity. 
The generators in station 1 have an initial 
reactance of approximately 10 per cent, 
hence a short-circuit output of 400,000 
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Figure 4. Inside the cold room with a sleet 
test in progress 
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Figure 5. Power circuits combine simplicity 
end flexibility 

initial three-phase symmetrical kilovolt¬ 
amperes may be obtained. By different 
generator coil arrangements full capacity 
of this plant may be obtained at 3.8, 6.6, 
7.6 and 13.2 kv at 60 cycles. No provi¬ 
sion is made to operate this plant in 
parallel with the larger generators in 
station 2. 

In the newer station 2 are located two 
60,000-kva (nominal rating) generator 
sets. These machines when operating in 
parallel can produce an initial three-phase 
symmetrical short circuit of approxi¬ 
mately 2,000,000 kva at the 13.2-kv test 
cells. Each of these sets consists of its 
generator, a 6,000-horsepower wound- 
rotor driving motor, and a direct-con¬ 
nected. exciter. The machines have 14 
poles, hence they run at 614 rpm for 60- 
cyde operation and 219 rpm for 25-cycle 
operation. Since liquid rheostats are 
provided for starting, lower frequencies 
may be obtained by operating with re¬ 
sistance in the rotor circuits. 

The two sets are mechanically inde¬ 
pendent, although provision has been 
made to couple them if it ever becomes 
desirable. Because of the 700-kw friction 
and windage loss of each set, an important 
saving in power is obtained by operating 
only one machine when it is adequate. 

When parallel operation of the two 
generators is required, they are synchro¬ 
nized electrically, reactors being provided 
ior this purpose. This operating arrange¬ 
ment has proved very satisfactory. The 
rotors of the two sets have the same in¬ 
ertia, and under the most severe short- 
circuit conditions, there is no tendency 
for the two sets to pull out of step. 
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From a casual observation (Figure 2) 
it would appear that the two generators 
are identical. However, the unit built in 
1940 takes advantage of certain refine¬ 
ments in materials and incorporates some 
of the advances made in generator design. 
The total weight of each machine is 550 
tons, being about equally divided between 
stator and rotor. The rotor diameter is 12 
feet and has a peripheral speed of 22,000 
feet per minute. The inertia of each rotor 
is 8,500,000 pound-feet a . As is shown in 
Figure 2, the stators are spring-mounted 
to cushion the shock on the foundation 
at the time of short circuit. 

Full capacity may be obtained from 
these generators at 7.6 and 13.2 kv at 60 
cycles and at 3.12, 5.5, 6.25 and 11 kv at 
25 cycles. 

The stored energy in the rotors of these 
sets is adequate to absorb the losses pro¬ 
duced by short circuits, and it is unneces¬ 


sary to disconnect the driving motors ex¬ 
cept in special cases where the short cir¬ 
cuits are sustained for several seconds. 
This stored energy presents a problem 
when bringing the sets to a stop. With 
no braking, it takes two hours for the sets 
to come to a standstill. Provision is made 
to supply d-c to the driving-motor pri¬ 
maries and to let their secondaries feed 
energy into the liquid rheostats. In this 
way they can be brought to rest in about 
eight minutes. 

High-Voltage Equipment 

To provide for the testing of apparatus 
at voltages in excess of 13.2 kv, the trans¬ 
former station is available (Figure 3). 
This installation includes six 33,333-kva 
single-phase transformers. They are 
supplied directly from the generators at 
13.2 kv. The secondary of each unit 
consists of six 22-kv coils. Hence volt¬ 
ages of 22, 38,44, 66, 70,88,115, 132,152, 
and 230 kv are available with full capa¬ 
city. The original three transformers are 
insulated for 132 kv-to-ground and the 
newer three for 196 kv-to-ground so that 
they may be connected in series to give 
higher voltages. It is, therefore, possible 
to obtain 345 kv, three-phase L-L with the 
neutral grounded and 396-kv single-phase 
with mid-point grounded. The 345-kv 
three-phase connection is made with one 
winding at 132 kv in series with another at 
66 kv. Hence, due to differences in cur¬ 
rent carrying ability of the transformers, 
this connection is not suitable for the full 
capacity of the transformer bank. Various 
voltages other than those mentioned are 


Figure 6. The station operator at the control 
desk has a direct view of all test cells 
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Figure 7. Duplicate sequence drums facili¬ 
tate changes between tests and make possible 
simultaneous testing at both transformer and 
generator voltages 

obtainable but in most cases not at full 
capacity as there are unequally loaded 
tr ansf ormers involved. The reactance 
of the transformers is low so that their 
output, single-phase, is 75 per cent of the 
generator-bus kilovolt-amperes and on 
three-phase tests is 65 per cent. Six 
potential transformers, three insulated 
for 196 kv-to-ground, are provided for 
oscillographic recording of voltages. 

Power from the transformers is fed to 
the test cell 2 where all testing at voltages 
above 13.2 kv is conducted. The only 
modification required as far as the test 
cell was concerned, when the second 
transformer bank was installed, was a new 
group of roof bushings adequate for 198 kv 
and a slight increase in the height of the 
cell to accommodate the larger bushings. 

High-Current Transformers 

To provide for momentary and five- 
second current-carrying tests, a bank of 
low-voltage high-current transformers has 
been provided. These transformers giv¬ 
ing open-circuit voltages of 625, 1,250, 
2,500, and 5,000 volts are located in an 
enclosure which forms a high-current test 
cell. On the 625-volt connection they are 
suitable for five-second tests at 200,000 
amperes, three-phase or 345,000 amperes 
single-phase. At these currents the ter¬ 
minal voltage drops less than 50 per cent. 
These transformers are also useful for in¬ 
terrupting tests at low voltage. 

Cold Room 

When it was decided to provide a re¬ 
frigerated room in which high-voltage 
breakers could be tested Under severe 
sleet and temperature conditions, it be¬ 
came apparent that the high-current test 
cell could be used for this purpose. This 


room is about 25 feet long, 12 feet wide, 
and 25 feet high, hence has ample space 
for high-voitage breakers. It was insu¬ 
lated and an air-cooling and circulating 
unit was installed at the end away from 
the door. The compressor equipment 
was placed some distance away. Tem¬ 
peratures of -20 degrees Fahrenheit with 
outside temperature of 90 degrees Fahren¬ 
heit are easily obtained (Figure 4). A 
110-kv bushing from this cell to the trans¬ 
former yard provides for high-voltage 
interrupting tests. This test cell is, 
therefore, used for fuse testing, high-cur¬ 
rent testing, and low-temperature work. 

Power Circuits 

When the second 60,000-kva generator 
was install ed, a number of changes was 
tnarip in the bus system providing a more 
direct run to the test cells and the trans¬ 
formers. The arrangement of the power 
circuits (Figure 5) was made with the idea 
of flexibility as one of the principal con¬ 
siderations. Each generator has its own 
breaker, current-limiting reactor, and 
closing switch. Disconnecting switches 
are provided so that either or both 
60,000-kva generators can supply power to 
the 13.2-kv test cells, either or both to 
either transformer bank, and either or 
both to the high-current low-voltage 
transformers, or directly to the high-volt¬ 
age test cell 2. The two 20,000-kva units 
can supply power to cell 1, to the high- 
current transformers or the high-voltage 
cell, and to transformer bank 1. 

The connections from the generator 
coils to the generator setup switches con¬ 
sist of flexible cable firmly cleated in place. 
From the setup switches to the closing 
switches, copper tubing covered with 
Micarta tubing is used. This assembly 
is supported by Micarta cleats spaced at 
short intervals. Beyond the closing 
switches, the bus carrying the output of 
both generators consists of a square tubu¬ 
lar copper conductor similarly insulated 


with Micarta tubing and supported by 
Micarta cleats. In the test cells the same 
type of conductor is used but porcelain 
insulators are provided instead of Micarta 
tubes and cleats. 

The two banks of current limiting reac¬ 
tors provide a wide range of flexibility. 
Each bank consists of 18 units (6 per 
phase). By means of disconnecting 
switches nearly 100 combinations are 
available, hence the reactance can be 
varied from its maximum of 5 ohms per 
phase to 0 in small steps. 

It will be noted from Figure 5 that there 
is a total of six test cells available, thus 
making possible the assembling or dis¬ 
mantling of apparatus in some cells while 
tests are being conducted in others. 

Control 

The operation of the equipment ini 
station 2 is controlled from a central con¬ 
trol desk located in the control house 
(Figure 6), so arranged that the operator 
observes the equipment under test. This 
desk is very complete with indicating in¬ 
struments, protective relays, annuncia¬ 
tors, and buzzer for all protective devices 
and test jacks for checking all measuring 
and control circuits. 

At various points about the laboratory 
and yard are located safety switches. 
Anyone working in the area covered by 
one of these switches moves the switch 
to the safe position and every switch 
must be restored to the operating position 
before voltage can be applied to the gen¬ 
erators. Indicating lamps on the control 
desk show the position of these various 
switches. In addition, it is the operator’s 
duty to see or otherwise account for all 
the individuals working around the yard 
before energizing the equipment. 

The station is equipped with all the 
usual protective relays as well as photo¬ 
cells which clear the circuits and de¬ 
energize the generator fields in case of a 
power arc anywhere in the station. Fur¬ 
thermore, an observer is stationed in a 


52 Transactions 


MacNeill, Batten — Circuit-Breaker Testing Electrical Engineering 

















•soundproofed booth in the generator 
room. He has control of an emergency 
switch which can be tripped in case of any 
trouble in the station. The observer also 
•changes the reactor switches when 
•changes in current are required, but, as 
was stated previously all control of the 
plant is located at the control desk. 

Air-closing switches are used instead of 
breakers for initiating the short circuit, 
when opening tests on breakers are being 
made. These switches can start the 
short circuit at any desired point on the 
voltage wave, thus controlling the degree 
of current asymmetry on single-phase 
tests. As the closing time of these 
switches must remain constant, they are 
spring-closed and are operated by a sole¬ 
noid mechanism which latches the swit ch es 
in the open position. Synchronized clos¬ 
ing is accomplished by tripping a grid- 
glow tube from a small impulse generator 
adjustably coupled to the main generator 
shaft. The grid-glow tube energizes the 
unlatching coil on the closing switch. 
As the operating time is constant within 
•0.0015 second, a close control of current 
asymmetry is possible. 

In the control room are located (Figure 
7) sequence drums which control the ac¬ 
tual operations for a test, once the proper 
series reactance has been chosen and the 
generators excited to the proper voltage. 
In a normal opening test, the sequence 
•drum starts the oscillograph, closes the 
closing switches, trips the test breaker, 
trips the generator backup breakers and 
trips the generator fields. In case of a 
dose-open test, the operator closes the 
dosing switches before starting the se¬ 
quence drum and the drum doses and 
•opens the test breaker. 

Two sequence drums are provided, 
making it possible to test in two locations 
simultaneously. For instance, one gen¬ 
erator may be used for a test in one of the 
13.2-kv cells while the other is used for a 
test in the high-voltage cell. Adjustment 
of the time interval between the function¬ 
ing of the various devices controlled by 
the sequence drums is accomplished by 
moving the cams with respect to each 
other. The cam-operated switches are 
connected to plugs as shown in Figure 7, 
and all essential controls are brought to 
jacks on the panels above the sequence 
drums. This arrangement provides great 
flexibility of control. 


Measurements 

Magnetic oscillograph records are al¬ 
most invariably made of all tests. Figure 
8 shows the oscillograph table (also lo¬ 
cated in the control room). Two multi¬ 
element oscillographs are available and 
when desired, they can be operated as a 
single unit thus making available a total 
of 18 records. All potential and current 
transformer secondaries are brought to a 
plug board above the oscillograph table. 
Current transformers are used for all cur¬ 
rent measurements, specially designed 
units being provided to assure accurate 
current records. Potential transformers 
are located on the 13.2-kv bus supplying 
test cells 3, 3 A, and 4. No potential 
transformers are supplied in the high- 
current cell. When required, portable 
units are used. Currents in the high- 
current transformers are measured on the 
primary or 13.2-kv side. Several relays 
are available from each test cell to the 
oscillograph table to take care of travel 
records, pressure indicators, and any other 
desired measurements. 

A cathode-ray oscillograph of the cold- 
cathode type for measuring recovery- 
voltage transients is located on the second 
floor of the control house. An overhead 
transmission line provides the connection 
between the oscillograph and the test 
cells. 

Transient Recovery Voltage 


fording a good view of the test cells is 
provided on the second floor of the control 
house. 

Operating Experience 

The location of the high-capacity test¬ 
ing station within a manufacturing plant 
has been justified by sixteen years success¬ 
ful operation and the close effective co¬ 
operation thus obtained among the de¬ 
sign, manufacturing, and test depart¬ 
ments. 

This high-capacity testing laboratory 
is in effect a power station capable of de¬ 
livering, momentarily, a short-circuit 
output comparable with that obtainable 
on large power systems. In contrast, 
however, it carries no continuous load, 
and a short circuit is a normal instead of 
an abnormal condition. The flexibility of 
the testing station permits the duplicat¬ 
ing of many voltages and currents corre¬ 
sponding to different service classes and 
ratings of equipment. Accurate control 
of the conditions and complete records 
of performance produce experimental 
data which, when properly used, result in 
circuit breakers and other equipment of 
adequate design and proven ratings. 
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T HE electrical drive for a wide speed 
range is obtained by the addition of a 
rotating regulator called a Rototrol to a 
conventional variable voltage system. 
This combination will give a speed range 
of 120 to 1 or more, and can be used effec¬ 
tively in many industries to simplify the 
mechanical design of the machine which 
it drives. Its use eliminates elaborate 
gear-change mechanism, clutches, and so 
forth, and at the same time gives a more 
flexible control scheme with the complete 
speed range under the control of the 
operator without leaving the work or 
stopping the machine. 

The conventional variable voltage or 
Ward-Leonard scheme of control is the 
accepted method of obtaining speed 
ranges in excess of 6 to 1 with 20 to 1 
about the maximum range. This range 
is obtained by combination of motor-field 
and generator-voltage control. The 
amount of field control is limited by mo¬ 
tor stability, and the amount of voltage 
control is limited by speed regulation and 
maximum torque. The addition of regu¬ 
lating devices and other refinements to 
improve the characteristic of this scheme 
make it possible to extend the range into 
the field that can be defined as a wide 
speed range. 

The increase in speed range has been ac¬ 
complished by widening the range of volt¬ 
age control, the range in field control re¬ 
maining not more than 4 to 1 and prefer¬ 
ably only 2 to 1. Therefore this type of 
drive is best suited to a load which has 
constant torque characteristics. The 
machine tool industry has many applica¬ 
tions of this type, and it is here that the 
wide-speed-range drive has been ap¬ 
plied. Feed drives on boring mills, 
milling machines, automatic screw ma¬ 
chines, and so on, have constant torque 
characteristics as the load consists mostly 
of overcoming friction of the moving parts. 
Wide ranges of feed speed are required to 
satisfactorily machine the wide variety 
of sizes and kinds of metals. With the 
wide-speed-range drive, these speeds are 
always immediately available to the op¬ 
erator without the necessity of leaving 
the work and stopping the machine to 
change gears. Speed regulation is good, 
and when desired the rheostats can be 
calibrated to read feed speed directly. 

To develop a satisfactory wide-range 
variable-voltage drive it has been neces¬ 
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sary to compensate for certain character¬ 
istics at the low speed that are not im¬ 
portant at high speeds. The two most 
important factors are the residual voltage 
of the generator and the IR drop of the 
system. 

Most c omme rcial generators have a re¬ 
sidual voltage of between three and four 
per cent. This would mean that the no- 
load speed of a motor which is being 
driven from such a generator by variable- 
voltage control is limited to a no-load 
speed range of about 25 to 1, since the 
residual will not permit a voltage lower 
than itself to exist. If it is desirable to 
extend the range beyond 25 to 1, it be¬ 
comes necessary to make some arrange¬ 
ment to overcome the residual voltage. 
Also, since the residual is a function of 
the previous magnetic history of the gen¬ 
erator, it is necessary that the equipment 
used to overcome residual must be able to 
determine the actual conditions which 
exist. 

The speed of the d-c motor will nor¬ 
mally drop as load is applied due to the 
IR drop in the system. Since a feed 
mechanism must run at constant speed 
regardless of the load, it is necessary that 
the speed-torque characteristic of the 
motor driving the feed be practically flat. 
Since the normal drop on a d-c motor is 
due almost entirely to IR drop, some ar¬ 
rangement must be made to increase the 
applied voltage by the amount of the IR 
drop as the load is applied so that the in¬ 
duced voltage, and therefore the speed 
of the motor, will remain constant. 
These requirements would indicate that 
some means of regulation must be sup¬ 
plied in order to maintain the desired 
characteristics. It has been found by 
experience that a rotating regulator or 
regulating generator is satisfactory for 
this particular function and has been 
widely applied. 

This type of rotating regulator was 
first developed for elevators and a large 
installation was made in Radio City in 
1934. Since that time the Rototrol has 
been used in many industrial applica- 
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tions. It is the heart of the variable- 
voltage planer drive and has been proven 
in service over a period of several years. 
Other applications include paper mill 
drives, electric shovels, and skip hoists. 
In appearance it looks the same as a 
standard d-c generator and is usually 
mounted as a unit of the variable-voltage 
motor generator set. 

In the use of any regulator which is to 
vary the voltage of a generator, it is pos¬ 
sible to have the regulator take care of 
only the changes which are required, or 
to incorporate in it the total excitation of 
the machine to be regulated. Where 
very great voltage range is required and 
where the response should be quick and 
accurate, we have found it desirable to 
incorporate in the rotating regulator only 
the regulating functions which are de¬ 
sired and to supply the normal excita¬ 
tion from some other source. The most 
satisfactory method to supply the regu¬ 
lating current to the fields of the genera¬ 
tor is by use of a Wheatstone bridge cir¬ 
cuit in which the armature of the rotat¬ 
ing regulator is placed where the galvan¬ 
ometer in the conventional bridge is lo¬ 
cated. This is shown in Figure 1. 

In this circuit generator fields GF1 and 
GF2 are identical as are regulator fields 
RF1 and RF2. Resistors R1 and R2 are 
equal to each other and to the sum of the 
resistances of a regulator and a generator 
field. Thus all four legs of the bridge are 
of the same resistance, and a balanced 
bridge results. 

It can be demonstrated that in a bal¬ 
anced-bridge circuit of the type described 
when a source of voltage is connected to 
points A and C, points B and J D have the 
same potential, and consequently no cur¬ 
rent from said source tends to flow 
through any circuit connected between 
B and D such as the armature of the regu¬ 
lator. The converse is also true that a 
source of voltage applied to points B and 
D will not cause any current from said 
source to circulate in a circuit connected 
to points A and C such as the exciter cir¬ 
cuit. 

It can also be demonstrated that in a 
circuit as described, if the exciter voltage 
applied alone to points A and C circulates 
la amperes in each leg A-B and C-D (con¬ 
taining the variable-voltage generator 
and regulator-field windings) and if the 
regulator armature voltage applied alone 
to points B and D circulates lb amperes 
in each leg A-B and C-D , then when the 
two voltages are applied together they will 
circulate in each leg A-B and C-D a cur¬ 
rent equal to the algebraic sum of la and 
lb. Thus the use of a balanced-bridge 
circuit permits complete independence of 
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the excitation and regulating currents 
even though they have common paths in 
the field circuits of the generator. 

Figure 1 shows a s chemat ic diagram 
•of the equipment required for a wide- 
speed-range feed equipment for a machine 
tool. For the purpose of simplicity 
many of the control elements such as 
•operating coils for the various contactors, 
•control stations, and so on, have been 
omitted as they are not required for this 
•discussion. It can be seen that this cir¬ 
cuit is basically the variable-voltage sys¬ 
tem except for the addition of the regu- 
lating generator and its associated cir¬ 
cuits. These additions, however, ex¬ 
tend the range of speed adjustment and 
give much better regulation than can be 
•obtained with a Straightforward variable- 
•voltage system. The generator differ¬ 
ential field GFZ and its contactor BR are 
A part of the variable-voltage scheme 
^which prevents creeping in the off posi¬ 
tion and are not involved in obtaining 
the wide speed range. 

If the generator-field rheostat be set at 
some position and the forward directional 
contactors F be closed, current will flow 
from.the exciter through the two branches 
ABC and ADC of the bridge. This cur¬ 
rent, la, flowing through the generator 
fields GFl and GF2 will cause the genera¬ 
tor to produce a voltage across its arma¬ 
ture and thus across the motor armature. 
•Since the motor field is excited, the motor 


will run at the speed determined by its 
field strength and its applied armature 
voltage, assuming no load and thus no 
current and no IR drop in the armature 
circuit. 

The current la flowing in the regulator 
fields RF1 and RF2 will set up a magneto¬ 
motive force in the regulator which will 
cause it to generate a voltage which will 
tend to circulate a current lb in the direc¬ 
tion so as to strengthen the fields of the 
generator and regulator in the bridge 
circuit. 

This magnetomotive force is not per¬ 
mitted to act alone in the regulator but is 
balanced by the magnetomotive force of 
field RF3 which is connected so as to be 
differential to RFl and RF2. Its strength 
is adjusted by resistor R5, so that at this 
condition of operation, its ampere-turns 
are equal in magnitude to the ampere- 
turns of RFl and RF2. Thus the fields 
in the bridge circuit get a cue as to the 
value of voltage which is desired and the 
field across the armature circuit measures 
the actual voltage which is obtained. 
Since at no load the speed of the motor 
is determined by its applied voltage, we 
might consider these two regulator field 
circuits to compare actual speed with 
desired speed. 

If the calibration of the fields has 
been made at the point being described 
then the resultant regulator magnetomo¬ 
tive force is zero and no voltage is present 



Figure 1. Schematic 
diagram of main cir¬ 
cuits of the wide- 
speed-range drive 


across its armature terminals and thus the 
regulating current lb is zero. 

Let it be assumed, however, that this 
condition of operation being described is 
not at the calibration point but at some 
other value of speed, and that, due to 
shape of the saturation curve or to effect 
of the hysteresis loop of the generator, 
the voltage generated is not as great as 
it should be to give the motor speed de¬ 
sired. Then the differential ampere- 
turns in RFZ are not so great as the cumu¬ 
lative ampere-turns in RFl and RF2, 
leaving a resultant ampere-turns which 
cause the regulator to circulate current 
lb in the direction shown in Figure 1. 
This current causes an increase in actual 
generator-field current, as shown earlier 
in this paper, and thus causes the gen¬ 
erator voltage to increase to the value it 
should have. 

To maintain this regulating current at 
the necessary value, the constants of the 
circuit consisting of the regulator arma¬ 
ture, the resistances of the bridge circuit, 
and the regulator fields RFl and RF2 
must be such as to make the circuit self¬ 
energizing. This can be done by adjust¬ 
ing resistor R3 so that the field character¬ 
istic line of the combined effects of fields 
RFl and RF2 will be coincident with 
the air-gap line of the no-load saturation 
curve of the regulator generator for 
those fields alone. Thus the regulator 
will force enough regulating current lb 
through the generator fields until the 
proper operating point is reached. At 
this time the ampere-turns due to the 
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Figure 2. Speed regulation curves covering a 
range from 15 to 1 # 800 rpm 

Maximum speed regulation at any speed is 
less than five per cent 
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Figure 4. This hori¬ 
zontal boring, mill¬ 
ing, and drilling ma¬ 
chine has an elec¬ 
trical feed drive with 
a speed range of 1 SO 
to 1 

The electrical drive 
eliminates the use of 
change gears, 
clutches, and so on, 
and greatly simplifies 
both the construc¬ 
tion and manipula¬ 
tion of the machine 




Figure 3. Typical variable-voltage motor- 
generator set showing the units used in a 
wide-speed-range drive 


This is a four-unit set with a main generator, 
exciter, and regulating generator (on the 
right-hand side) driven by a squirrel-cage 
induction motor 

current from the exciter la in the fields 
RF1 and RF2 will be balanced by the 
ampere-turns in field RFS due to the 
proper voltage across the armature of the 
generator and the regulator current lb 
through fields RFl and RF2 will just 
maintain the current lb. 

It should be noted that if the regulat¬ 
ing generator is not self-energizing that 
it would not be possible to get a correct 
operating point, since to have any cor¬ 
rective current circulated there would 
have to be some difference in the cumu¬ 
lative ampere-turns due to la and the 
differential ampere-turns due to voltage. 
In such a case the voltage would ap¬ 
proach but never reach the correct value 
and the accuracy of regulation would be 
greatly decreased. 

An ordinary generator when set up 
with a self-energizing field under the con¬ 
ditions above described would tend to 
build up to the point at which saturation 
begins to take place. In this regulating 
generator, however, this action is pre¬ 
vented since any charge from the correct 
operating point causes a corrective mag¬ 
netomotive force, since the balance be¬ 
tween cumulative ampere-turns and dif¬ 
ferential ampere-turns in the three regu¬ 
lator fields will be destroyed. Analysis 
shows that the difference which results 
will always cause the regulator output 
to return to the correct value. 

From the foregoing it is evident that 
the no-load speed of the motor will al¬ 
ways be made to agree with the value de¬ 
sired by the setting of the generator 
rheostat. If mechanical load is put on 
the motor, it will slow down, thus de¬ 
creasing its counter electromotive force 


and thereby permitting a current to flow 
in the armature circuit of the two ma¬ 
chines. A stablepoint of operation occurs 
when the drop in speed and counter 
electromotive force is just sufficient to 
make available enough of the generated 
voltage to circulate the current required. 

To bring the speed back to the no-load 
speed necessitates the raising of the gen¬ 
erator voltage by the amount of the 1R 
drop. This is done by the regulator by 
adding on its magnetic structure another 
field RF4, which is connected in the arma¬ 
ture circuit so as to produce cumulative 
ampere-turns. By proper adjustment of 
224 this field can cause the regulator to 
correct almost perfectly for IR drop and 
armature distortion of the motor over a 
wide range of load thus giving a very 
flat speed-load curve. 

Other conditions than load tending to 
change the speed of the motor might be 
* thought of, but it will be found that the 
regulator generator will make appropriate 
corrections. Thus burning or shifting of 
the brushes of the generator often tends to 
cause stalling of the motor with the con¬ 
ventional variable-voltage drives. Also 
' varying values of residual magnetism in 
the variable-voltage generator cause dif¬ 
ferent voltages for the same rheostat 
setting. Such conditions however are 
corrected by the regulator. 

In Figure 2 are shown the speed-load 


characteristics as obtained from actual 
tests on a TVV-horsepower machine-tool 
feed equipment using a regulating gen¬ 
erator such as just described. These 
curves show the regulation of the motor 
to double, full-load current over the range 
of from 15 rpm to 1,800 rpm or a speed 
range of 120 to 1. Of this range, speeds 
up to approximately 1,000 rpm are ob¬ 
tained by variable-voltage control and 
from 1,000 to 1,800 rpm by motor-field 
control. 

It can be seen by reference to these 
curves that the change in speed due to 
application of load is so small as to be 
negligible, and there is no tendency for 
the motor to stall even when the speed 
has been reduced to Vooth by voltage con¬ 
trol. It is to be noted that at light loads 
at this speed the voltage required is less 
than residual voltage of the generator. 
The regulator has, however, caused a re¬ 
versal of current in the fields of the gener¬ 
ator and thus bucked the voltage down to 
that required to get the speed called for. 

From the results shown it is evident 
that the use of a regulator scheme such as 
indicated gives speed range far beyond 
the supposed limits of a few years ago 
without greatly complicating the electri¬ 
cal apparatus or going to laboratory-type 
equipment. The machine being driven 
can be a simpler, more flexible and more 
efficient machine tool. 
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Measurement of Maximum Demand 


PAUL M. LINCOLN 

FELLOW AIEE 


Synopsis: "Maximum demand" has be¬ 
come an increasingly important item in 
rates for the sale of electric service since 
the appearance of Doctor John Hopkin- 
son’s notable paper, "Cost of Electricity 
Supply,” in the year 1892—nearly 50 years 
ago. The writer estimates that the demand¬ 
measuring equipment which is now being 
used by the public utilities of the United 
States has a value of the order of $100,000,- 
000. This is an index of its present impor¬ 
tance. The object of the present paper is to 
describe in detail the thermal-storage 
method of measuring the maximum demand 
of a user of electric service. A comparison 
is made between this method, which at each 
instant of time indicates the logarithmic 
average load over some nominal time inter¬ 
val, and the commonly used "block-inter¬ 
val" method, which indicates the arithmetic 
average load over the same time interval. 
Also, the effect of using a modified design of 
thermal-demand meters is discussed. The 
writer has contributed a number of previous 
papers dealing with this same general sub¬ 
ject, reference to which will be found at end 
of paper. 

The Block-Interval Meter 

A S is well known, the commonly used 
block-interval demand meter meas-' 
ures the arithmetic average load over 
some definite interval of time. Its con¬ 
struction and operation are such that, at 
the end of the month, the maximum arith¬ 
metic average block of load over some 
definite time interval is indicated on the 
meter scale. The meter is then reset to 
zero so that the maximum arithmetic 
average load for the following month may 
be made available when the meter is a gain 
read and reset at the following month’s 
end. As is well* known, the commonly 
used "block-intervaT’ demand meter 
measures this maximum arithmetic aver¬ 
age load over some definite interval of 
time, such as 5 minutes, 10 minutes, 15 
minutes, 30 minutes, and occasionally 60 
minutes. Other time intervals have been 
proposed, even as low as one minute, but 
so far as the writer knows, no time inter¬ 
vals of less than 5 minutes nor more fbq n 
60 minutes are actually being used at the 
present time. The 15-minute time inter¬ 
val is the one most frequently used, * 
followed by 30 minutes and 60 minutes. 
Knowlton, in his “Electric Power 
Metering,” says, “A survey by the 
National Electric Light Association rate 
research committee in 1931 showed the 
15-, 30-, and 60-minute intervals to be in 
vogue in the ratio of 40:8:1 respectively/’ 


Knowlton does not mention any time in¬ 
tervals shorter than 15 minutes, although 
to the writer’s certain knowledge time 
intervals as short as one and two minutes 
have been used in the past. To the best 
of his knowledge the five-minute time 
interval is still being used to a limited ex¬ 
tent. 

Basic Weakness of 
Block-Interval Meter 

As mentioned in the preceding para¬ 
graph, the “block-interval" demand me¬ 
ter measures the maximum arithmetic 
average load over some definite interval 
of time. The arithmetic average, as 
measured by the standard block-interval 
demand meter, is a discontinuous function 
of time. Any arithmetic average must 
necessarily be a discontinuous function of 
time, and, as such, be subject to a possible 
error of 50 per cent—a possibility which 
can become a certainty at the option of 
the service user. When it becomes neces¬ 
sary to use two or more block-interval 
demand meters on the same load, it is 
customary to synchronize the meters so 
that they reset at the same instant. 
This synchronization has no effect on the 
inherent inaccuracy of the block-interval 
demand meter, but it does prevent the 
utility and the utility’s customers from 
becoming aware of the inaccuracy. 

While we are considering possible in¬ 
accuracies of measurement when using 
the standard block-interval demand me¬ 
ter, a situation which recently came to 
the writer’s knowledge may be of interest 
—a situation the possibility of which is 
mentioned in the preceding paragraph. 
This service user, as reported to the 
writer, is taking deliberate steps to “split 
peaks. His loading schedule is so timed 
that his demand meter resets, as closely as 
possible, midway during load applica¬ 
tions. If this method of taking load is 
carried out to its possible extreme, the 
maximum demand measured and billed 
can be made one-half the actual arith¬ 
metic maximum demand. Such a method 
of taking service is, of course, open to any 

Paper 42-15, recommended by the AIBE committee 
on instruments and measurement*, for presentation 
at the AIBE winter convention, New York. N. Y.. 
January 26-30, 1942. Manuscript submitted 
September 30, 1940; made available for printing 
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user of service whose maximum demand 
is measured by means of the standard 
block-interval demand meter. In the 
case of deliberate “peak splitting," the 
utility is always on the losing end. 

Maximum demand may be accurately 
measured only by a continuous function 
of time. Further, even if it were possible 
so to modify the demand attachment of 
the standard block-interval meter and 
thereby obtain a true and accurate arith¬ 
metic average, the maximum arithmetic 
average thereby obtained would still be 
defective. For instance the maximum 
arithmetic average—or logarithmic aver¬ 
age—of a user of electric service who takes 
a perfectly steady load of 100 kw would, 
of course, be 100 kw, and his bill for serv¬ 
ice would be based on 100-kw demand. 
Another user whose maximum demand is 
measured by means of a standard 30- 
minute block-interval meter and who 
takes during each half hour 100,000 kw 
for 1.8 seconds, or 10,000 kw for 18 sec¬ 
onds, or 1,000 kw for 180 seconds (3 
minutes), or 500 kw for 6 minutes, or 
300 kw for 10 minutes, or 200 kw for 15 
minutes, would have exactly the same 
arithmetic average as the first user— 
provided there were no “peak splittings." 
This latter group of cases certainly war¬ 
rants a higher maximum-demand assess¬ 
ment than the first user. Also, the earlier 
mentioned members of this group war¬ 
rant a higher maximum-demand assess¬ 
ment than the later mentioned members. 

The Thermal-Meter Principle 

On the other hand, the thermal watt¬ 
meter measures the logarithmic average 
of the load under measurement. (For a 
definition of the term “logarithmic aver¬ 
age," see reference I at end of paper.) 
There is a basic difference between the 
logarithmic and arithmetic averages. 
The logarithmic average is a continuous 
function of time. That is, at each instant 
of time, it indicates the logarithmic aver¬ 
age over the immediately preceding 15- 
minute, 30-minute, 60-minute, or other 
time interval. The length of this time 
interval is dictated by the value assigned 
to an adjustable constant k, the character 
of which is discussed later in this paper. 
The load taken by a user of electric service 
is continuous—but not necessarily steady 
—and its maximum demand can be con¬ 
sistently measured only by a continuous 
function of time. Even if it were pos¬ 
sible to measure the maximum arithmetic 
average accurately—which is not the case 
with any of the existing types of block- 
interval meters—the thermal type would 
still be preferable, since the heating effect 
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Figure 1 


•of any given load on the equipment serv¬ 
ing the load is a logarithmic or exponen¬ 
tial function of time and not an arith¬ 
metic function. 

While the thermal wattmeter has been 
fully described in previous papers (see 
references 1 and 2), it might be well to 
give a brief description of its operation. 
A small transformer whose primary is 
connected across the supply voltage 
causes a current to circulate continuously 
through two equal resistances, which we 
will call r. Let us call this circulating 
current E, since its value is always pro¬ 
portional to voltage. The load current is 
caused to pass through these same resist¬ 
ances. Let us call this load current 7. 
The load current is caused to pass 
through the resistances in such a manner 
that one-half its value adds to the circu¬ 
lating current in one resistance and sub¬ 
tracts from it in the other. The total 
current in one resistance is, therefore, E+ 
7/2 and in the other £—7/2. The total 
heat applied to one resistance is, therefore 

^£+^ r and to the other^ E—^ r. The 

thermal wattmeter is so constructed that 
it constantly indicates the difference in 
temperature between two masses of mat¬ 
ter which are being heated by these two 
currents. The difference in heat applied 
is obviously 2E7r, a function which is al¬ 
ways directly proportional to the watts 
entering the load. Since the masses of 
matter do not and cannot respond in¬ 
stantly to the heat applied, the result is a 
demand meter measuring the logarithmic 
average load. 

Mathematical expressions for the indi¬ 
cations of the two types may readily be 
obtained. For the arithmetic average 
(block-interval) meter, the math emat ical 
expression for its indication is 


Meter indication' 




kf. 


wdt 



The logarithmic average may be expressed 
mathematically as follows: 


Meter indication = 



kt dt 


( 2 ) 


In the above expressions 


w— instantaneous value of watts 
<=time 

k =an adjustable constant 
6=base of Napierian logarithms 
ti —k =time over which arithmetic average is 
measured 


Figure 1 gives the solution of these two 
equations when the time interval for de¬ 
mand measurement is 60 minutes—the 
maximum time interval now being used. 
The relative indications of the two types 
for load durations up to 60 minutes may 
readily be seen from Figure 1. 

As actually constructed, however, the 
relative indications of the thermal-de¬ 
mand meter may be made to depart radi¬ 
cally from the purely theoretical ratios 
shown in Figure 1, or may be made to 
conform closely to it, depending on de¬ 
sign. This comes about because the dif¬ 
fusion of the heat that necessarily enters 
or leaves the working parts of the thermal 
wattmeter during normal operation does 
not and cannot take place instantane¬ 
ously. As is well known, heat does not 
and cannot diffuse instantly throughout 
any mass of matter that is being heated 
or cooled. The process of heat diffusion 
takes time. The values given in Figure 
1 take no cognizance of this. Also, this 
factor depends to a marked extent on the 
design of the thermal wattmeter. This 
matter is treated further later in this paper. 

Referring to mathematical expression 
2, it might be pointed out that when the 
value of kt reaches 6.9078, ** becomes 

one-tenth of one per cent of what it is 
when kt — 0. One-tenth of one per cent is 
as small a quantity as can be read accu¬ 
rately on the demand-meter scale. There¬ 
fore, while the integration of the thermal 
wattmeter extends from zero to infinity, 
the only significant part of this integra¬ 


Figure 2 


tion is that which takes place during the 
interval of one or two hours—or at most 
three hours—immediately preceding the 
instant of observation. This holds true 
when kt— 2.3026, the value assigned to kt 
in the edition, 1941 Code for Electricity 
Meters, the code sponsored by the Ameri¬ 
can Standards Association. This also 1 
assumes that the time interval for de¬ 
mand measurement shall not exceed one 
hour. If the time interval for demand 
measurement is 16 minutes, the time in¬ 
terval most frequently used in the United 
States, the only time interval of any sig¬ 
nificance is the 45 minutes immediately 
preceding the instant of observation. 

Demand Measurement— 
a Problem in Transients 

The measurement of maximum demand 
is a problem in transients unless the load 
during maximum is perfectly steady. If 
the loads taken by users of electric service 
were always steady, the standard block- 
interval demand meter would measure 
maximum demand with perfect accuracy. 
The arithmetic and logarithmic averages 
of a steady load are exactly the same. 
An unvarying load requires no demand 
meter. Under the conditions of the actual 
use of service, the only existing method of 
assuring accuracy of measurement is by 
the use of a continuous function of time. 
(The thermal wattmeter is an example.) 
Our usual conception of a transient is the 
phenomena that occur in a stroke of 
lightning or a power interruption. Any¬ 
one who dealt with the problem of tran¬ 
sients is, of course, aware that time must 
appear as an exponential function, as it 
does in the thermal wattmeter. When 
dealing with thermal wattmeters, the 
time involved, instead of being of the 
order of microseconds, as in the usual 
type of transient, is now of the order of 
minutes, or even of hours. 
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Comparison of Block-Interval and 
Thermal-Demand Meters 

Let us assume a case where a service 
user is taking a continuous steady load of 
such a value that it causes the 
meter to reach a value which we will call 
100 per cent. Let us assume further tha t 
this load is being measured by a standard 
60-minute block-interval demand meter 
and also by a 60-minute thermal-demand 
wattmeter. Let us assume further that 
the thermal wattmeter is the 60-minute 
wattmeter G which is described later in 
this paper. If this user’s load is perfectly 
steady, both wattmeters will indicate 100 
per cent demand. If however, business 
falls off to such an extent that it is neces¬ 
sary to use service only during alternate 
hours, Figure 6 shows the relative indica¬ 
tions of the two demand meters. The 
data shown in Figure 6 are the results of a 
carefully made test Inspection of Figure 
6 shows that the indications of the ther¬ 
mal and block-interval types cross at ap¬ 
proximately 52 minutes when there is no 
peak splitting. Therefore, if the time of 
load duration is less than approximately 
86.5 per cent of the nominal time inter¬ 
val, the logarithmic average is always in 
excess of the arithmetic, whether peak 
splitting occurs or not. In this case, also, 
jie utility using the block-interval meter 
is always on the losing end. 

Ithaca Tests 

In order to get some definite informa¬ 
tion on the question of how much differ¬ 
ence might be expected in the indications 
of the two types of demand meters on ac¬ 
tual loads, there has been conducted in 
the city of Ithaca, beginning in March 
1939, and continuing for about 18 months, 
a senes of tests which may be of interest. 
Ithaca, at that time, was using a 15- 
minute demand interval, since then in¬ 
creased to 30 minutes. For each of 
four customers, three demand meters 
were installed. These four cust ome rs 
were two garages, a beauty parlor, 
and a photographic studio. Number 

1 meter was a 15-minute block-inter¬ 
val meter of standard make. Number 2 
meter was an identical block-interval meter 
so adjusted that its time interval “broke 
joints” with number 1. That is, number 

2 meter reset 7 1 /* minutes after number 1. 
Number 3 meter was a 15-minute thermal- 
demand wattmeter. For a time, there 
were two thermal wattmeters on some 
of the loads. This was done to show by 
direct experiment what theoretical con¬ 
siderations tell us; that is, that the loga¬ 
rithmic average, being a continuous func- 


Figure 3. Diagrammatic cross 
section of 15-minute, 30-min- 
ote, and 60-minute thermal 
wattmeters 

1— Thermos bottle 

2— Heater resistances 

3— Reservoir 

4— Insulating tubes 

5— Heater resistance leads 

6 — Felt packing 

7— Capillary tube 

8— Mass 


tion of time, must always be the same on 
an y siven load. In no case was any mate¬ 
rial difference found between the two 
thermal wattmeters. 

Now, comparing the two block-interval 
meters, if we exclude one monthly read- 
ing, which for some unknown reason— 
presumably failure to reset—showed a 
higher difference than theory can ac¬ 
count for (240 per cent), the maximum 
difference between the two was 27.3 per 
cent. From this, the difference ranged 
down to 0 per cent. In only six cases out 
of about 60 monthly readings did the two 
block-interval meters give the same indi¬ 
cations. The average difference for the 
entire 60 monthly readings was 10.1 per 
cent. In some cases number 1 me ter indi¬ 
cated the higher value, and in other c as es 
number 2. This difference in indication 
is, of course, due to “peak splitting” 
either by number 1 or number 2 meter, or 
perhaps by both. 

Now comparing the thermal-wattme¬ 
ter readings with the two block-intervals, 
in only one case out of about 60 monthly 
readings did all three demand meters in¬ 
dicate the same values. In some cases, 
the thermal meter indicated higher than 
either block interval, in some cases, lower 
than either, and in still other cases, be¬ 
tween the two block intervals. (For 
other comparisons between the two types 
see references 2,4, and 6.) 

When a public utility deals with its 
customers’ pocketbooks, the degree of in¬ 
consistency shown by these Ithaca tests 
is, in the writer’s opinion, intolerable. 
Accuracy in the measurement of kilo¬ 
watt hours is and always has been ex¬ 
traordinarily high. Unfortunately, the 
same cannot be said of the measurement 
of maximum demand as evidenced by 
the Ithaca tests. 

Advantage of Bourdon Tube 
Over Bimetal Strip 


ii m'inUtI mItIr 30 MINUTE METER 60 MINUTE METER 

A 



In the thermal wattmeter of the past, 
the means by which temperature differ¬ 
ence has been indicated has been the bi¬ 
metal strip. In the year 1924, Chester W. 


Rice of Schenectady contributed a paper 
to the AIEE entitled, “Free Convection 
of Heat in Gases and Liquids—II” (see 
reference 9). In this paper he showed 
that when the loss of heat from a hot 
body occurs by free convection, the rate 
of heat loss is not directly proportional to 
temperature elevation, but to the tem¬ 
perature elevation raised to 1.25 power. 
The writer did not become aware of this 
important contribution to our 
literature until about 1927. For many 
years previously, the writer had noted an 
error in the thermal wattmeter on low- 
power factors, for which he could give no 
satisfactory explanation. As soon as Mr. 
Rice’s 1924 paper came to his attention, 
the reason for this error became obvious 
at once. In the bimetal-strip type of 
thermal wattmeter, practically all the 
heat escapes by free convection. The bi¬ 
metal-strip type of construction does 
not lend itself to any means of heat es¬ 
cape except free convection. The only 
answer, therefore, seems to be to adopt 
some means of heat escape other than 
free convection. To accomplish this end, 
it was necessary to consider means of tem¬ 
perature detection other than the bimetal 
strip. 

The writer therefore decided to try out 
the Bourdon tube. He had previously 
experimented with the Bourdon tube, but 
without success. Beginning about 1928, 
the writer began experimenting with 
Bourdon tubes in earnest. By about 
1934, the Bourdon tube method of meas¬ 
uring m a x i mum demand had arrived. 

A complete description of the Bourdon- 
tube demand wattmeter was contributed 
to the AIEE in 1935 (see reference 5). 

The Constant k and 
Its Determination 

Mathematical expression 2 given above 
brings into the picture of demand meas¬ 
urement the value of the adjustable con¬ 
stant. k. There is a direct relationship 
between this matter of time interval and 
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Figure 6. Comparison of 60-minute thermal and block-interval 

wattmeters 


.Figure 4. 60-minute thermal wattmeter C, zero¬ 
load performance 


-the value of this adjustable constant k ap¬ 
pearing in mathematical expression 2. 
The existing Code for Electricity Meters 
fixes the time interval for thermal-demand 
■meters as the “time required for the in¬ 
strument to indicate 90 per cent of the 
iull value of the steady load, which is 
•thrown suddenly on it.” This provision 
-fixes the value of kt in equation 2 at kt= 
•2.3026. This, in turn, fixes the value of k 
At that value which is obtained by di¬ 
viding 2.3026 by 5,10,15,30,60, or what¬ 
ever value of time interval the utility has 
adopted. Table A gives these values. 

Effect of Heat Diffusion on 
Constant k 

When we apply a given constant value 
•of watts n> to a thermal wattmeter in ac¬ 
cordance with the procedure specified in 
the Code for Electricity Meters and take 
•readings at equal intervals of time, the 
function we observe is the function w(l — 
<-**). The response for the two thermal 
•wattmeters C and G shown in Figure 2 
were obtained in this manner. If, when 
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flSure 5. 60-minute thermal wattmeter G, 
zero-load performance 


the meter indication has reached sbme 
value w' t we throw the load entirely off 
and observe meter indications as they 
approach zero, the function we observe 
is w'e“ w . This, a pure exponential func¬ 
tion, plots as a perfectly straight line on 
semi-log paper. However, when we plot 
these data from the thermal-demand meter, 
we find a departure from a straight line, 
the amount of this departure being con¬ 
trollable by design. Figure 4 shows the 
performance of 60-minute wattmeter C 
with zero load, and Figure 5 that of 60- 
minute wattmeter G. Examination of 
Figures 4 and 5 makes it obvious at once 
that the value of k is not constant, but 
can be made to vary over a very consid¬ 
erable range during the first few minutes 
of the application or absence of load. 

The reason for this anomaly of the vari¬ 
able constant is not far to seek and has 
already been intimated. Heat cannot be 
made to diffuse instantly throughout any 
mass of matter. In the thermal wattme¬ 
ter, the source of heat is, of course, the 
heater shown in cross-section in Figure 3. 
In order to actuate the meter, the heat 
originating in the heater must reach the 
reservoirs shown in Figure 3. From the 
data given in Figures 4 and 5, the time 
required for the rate of heat flow to be¬ 
come constant varies over a very con¬ 
siderable range. From Figure 4, it is ob¬ 
vious that* this rate of heat flow in watt¬ 
meter C does not become constant for 
some 20 to 30 minutes. From Figure 5, 
it is evident that the rate of heat flow for 
wattmeter G becomes constant in consid¬ 
erably less than 10 minutes. About five 
or six minutes would closely fit the ex¬ 
perimental data seen in Figure 5. In 


Table A 

Time 

Interval 

60 30 15 10 S 

» : 

0.03838 0.07675 0.1535 0,23026 0.4605 


other words, after a change in load occurs, 
k is not a constant, but a variable, and 
does not become a constant for some 5 to 
30 minutes, the length of time being sub¬ 
ject to meter design. 

Time Interval—How Long? 

What is the proper time interval to use 
in the measurement of maximum de¬ 
mand? As indicated at the beginning of 
this paper, United States public utilities 
are using various time intervals in the 
measurement of maximum demand. It 
is obvious that the longer the time inter¬ 
val used in demand measurement, the less 
is the probability of a steady load during 
that time interval, and, therefore, the 
greater is the probability of a difference 
between the logarithmic and arithmetic 
averages. The 15-minute time interval 
is by far the most frequently used. The 
shorter time intervals have been brought 
about by the desire on the part of public 
utilities to obtain adequate compensation 
from those service users whose loads are 
inherently of the short-time, high-peak 
variety, such as welding, short-time heat¬ 
ing, shovels for excavation purposes, and 
so on. It might be pointed out that the 
thermal-demand meter automatically rec¬ 
ognizes the short-time, high-peak de¬ 
mands in this class of loads. Inspection 
of Figure 1 shows this clearly. The ther¬ 
mal-demand meter—even assuming in¬ 
stantaneous heat diffusion—gives higher 
demand indications on short-time loads, 
approximately 2.3 times that of a block 
interval of the same time rating. The 
phenomenon of heat diffusion increases 
this ratio still further. 

Examination of the data in Figure 2 
shows that if we use 60-minute watt¬ 
meter C, its indication on short time loads 
(load durations of a minute or two) is 
approximately equivalent to a five or six 
minute block interval. This ability of the 
60-minute thermal-demand wattmeter to 
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read high on short-time loads may be still 
further emphasized by suitable design, 
if the users of demand meters so desire. 
It should be pointed out, however, that if 
the design be so altered as to tnafr ? its 
short-time response equivalent to a two- 
or three-minute block interval, the rate of 
response for load durations of more than 
90 minutes is so slow that it would require 
some 12 or 15 hours of perfectly steady 
road to cause the meter to reach 99.9 per 
cent of its final indication. In the writ¬ 
er’s opinion, the modification of the 60- 
minu te thermal wattmeter’s design to the 
point where it is equivalent to a five- or 
six-minute block interval is as far as the 
modification should be carried. Even 
this modification has reduced the perma¬ 
nent value of the constant k to one-half 
that of the 60-minute thermal wattmeter 
when heat diffusion is assumed to be in¬ 
stantaneous— i- € “°.038s« A j SO) it ig 

faignly questionable m the writer’s 
opinion, whether or not wattmeter C, 
while it meets the meter-code specifica¬ 
tions, can honestly be called a 60-minute 
meter. 
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A 60-Minute Meter 

On the assumption that if the time in¬ 
terval for demand measurement is ever 
standardized, such standardized time in¬ 
terval would not exceed the innvfmn™ 
time interval now used—60 minutes—the 
writer has been experimenting with 60- 
minute thermal wattmeters. The most 
obvious way of obtaining a 60-minute 
thermal meter is to add mass to the 15- 
minute meter, as shown in Figure 3, so 
that the time to heat this mass up to 90 
per cent of its final temperature is in¬ 
creased from 15 minutes to 60 minutes. 
When a steady load was applied to this 
60-minute meter, wattmeter C of Figure 
2 shows the test results. It will be noted 
that when a steady load was applied to 
this 60-minute wattmeter C, it reached 
50 per cent of final value in approximately 
4 minutes, 60 per cent in approximately 6 
minutes, 70 per cent in approx ima tely 10 
minutes, 80 per cent in approximately 26 
minutes, and 90 per cent in approxi¬ 
mately 60 minutes. The design of the 
meter was then modified so that the mass 
to heat and cool during normal operation 
was reduced to a small fraction of that 
necessary in meter C. Wattmeter G of 
Figure 2 shows the test results on this re¬ 
designed 60-minute meter. It will be 
noted that wattmeter G reaches 50 per 
cent of its final in approximately 17 
minutes, 60 per cent in approximately 23 
minutes, 70 per cent in approximately 30 
minutes, 80 per cent in approximately 42 


minutes, and 90 per cent in approxi¬ 
mately 60 minutes. 

Let us examine this matter a little fur¬ 
ther from a purely theoretical standpoint. 
When we integrate mathematical expres¬ 
sion 2 above, the result of this integration 
is, of course, meter indication «w(l — 
With large values of time (t), e~ w 
approaches zero and meter indication 
approaches w (watts). If /=infinity 
(steady load), meter indication =w. If, 
however, t is of a small value making it 
necessary to use the limits of integration, 

meter indication =*—In the 
per cent time 

foregoing sentence, the adjective “small” 
may be defined as any value of t (time in 
minutes) such that the product kt does not 
exceed 6.9078. 

After a change in load occurs, watt¬ 
meter C acquires approximately 80 per 
cent of the value of this change during the 
20 or 30 minutes k is a variable. The re¬ 
maining 20 per cent requires approxi¬ 
mately five hours additional time. Watt¬ 
meter G acquires approximately 20 per 
cent of final indication in the five or six 
minutes that k is a variable while the re¬ 
maining 80 per cent requires approxi¬ 
mately an additional three hours. 

Now, examining 60-mjnute wattmeter 
G shown in Figure 2, it is obvious that its 
response is fairly close to the theoretical 
value given in equation 2. For very 


short time loads, its rate of response is 
some 30 per cent or 40 per cent higher 
than if heat diffusion could be made in¬ 
stantaneous, but this higher rate of re¬ 
sponse lasts for only five or six minutes. 
In this meter, the value of the adjustable 
constant k is close to the theoretical value 
of k for a 60-minute meter. Tests on a 
number of these redesigned 60-minute 
thermal wattmeters have shown a depar¬ 
ture in the permanent value of k of not 
over two per cent or three per cent from 
the theoretical value—0.03838. Also, 
its temporary value is much less than in 
wattmeter C. On short-time loads, load 
durations of a minute or two, wattmeter 
G is equivalent to approximately a 20- 
minute block interval. The design of the 
60-minute thermal wattmeter is capable 
of adjustment to almost anything the 
public utilities may desire between watt¬ 
meters C and G shown in Figure 2. The 
writer would appreciate an expression of 
opinion by those using demand meters as 
to which design shown in Figure 2 they 
would prefer. Or, perhaps some inter¬ 
mediate design between C and G 
would be preferable. It must be borne 
in mind, however, that wattmeter C 
can be made available for any time in¬ 
terval from 15 minutes up, while watt¬ 
meter G is available in GO-mitmte time 
interval only. 

Statement Re Accuracy 

The writer wishes to correct an impres¬ 
sion which might be drawn from the pre¬ 
ceding discussion. The accuracy of the 
standard block-interval demand meter in 
measuring an arithmetic average is as 
high as human ingenuity can attain, pro¬ 
vided we limit this statement to the par¬ 
ticular time interval which tlie meter 
happens to select. However, we must 
bear in mind that the particular time in¬ 
terval selected is only one out of an in¬ 
finite number that might be selected. 

he writer does not wish his statement 
concerning the accuracy of the block-in¬ 
terval demand meter to be interpreted 
in any other manner. 
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New Data on 60-Minute 
Thermal Meters 

Also, further experimental work has 
demonstrated that the time interval 
during which the constant k is a variable 
can be somewhat reduced below that 

By taking all possible 

precautions to make the diffusion of heat 
as rapid as possible, Figure 7 shows the 
ultnig zero load performance. The 
test results shown in Figure 7 indicate 
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that the constant £ is a variable for a time 
interval but little over three minut es, 
even when the load applied is six times 
full load for 3.56 minutes. Figure 8 
shows this meter’s performance with full 
load applied for three hours. The con¬ 
stant k of 60-minute wattmeter I becomes 
0.03838 when the two curves shown in 
Figure 8 become parallel; Figure 8 shows 
this to occur at approximately three 
minutes. Also, Figure 7 shows that the 
permanent value of the constant k departs 
from the theoretical value by only a 
negligible amount. 

Ammeters Versus Wattmeters 

There is one further point that should 
be considered. Thermal meters are avail¬ 
able in both wattmeters and ammeters. 
These two instruments differ in at least 
one important respect. The wattmeter 
scale is uniform throughout its entire 
range, while the ammeter scale is inher¬ 
ently a scale of squares. Under the exist¬ 
ing definition of time intervals, the time 
interval of both these instruments is de¬ 
fined as the “time required for the instru¬ 
ment to indicate 90 per cent of the full 
value of a steady load which is suddenly 
thrown on it.” Since the ammeter sc ale 
is inherently a scale of squares, this 
means that the time interval of the ther¬ 


mal ammeter is approximately one-half 
that of the thermal wattmeter as time 
intervals are now defined. There are two 
ways to cure this defect: 

1. The value of k for the ammeter may be 
fixed at one half that of the wattmeter. 

. 2. The percentage of final indication for the 
ammeter may be fixed at the square root of 
that for the wattmeter. 

If we adopt the first of the above, it 
means that ammeters and wattmeters 
will differ in construction, thereby in¬ 
creasing their cost If we adopt the 
second, we must either make the watt¬ 
meter time interval the time to arrive 
at 90 per cent of final, as at present, and 
the ammeter time interval the time to ar¬ 
rive at 95 per cent of final, or we must 
make the ammeter time interval the timp 
to arrive at 90 per cent of final, as at 
present, and the wattmeter time interval 
the time to arrive at 81 per cent of final . 
It is suggested that those who are respon¬ 
sible for the Code for Electricity Meters 
give careful attention to this matter and 
choose one of the above alternatives. 

Conclusion 

Summarizing, we must obtain the 
logarithmic average and not the arith¬ 
metic average if we would have consist¬ 
ency as well as adequacy in the measure¬ 


ment of maximum demand. Time must 
appear as an exponential function and 
not an arithmetic function, if the demand 
is to be metered in accord with the basic 
character of the quantity being measured. 
The writer would also urge that consid¬ 
eration be given to the matter of stand¬ 
ardizing the time interval used in demand 
measurement. 


References 


1. Rates and Rats Making, Paul M. Lincoln. 
AIEE Transactions, volume 34, 1915, pages 
2279-2318. 

2. The Character op the Thbrmal-Storagb 
Demand Meter, Paul M. Lincoln. AIEE Trans¬ 
actions, volume 37, 1918, pages 189-210. 

3. Totalizing of Electric System Loads, Paul 
M. Lincoln. AIEE Transactions, volume 48, 
1929, pages 775-80. 

4. Discussion of A New Demand Meter. AIEE 
Transactions, volume 53, 1934 (April section), 
pages 625-6. 

5. An Improved Elbctrothbrmic Instrument, 
Paul M. Lincoln. AIEE Transactions, volume 
54, 1935 (May section), pages 474-81. 

6. Demand-Meter Time Periods, P. M. Lincoln 
and R. R. Sprole. AIEE Transactions, volume 
58, 1939, pages 729-34. 

7. Cost of Electricity Supply, J. Hopkinson. 
Transactions, Junior Engineering Society, volume 
3, part 1, page 1. 

8 . Cost of Electricity Supply, Arthur Wright. 
Municipal Electric Association, England. 

9. Free Convection of Heat in Gases and 
Liquids— II, Chester W. Rice. AIEE Transac¬ 
tions, volume 43, 1924, pages 131-43. 

10. Electric Power Metering (book), Xnewl- 
ton. 



A New Voltage-Regulating Relay Plus 
Line-Drop Compensator 


H. J. CARLIN 

ASSOCIATE AIEE 


T HERE are numerous applications 
where it is desired to measure a volt¬ 
age at one point of a line or feeder by the 
use of an instrument placed at some other 
point. The instrument measures the volt¬ 
age at the point of the line to which it is 
connected, and also measures the line drop 
to the remote point. These two measure¬ 
ments are combined so that the resultant 
indication is the voltage at the remote 
point of the feeder. If the instrument has 
contacts on it so that it may actuate con¬ 
trol circuits, it is known as a voltage¬ 
regulating relay plus line-drop compensa¬ 
tor. Such a device finds application to 
regulating equipment such as tap-chang¬ 
ing transformers, capacitor-switdiing 
schemes for power-factor control, and 
the like. 

Many of the applications for a voltage¬ 
regulating relay require a time delay. Us¬ 
ually such delay has been obtained by 
the use of timers which interpose a fhrprl 
lag between the operation of the relay and 
the device which is being controlled (for 
example a tap-changing regulator) inde¬ 
pendent of the magnitude or rate of volt¬ 
age change. The relay described below 
eliminates the use of an external timer, 
since it has its own inherent time delay. 
In addition, this time delay is not a fixed 
quantity but varies inversely as the 
change in voltage. In this way the sensi¬ 
tivity of the regulating device is increased 
without introducing a large number of un¬ 
necessary operations. 

The Voltage-Regulating Relay 

An induction-type voltage relay with a 
permanent damping magnet inherently 
has an inverse time characteristic; hence, 
such a relay became the basis for design. 
Time curves for different voltage settings 
on an induction voltage relay with front 
and back contacts are shown in Figure 1. 

The two major problems to be solved 
in the completed design were: 

1. ^ To make the temperature error neg¬ 
ligible, for applications often call for outdoor 
in stal lat ions where ambient temperature 
may vary over an extreme range of 0 to 110 
degrees Fahrenheit. 

2,. To provide the relay with a self-con¬ 
tained line-drop compensator. 


Starting with the final result, we may 
show how these two problems were solved. 


Temperature Error 


Figure 2 is a wiring diagram of the relay. 
Neglecting the compensator winding, the 
principle of operation of the relay is quite 
familiar. 1 When the potential winding is 
energized, the transformer winding on the 
lower pole feeds current to the upper-pole 
windings. This current induces an upper- 
pole flux which is out of phase with the 
potential flux, and a torque on the disk re¬ 
sults which satisfies the equation: 

T<=K &&2 sin a ( 1 ) 

where is the lower-pole flux, the 
upper-pole flux, and a the phase angle 
between them. 

There are two sources of temperature 
error in such a relay: 

1. For constant voltage across the relay, 
change in ambient temperature produces a 
change in the resistance of the upper-pole 
circuit. Hence, both the magnitude of 
upper-pole flux and the phase angle “a” 
will change. According to equation 1, the 
torque will, therefore, vary. 

2. Change in ambient temperature may 
also produce variations in relay impedance 
so that the current in the potential circuit 
varies with the temperature even though the 
voltage remains constant. 


In appendix I is a derivation which 
shows that when upper-pole reactance 
equals upper-pole resistance, temperature 
error due to variation of upper-pole im¬ 
pedance is a minimum. Accordingly, the 
upper-pole winding was designed to have 
a 45 degree impedance angle. 

To correct for the second source of tem¬ 
perature error, a swamping reactor is 
placed in series with the potential coil. 
Hence, variations in relay burden have 
little effect on the total impedance of th«> 
voltage circuit, so that the current in the 
relay remains constant independent of 
temperature. Experimental tests made in 
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a refrigerator and an oven over a range of 
temperatures from 0 to 110 degrees Fahren¬ 
heit showed an average temperature error 
of less than 0.018-volt per degree Fahren¬ 
heit. This ballast impedance method of 
correction was chosen so that the reactor 
could serve a dual purpose. Besides cor¬ 
recting for temperature error, it is an es¬ 
sential part of the line-drop compensator 
circuit. This function is described below. 

The Line-Drop Compensator 

The line-drop compensators in general 
use today employ what amounts to an 
artificial or replica line. That is, the com¬ 
pensator is a variable resistance and react¬ 
ance which may be independently ad¬ 
justed to suit a particular line impedance. 
These elements are placed in series with 
the voltage-regulating relay, and a current 
is fed to this compensator from current 
transformers in the main line, so that the 
drop across the resistor and reactor is pro¬ 
portional to the line drop and is subtracted 
from a voltage proportional to the send¬ 
ing-end potential. Thus, the voltage 
across the relay actually simulates the 
voltage at the load center, if the resistance 
and reactance of the compensator have 
been correctly adjusted. 

The relay described in this paper has no 
such artificial line. Instead the equivalent 
of two separate torques is superimposed on 
the induction disk. One of these is pro¬ 
portional to the sending-end voltage, the 
other is proportional to the line drop, and 
the relay combines these so that the re¬ 
sultant torque is proportional to the re¬ 
ceiving-end voltage. The former torque 
component is obtained by impressing on 
the relay-potential coil a voltage propor¬ 
tional to that at the sending end or regula¬ 
tor location. The torque component due 
to the line drop is obtained by means of a 
second upper-pole winding (see Figure 2). 
Current flowing in this winding from a 
current transformer in the line induces a 
flux, which reacts with the main-pole flux 
to produce a torque on the disk which op¬ 
poses the main-relay torque. 

If the relay is to perform correctly, the 
compensation torque must satisfy certain 
conditions which are a function of the 
electrical properties of the line, the mag¬ 
nitude of the load, and the power factor 
of the load. Consider a simple line, such 
as shown in Figure 3a. The vector dia¬ 
gram^ Figure 3b, is drawn for a constant 
magnitude of load, I L , and a varying load- 
power factor, 9. <f> is the impedance angle 
of the line. This diagram shows clearly 
that thesending-end voltage,necessary 
to maintain constant receiving-end voir 
tage, E r , with varying power factor, has a 
maximum magnitude when 8, the angular 
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Figure 1. Voltage¬ 
regulating-relay time 
curves 

(a). Right-hand con¬ 
tact set at 121 volts; 
left-hand contact set 
at 119 volts 

(£>). Right-hand con¬ 
tact set at 122 volts; 
left-hand contact set 
at 118 volts 

(c). Right-hand con¬ 
tact set at 123 volts; 
left-hand contact set 
at 117 volts 


shift between E s and E R is zero. This 
occurs when 8 = 0. In order words, for 
any given load the relay must produce a 
maximum of compensation when the 
power factor of the load is equal to the 
impedance angle of the line. 

What does this mean as far as the 
design of the relay is concerned? Re¬ 
ferring to the general torque equation 
1, it is seen that the compensator torque 
will be a Tnayimum for any given load, 
when the angle between the compensator¬ 
winding flux and the potential-coil flux is 
90 degrees. Therefore, a necessary condi¬ 
tion for correct compensation is that when 
the load-power-factor angle equals the 
line-impedance angle, the compensator 
flux must be 90 degrees from the main- 
pole flux. 

To see how this condition is translated 
into the actual structure of the relay, refer 
to the vector diagram, Figure 4. 

Here E x is the voltage impressed across 
the relay terminals, and E ia lags this 
somewhat due to the leakage drop in the 
potential coil. the main-pole flux lags 
•Eis by 90 degrees, and for maximum com¬ 
pensation torque lags by 90 degrees. 
The compensator excitation which is pro¬ 
portional to the current in the compensa¬ 
tor current transformer, leads 0 C by a 



Figure 2. Schematic wiring diagram of voltage- 
regulating relay 


small angle due to the eddy currents in the 
disk and the hysteresis loss in the upper- 
pole iron. Thus, the relay primary volt¬ 
age, Ei, and the compensator current, i e , 
will be very close to 180 degrees out of 
phase for maximum compensator torque. 
Actual measurements showed the angle to 
be 180 degrees =*3 degrees. 

As shown above, if the relay is to com¬ 
pensate correctly, maximum compensa¬ 
tion torque must occur when E s is in 
phase with E R , and the load-power-factor 
angle is equal to the impedance angle of 
the line. Hence, in Figure 4, E s is drawn 
at an angle 0=0 ahead of I L , or 180—0 
behind i c . Then, E\ must lag E s by the 
impedance angle of the line. This means 
that a phase shifting network must be 
placed between E a , the sending voltage, 
and Ei, the relay primary voltage. If the 
effective shift of this network is equal to 
0, the relay will compensate correctly. 

In appendix II is an analytical deriva¬ 
tion which corroborates the conclusions 
reached above. The voltage equation for 
a simple line is set up and compared with 
the torque equation of the relay, and it is 
shown mathematically that the necessary 
and sufficient conditions for correct com¬ 
pensation are that the compensator-wind¬ 
ing excitation be proportional to the mag¬ 
nitude of line drop and that the relay pri¬ 
mary voltage lag behind the sending volt¬ 
age by an angle equal to the impedance 
angle of the line. 

This will be clearer if we consider for a 
moment the line-drop compensators al¬ 
most universally used at present. These 
devices must also satisfy two conditions if 
correct compensation is to result. The 
compensator-reactance drop must be pro- 
portional to the line-reactance drop a nd 
the compensator-resistance drop must be 
proportional to the line-resistance drop. 
To get this proportionality for different 
lines, the compensator has an adjustable 
resistor and an adjustable reactor. In the 
new relay we fit the two line constants by 
having one adjustment for the impedance 
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of the line in ohms, and another for the 
phase angle of the line impedance. In 
other words, we compensate for Z/<t>, in¬ 
stead of R+jX. In both cases there 
must be two variables of adjustment to 
match two line constants. 

The phase-angle adjustment in this new 
relay is provided by a phase-shifting net¬ 
work. Theoretically, this should be ad¬ 
justable to vary the phase position of the 
output voltage, while keeping the magni¬ 
tude of output voltage constant. But to 
obtain such results requires relatively 
complex networks. However, as will be 
shown later, a great simplification in de¬ 
sign is possible. 

Figure 2 shows the circuit for obtaining 
magnitude adjustment. This consists of 
a potentiometer which is connected to the 
line current transformer and the compen¬ 
sator winding so that as the slide is moved, 
the magnitude of current in the compen¬ 
sator varies while the phase angle of the 
current stays constant. This is easily seen 
to be true, for if I e is the current in the 
transformer secondary, then the compen¬ 
sator current is given by 

*" e R 0 +R c +jX 0 (2) 

in which the various quantities are as in¬ 
dicated on Figure 2. The denominator of 
equation 2 is a constant, hence only the 
magnitude of i c varies with i? 2 . 

The rheostat may be calibrated in line 
ohms, or volts line drop. The latter 
method is actually used on the relay. 

Settings 


It is usually desirable that voltage¬ 
regulating relays be as inexpensive and 
simple in operation as possible, consistent 
with a minimum sacrifice in operating 
features. For this reason it is desirable 
to simplify the relay described in the pre- 
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Figure 3a. Schematic tingle-phase feeder 



Figure 3b. Vector diagram of feeder 

0u —Power factor for maximum line-drop 
compensation 

Im —Load current for maximum line-drop 
compensation 
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ceding paragraphs, even though this 
might mean some limitations in operating 
performance. 

The part of the relay most susceptible 
to simplification is the phase-shif ting net¬ 
work of the line-drop compensator. As 
shown above, this network should, provide 
adjustable voltage phase-angle shift with¬ 
out affecting the magnitude of voltage. 
Circuits to operate in this manner can be 
constructed with inductors, resistors, and 
capacitors. The finer the adjustments, 
the larger the number of elements required 
and the more difficult the calibration. 
Such networks were experimentally con¬ 
structed and they operated satisfactorily. 

The simplified network consisted of the 
single reactor used also as ballast imped¬ 
ance for temperature correction. Ob¬ 
viously, once the reactor is chosen, the 
phase-angle adjustment is fixed, and the 
relay is theoretically adapted for only one 
line. Nevertheless, it is possible to take 
a relay so constructed and apply it to a 
wide range of lines without excessive error 
in voltage regulation. Suppose the reac¬ 
tor has been designed so that when placed 
in series with the potential coil of the re¬ 
lay the angle between the impressed volt¬ 
age and the voltage across the relay is 40 
degrees. This means that when used on a 
40-degree line, the relay operates cor¬ 
rectly for any load and any power factor, 
if the compensator-voltage scale is set for 
the true magnitude of full-load line drop. 
Now, suppose we place this 40-degree re¬ 
lay on a line whose impedance angle is 70 
degrees. The relay would no longer give 
correct voltage indications if the com¬ 
pensator-voltage scale is set for the true 
magnitude of full-load line drop. How¬ 
ever, for any given power factor, a setting 
of the voltage scale can be found which 
makes the relay operate correctly for any 
load at that power factor. This setting in 
volts will obviously not be equal to the 
true line drop. We define this compen¬ 
sator setting, in volts, divided by the true 
line drop, in volts, as the “compensator- 
correction factor.” In effect, an inten¬ 
tional error in the compensator-voltage 
setting is introduced to correct for the er¬ 
ror in the relay-phase-angle setting. 



Figure 4. Vector diagram of voltage-regulat¬ 
ing relay drawn for maximum compensation 


torque 
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Figure 5 is a family of curves to show 
how this factor varies as a function of load 
power factor when a 40-degree relay is 
used on various lines. Forty degrees was 
chosen because it is the impedance angle 
of the average low-capacity line. 

The derivation of the correction factor 
curves is shown in appendix III. In order 
to verify these curves experimentally, ap¬ 
paratus was set up to simulate a line 
whose impedance angle could be varied, 
and a load whose power factor could be 
varied. Agreement between experimental 
and theoretical curves was very close. 

A glance at the correction factor curves 
shows what errors may be expected in 
operating the relay on lines other than 40 
degrees. Suppose we have a 60-degree line 
where the power factor varies from 80 to 
90 per cent. The correction factor for 80 
per cent is 0.91, for 90 per cent it is 0.85. 
The average setting would then be 0.88 
and the variation plus or minus 0.03. 
Thus, if the line drop were 10 volts, the 
relay-compensator scale would be set at 
0.88X10=8.8 volts and the maximum 
error plus or minus 0.3 volts. Obviously, 
the narrower the range of power factor, 
the smaller would be the relay-voltage er¬ 
rors. Also, the closer the line-impedance 
angle is to 40 degrees, the smaller is the 
error. As is the case with the compensa¬ 
tors in use at present, calculated settings 
are only tentative, and final settings are 
usually chosen on the basis of field tests. 


4>i=flux due to potential-coil excitation 
# 2 =induced upper-pole flux 
<i> c =flux due to compensator-winding ex¬ 
citation 

ii =potential-coil current 
^a=induced upper-pole current 
4=compensator winding current 
/ c =current-transformer secondary current 
Il =line current 
Ni =potential-coil turns 
iV 2 =turns of transformer winding on lower 
pole 

Nt =turns on each upper pole 
N c —turns per pole of compensator winding 
Zz = Rz+jXz — upper-pole impedance 
Z B —ballast impedance 
Z C =R C +jX 0 =compensator impedance 
1 ? 2 =portion of compensator resistance 
across line current transformer 
Ro —total resistance of compensator 
a —angle between and <3> 2 

6=upper-pole impedance angle 
6— load-power-factor angle 
<£=impedance angle of line 
5=angular shift between E s and E R 
F=* correction factor 
/3=angle between <fn and <f> c 

Appendix il. Derivation for 
Minimum Temperature Error 

By equation 1 
T s =K<t> i$ s sin a 
Referring to Figure 6 
sin a — sin (90 —b) ■» cos b 


Conclusions 

Due to the inverse time characteristic 
and integrating properties of the relay de¬ 
scribed above, circuits controlled by it are 
operated after a relatively short time de¬ 
lay when voltage conditions on the line re¬ 
quire this. However, unnecessary opera¬ 
tions are prevented when short-interval 
voltage surges occur. At the same time 
the relay is simplified to have only one 
adjustment for line-drop compensation 
without introducing excessive errors in in¬ 
dicated voltage. 

Reference 

1. Theory op Induction-Type Instruments, Paul 
MacGahan. AIEE Transactions, volume 31, 
1912, pages 1566-77. 


Appendix I. Symbols 

Es =sending-end voltage 
Eg =receiving-end voltage 
JSi=voltage impressed on relay-potential 
coil 

e %—voltage across Nt 
T e =compensator-torque component 
T s =sending-voltage-torque component 


Therefore 


Ts=K&i&i cos b 


-K<b i4>* 


Ri 

Vrs+xs 



Figure 5. Correction-factor curves for 40- 
degree voltage-regulating relay. See ap¬ 
pendix IV 
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Now 




— k 
z « VrJ+xj 


where c and k are constants. 
Or 


jr _ kK$iRt ^ ARj 

S= Rf+Xj'* Rf+Xf 

Differentiate this expression with respect 
to Rz to find the value of Rz which results in 
no change in T$ for small changes in R a . 

dTs -0- A _ MSA 

dRt = R a *+X a l (Rf+Xt *) 2 

where A is a constant. 

Solving 

Rt-X % 

This is the condition for minimum tem¬ 
perature error. 


Appendix III 


Derivation to prove that the relay per¬ 
forms correctly if: 

(а) The compensator-winding excitation is pro¬ 
portional to the magnitude of line drop. 

(б) . Maximum compensator torque occurs when 
the line-impedance angle 4 >, equals the power-factor 
angle 0. That is, 0, the angle between and $1 
shall be 90 degrees when 0a*4. 

1. The Voltage Equation for the Line 

Refer to Figure 3b and take Eg as refer¬ 
ence vector. 

Rr—Es—IlZ 

=Eg/0 —Je /&—0 • Z/<i> 
^Es/O-ia/e^s-t 
Let 

Then 

ER=E a —I L Z cos y+jIx,Z sin y 
or 

1-Ejj | = \/ E£—2IlZEb cos 7 +( IlZ )* (3) 


2. The Torque Equation of the Relay 

The two components of relay torque are 
T s and T c . The resultant relay torque is 

T=T s -T c 

■* 8 siruz •*i**sui a 

Since 
ha Eg 



therefore 

T s ~kE s 2 (4) 

Since (Ni 2 /Nz) sin a is a constant 

T e a sin £ 

T c = CIcEs cos (£—90) 

where C is a constant 
Since I e ot$ 0 and 9iaE s , 
therefore 

r* kEs*— CIcEs cos (£—90) ( 5 ) 

The relay is initially calibrated with the 
compensator scale set for zero volts com¬ 
pensation, so that if Eg' is the scale reading 
of the relay, equation 4 applies and we 
have 

\E*'l=Vr/i 

Substituting for T from equation 5 

l-Eg'l — VEg*— KlgEs cos (£—90) ( 6 ) 

Equations 6 and 3 are identical (if we 
neglect the term (IZ) 2 which is of the second 
order) when 

(a) . KI c =2IlZ 

(b) . (p~90)= y =6-8-$ 

That is, when 6=<f>, and 8=0; £*90°. 

This is what we have set out to prove for 
(a) states that KI e is proportional to the 
line drop, and (b) states that the angle be¬ 
tween #,e and is 90 degrees when 


Appendix IV. Derivation of 
Correction-Factor Curves 

1 . Assume the relay is adjusted to com¬ 
pensate for a line of impedance angle <t>* 
and a voltage drop (IiZ)’. The true line 
drop (IlZ), and the true line angle is 4 . 
Then, for a load power factor 0, the relay 
develops a torque in accordance with the 
voltage equation 

Es/s^Es/O+ih^ 'U'-e ( 7 ) 

Eg is taken as reference vector, and is the 
required receiving-end voltage. 


2. The true liue angle is tf, and the true 
line drop IlZ. Then, since Eg is the head- 
end voltage of the line determined by the 
relay, the voltage equation of the line is 
given by 

E s /8 ^E^/a+lLZ U-0 (8) 

Where Eg# is the actual voltage at the 
end of the line. 

In the equations below (IlZ)’ is deter¬ 
mined as a function of the line and relay 
constants so that Eg,*=Eg<=the required 
receiving end or load center voltage. 

Equate (7) and (8) 

Eg/0+ (IlZ) ' W' 6 - ErI?+ (IrZ)/*-* 
Solve for (IlZ) 

(IlZ) f /<f>'-0 =EgA-Eg/0+ (I L Z) /4>~0 

(IlZ)' sin (<j> , —d)=E B sin a-f- 

(IlZ) sin (<£—0) 

(IlZ y cos (</>'—6)=Eg cos a—Eg+ 

(IlZ) cos (<t>—B) 

Divide these equations to eliminate 
(IlZ)', simplify and solve for (IlZ) 

(IlZ)=e Sin P* 11 fo'-PHcos «-!)] 

* cos (£— B) tan (<£'—0) —sin (4>~B) 

Solve for (IlZ)* 

(IlZ)(±z±=E r /0+(IlZ) ' U'-B -E r [« 

(IlZ) sin (</>—0) = (IlZ)' sin (<£'—0) — 

Eg sin at 

(IlZ) cos (<£—0) = (IlZ)’ cos (<£'—0) — 

Eg cos ot+Eg 

Divide these equations to eliminate 
(IlZ), simplify, and solve for (IlZ)* 

(IlZ) ' — >taa * C c ° s « — 1) —sin a 
cos (£'—0) tan (<fi— 0)— sin (</>'—B) 

fJML= 

(IlZ) 

[cos (<£-0) tan fa'—0)- sin (<^-0)]. 

_ [sin a— tan (0-0)(cos« -1)] 

[cos fo'-0) tan (<t>-8) - sin (*' -0) ]• 

[ sin a— tan ($' — 0)( cos a—1)] 

For line drops of the order of 10 per cent 
5 is very small and hence a must be even 
smaller. 

Therefore 

sin a=a 
cos a—1 

or 

F cos (0-0) tan w~8)~ sin (<f>~9) 
cos fo'-0) tan (0-0)- sin (<)>'-Q) 

The curves on Figure 5 are graphs of F 
versus 0 for various line-impedance angles, 

<t>. =40 degrees. 
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A Static Voltage Regulator Insensitive 
to Load Power Factor 


C. M. SUMMERS 

MEMBER AIEE 

T HE voltage regulator described in 
this paper is intended for those ap¬ 
plications where the operating efficiency 
is of secondary importance to other re¬ 
quirements. Excluding the considera¬ 
tion of efficiency, the output voltage of an 
ideal voltage regulator should be of 
sinusoidal wave form and should remain 
constant with any variation in input volt¬ 
age and frequency and any variation in 
load volt-amperes and power factor. 

These are ideal requirements, and a 
regulator has not been designed which will 
fulfill them completely. Several types of 
static regulators have been available in 
recent years, but all of them have had 
one or more serious defects. The more 
serious of these defects are sensitivity to 
frequency and power-factor variations 
and slow speed of response. Since most 
voltage sources have good frequency regu¬ 
lation, the power-factor sensitivity has 
been the most prevalent defect in previous 
regulators. Because of this, a given 
regulator has had a limited flexibility in 
its application. 

The voltage regulator described in this 
paper has the important distinction fun¬ 
damentally of being independent of load 
power factor. It will meet all of the 
other requirements except frequency 
variations of an ideal regulator within 
limits of which can be summarized as 
follows: 

The regulator can be designed to maintai n 
an output voltage which will not vary more 
than *2 ty* per cent for a simultaneous 
variation of 30 per cent in line voltage, 100 
per cent in load, and any desired range of 
power factor. For fixed loads, the regula¬ 
tion can be held to less than **=0.5 per cent 
for 30 per cent variation in line voltage. 
The regulator will re-establish the load 



A -- It! I 

Figure 1. General circuit diagram for voltage 
regulator 
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voltage within three cycles after a sudden 
change of 30 per cent in line voltage or 100 
per cent in load is imposed on it. A varia¬ 
tion of one-half cycle above or below the 
rated frequency will change the level of out¬ 
put voltage but will not materially affect 
the regulation of the new frequency. The 
wave form at or near full load will have a 
maximum harmonic content of about 6 per 
cent, and at open circuit its harmonic con¬ 
tent reaches a maximum of 20 per cent. The 
efficiency of a one-kilovolt-ampere regulator 
or larger is 90 per cent or higher at full load. 

Fundamental Circuit 

The fundamental circuit employed in 
the regulator is simple and consists of a 
reactor and capacitor connected in series 
and shunted across the load as in Figure 
1. The reactor has its individual charac¬ 
teristics, however, and these must be 
properly correlated with those of the 
capacitor. The reactor contains a special 
magnetic circuit 1 employing a bridge gap 
which will produce the volt-ampere 
curve Ei in Figure 2. The capacitor is 
chosen so that its volt-ampere curve E% 
will be parallel to that of Ei. In an 
ideal circuit where L and C are pure in¬ 
ductance and capacitance, the voltage 22* 
at the extreme terminals of the series 
circuit will be the numerical difference 
between the inductive and capacitive 
voltages. In Figure 2, therefore, the 
voltage Ei can be represented by the ver¬ 
tical distance between the two volt- 
ampere curves, and this will remain con¬ 
stant between values of current repre¬ 
sented by ii and h'. (In the following 
discussion capital letters are used to 
represent general values while lower-case 
letters represent minimu m values g nd 
lower-case letters with primes ['] repre¬ 
sent maximum values.) The permissible 
variation in series current is utilized in a 
series impedance Z in Figure 1 to com¬ 
pensate for changes in line voltage and 
load characteristics. 

Assume, for example, an ideal circuit 
as in Figure 1 with the series impedance 

Paper 42-19, recommended by the AIEE committee 
on. industrial power applications, for presentation 
at the AIEE winter convention. New York, N. Y.. 
January 26-80, 1942. Manuscript submitted 
November 6, 1941; made available for printing 
December 9,1941. 

C. M. Summers is in the works laboratory of General 
Electric Company, and T. T. Short also is with 
General Electric Company, both in Fort Wayne, 
Ina. 
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considered as pure resistance. Assume 
also that the circuit is operated at no 
load on a line voltage of some value which 
causes the minimum current of i\ to flow 
through L and C. The vector diagram 
for this case is given in Figure 3 for which 
the following equations apply considering 
that Ji=J 0 . 

( 1 ) 

( 2 ) 

Subtracting equation I from equation 

2 

(0 1 -*, 2 - wzy-{ixzy O) 

Thus as the line voltage increases, h 
increases to a value where the impedance 
drop Ei, ( i x Z ), exactly compensates for 
the increase in line voltage. If the line 
voltage continues to increase, h may ex¬ 
ceed its limiting value of i\ and the load 
voltage represented by the vertical dis¬ 
tance between 22a and 22* in Figure 2 will 
decrease. This calls for a further in¬ 
crease in Ei and a still higher value of /». 
Thus the load voltage drops very rapidly 
when the limits of h are exceeded. 

Now consider the same circuit operat¬ 
ing on a constant line voltage and a vari¬ 
able resistance load. The vector diagram 
in Figure 4 shows the relation between I\ 
and load current where it is important to 
note the minimum value of I\ concurs 
with the maximum load current and that 
h increases as the load decreases. The 
change in is dictated again by the 
amount of voltage drop in the series im¬ 
pedance Z necessary to compensate for 
the change in drop caused by the change 
in load current. In general the following 
vectorial equations apply: 

(4) 

and 

7o*=ii+J, (5) 

The load current may have any value and 
phase angle with respect to E,; and Eo 
may fluctuate over any range, with the 
only restriction being that the limits of 


Sft f 3 



CURRENT 

Figure *. Volt-ampere curves of nonlinear 
reactor E x and associated capacitor E* 
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Figure 3. No-load voltage relations in 

ideal regulator with resistance as 

the series 

impedance 
e'o 




e *l Figure 4. Vector diagram of the series 

portion of an ideal voltage regulator, with 
resistance as the series impedance, at constant 
line voltage and variable load 
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Ii are i\ and i\ as prescribed by Figure 2. 
K the load current becomes too high h 
drops below the limiting value of i lt and 
the voltage E a drops rapidly. 

The characteristics of the series im¬ 
pedance Z materially affects the permis¬ 
sible range over which the various quan¬ 
tities are permitted to vary. A constant 
current type of series impedance shown in 
Figure 5 has several advantages. This 
circuit consists of a reactor and capacitor, 
connected in parallel, with volt-ampere 
relations similar to those of Figure 2. 
The line current is the difference between 
the capacitor and reactor currents at 
any value of their common voltage and 
can be represented by the horizontal dis¬ 
tances between the two curves. It can 
be shown 1 that this circuit will maintain 
a constant current over a range of voltage 
from e t to e 4 ' which on Figure 2 would 
correspond to the voltages e\ and e\. 
Thus another set of limits for correct 
operation must be added to those previ¬ 
ously mentioned. The voltage drop E 4 
across the parallel capacitor and reactor 
must remain within the limits of e A and e 4 ' 
over which there is a constant horizontal 
distance between the volt-ampere curves. 

Analysis of the Practical Circuit 

An accurate analysis of the regulator 
circuit must consider the actual power 


Figure 5. Complete circuit diagram of the 
preferred arrangement of the voltage regulator 

factors of all of the reactors and capacitors 
in the circuit. A mathematical solution 
for the operating range can be established, 
but in practice, a graphical solution from 
a simplified vector diagram is quicker 
and accurate enough for design purposes. 
Hence a discussion of the vector diagram 
only will be attempted. 

The complete diagram is given in 
Figure 6. In addition to equations 5 
and 6, the following vectorial relations are 
needed. 

(6) 

Ex=*Ei-\-E a ( 7 ) 

The diagram shows all of the currents and 
voltages in their proper phase relations 
for a general load. The power factor of 
the reactors changes over their operating 
range which complicates an accurate vec¬ 
tor analysis. However, experience has 
shown that average values of « and <f> 
are accurate enough for the graphical 
calculations. 

A simplified diagram may be con¬ 
structed by using average values for a 
and <f>. The vectors E u E 2) I 2 , and I 6 may 
be omitted, and the voltage E 4 can be 
represented by a closing vector between 
Ez and Eo. The diagram must include 
the range of the important variables if it 
is to be useful. Hence, it is convenient 
to represent the limits of E 4 by the arcs 
of two circles having the end of Eg as 
their common center. The line-voltage 
vector will change in direction because Ii 


has been taken as the reference axis, but 
its limits can be established by the arcs 
of two circles with their common centers 
at the origin. The locus of the constant 
line current is the arc of a circle, and the 
limits of h can be indicated on the refer¬ 
ence axis. A diagram incorporating 
these limits as well as variations in load 
is shown in Figure 7. 

The actual design of a voltage regulator 
is based on a diagram similar to Figure 7. 
The variation in line voltage and the 
variation in load are prescribed by circum¬ 
stances of the application. The limits of 
Ii and E 4 are established by the parallel¬ 
ism of the volt-ampere curves and, under 
practical conditions, may cover ranges of 
3 to 1 and 2 to 1 respectively. After a 
few adjustments of 7 0 , the values of h 
and E 4 can be made to fall within their 
respective limits. Then, since the nu¬ 
merical values of line voltage and load 
current are known, all of the other cur¬ 
rents and voltages can be scaled off of the 
diagram. A comparison between cal¬ 
culated and measured values of regulator 
currents and voltages is given in Table 
I. 

Fundamentally, it is possible to design 
a regulator to operate any load over any 
range of power factor, leading or lagging; 
but, it is more economical to supply in¬ 
ductive power-factor correction for lead¬ 
ing loads and limit the design of the 


Figure 6. Complete vector 
diagram of the voltage regu¬ 
lator supplying a general lag¬ 
ging-power-factor load 



Table I. 


Comparison of Calculated and Measured Values of Regulator Currents and Voltages 


E 4 


Et 


CaJ-_ Meas- Cal- Meas- Cal- Meas- Cal- Meas- 

culated ured culated ured fiulated ured culated ared 8 


Load 

Power 

Factor 


® f.3.......4.0. 120 .118.. 

115.3.9.....4.1 .149.140,, 

130.3.9 4.1 167.162,. 

.8.9.,...4.1 .ISO.144.. 

115.3.9 4.0 168.166.. 

130. ....3.9.3.8 190.182.. 

iif ’ " "f *?" '' * 4, °7.184.170.. 

115* •••3.9* ••••3.7 .204.196.. 

130.-3.9.3.3 .... .220.,.. .212., 


.2.5.. 
.2.5.. 
.2.5.. 
. 1 . 6 .. 
. 1 . 6 .. 
. 1 . 6 .. 
.3.9.. 
.3.9.. 
.3.9.. 


..2.75. 
..2.80. 
..2.73. 
.. 1 . 88 . 
..1.75. 
..1.58. 
..4.07. 
..3.7 . 
3.3 


.90.. 
.90.. 
.90.. 
.90.. 
.90.. 
.90.. 
.90.. 
.90.. 
.90.. 


...89.5. 
..90.0. 
..89.8. 
..90.3. 
..90.6. 
..90.4. 
..87 . 
..90 . 
..92 


.2.77.. 
.2.78.. 
.2.78.. 
.2.78.. 
.2.79.. 
.2.78... 
.0 
.0 
.0 


,. 1.0 

. 1.0 

. 1.0 

. 0.8 

. 0.8 

. 0.8 
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Figure 7. Design vector diagram 


regulator to lagging loads. The reason 
for this is that an increase in power 
factor in a lagging direction reduces the 
value of current I X) while an increase in 
a leading direction increases the value of 
Ji beyond that required at no load. 
Thus, the capacity of every element of 
the circuit would have to be increased if 
the regulator were designed for both lead¬ 
ing and lagging loads. 

Characteristics 

General 

The equivalent characteristic of L and 
C in the series circuit is inductive, and the 
vector sum of its current h and the load 
current must be constant. Therefore, 
Ii will decrease for both an increase in 
load and an increase in lagging power 
factor. 

The magnitudes of all quantities except 
2S< in Figure 7 are independent of I 1 W 
voltage, but their phase angles with re¬ 
spect to the line voltage may change. 
Between full load and open circuit there 
is as much as a 90-degree phase shift be¬ 
tween input and output voltage. 

Stability 

Stability of the regulator over its in¬ 
tended range of operation depends on the 
voltage relation between the series por¬ 
tion of the circuit and the line voltage, 
that is Bz and Eo. If the vector JSj, in 
Figure 7, extends beyond the arc of 
minimum line voltage, the vector E t will 
intersect this arc at two points. Two 
values of E t will, therefore, satisfy the 
voltage triangle and the regulator may 
become unstable. Stable operation can 
be assured by establishing the value of E t 
somewhat less than the minimum value 
of line voltage. 

Input Power Factor 

The angle between Eo and J 0 in Figures 
6 and 7 is the power-factor angle an the 
line side of the regulator. This angle is 
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INPUT VOLTS 

Figure 8. Voltage regulation curves 

A—Open circuit 
B—Full-load unity power factor 
C— Full-load 0.8 power factor lagging 



leading for all values of load and line 
voltage. As the input current, / 0 , is 
constant and independent of loading, the 
input volt-amperes will be proportional 
to the line voltage E 0 . Therefore, as the 
load is decreased, the input power factor 
rapidly decreases until at no load the 
regulator becomes virtually a capacitor. 

The input volt-amperes for a typical 
unit is approximately 150 per cent of the 
rated output at an average value of Eo. 

Harmonic Content 

The distortion of the output voltage 
wave shown in Figure 10a and b is caused 
primarily by a third harmonic. The 
analysis in Table II shows the comparison 
between input and output voltage for 
several harmonics. While the third har¬ 
monic is predominant, it reduces ma¬ 
terially with load, whereas other har¬ 
monics are nearly independent of load. 

Regulation 

The curves in Figure 8 show the 
variation in load voltage for several con¬ 
ditions. This variation depends upon 
the accuracy of adjustment of the volt- 
ampere curves of the reactors. Since the 
curve Ei is not a perfectly straight line 
between i x and i/, the regulation is de¬ 
pendent also on the range over which h 
is permitted to vary. 


Table II. Harmonic Analysis of Regulator 
Voltage in Per Cent of Fundamental 


Regulator Output Voltage 


Order 

of Har- Line 
monic Voltage 


Tull Load 

„ Unity Full Load 

No Power 0.8 Power 

Load Factor Factor 


1 . ... 

100 . 

.,100 .. 

100 

3,.. 

0 .11. 

.. 23.4 .. 

5.9 . 

5...» 

1 .10. 

• * 1.6 •, 

1.5 , 

7... 

0 .22. 

.. Q.17.. 

0.2 , 

17... 

0 .10. 

.. 0.87.. 

0.55, 

19... 

0.05. 

0.57.. 

0.50 


.100 
. 11.6 
• 1.76 
. 0.15 

. 0,60 
,. 0.67 


Unity-power-factor load 
A—500 volt-ampere regulator 
B—250 volt-ampere regulator 
C—100 volt-ampere regulator 

The effective value of output voltage is 
altered slightly by the change in wave 
form. It would change by three per cent 
from no load to full load on the basis of 
the harmonic content given in Table II. 
Thus considering the over-all regulation,, 
the distortion does contribute an ap¬ 
preciable part. 

The regulation can be improved by an 
adjustment in the volt-ampere curves of 
the parallel part of the circuit in Figure 
5 so that To decreases at the higher values 
of Ei. 

Effects of Frequency 

The effect of frequency on the opera¬ 
tion of the regulator can be understood 
clearly by a reference to Figure 2 . The 
volt-ampere curves are parallel for only 
one frequency, and, in general, the output 
voltage varies as the square of the fre¬ 
quency. In addition, the voltage regula¬ 
tion may be positive or negative depend¬ 
ing on direction in which the frequency 
may change. 

Efficiency 

From the vector diagram in Figure 7 
it can be seen that, as the load is de¬ 
creased, the voltage increases across the 
various reactors and capacitors in the cir¬ 
cuit. As a result, the losses are higher at 
no load than at full load, the no-load 
losses being approximately double the 
full-load losses. The general efficiency 
curves are shown in Figure 9 . 

Self-Protection 

Mention has been made of the fact that 
as the load is increased above normal, the 
current h in the series part of the regula¬ 
tor decreases. This is an important fac¬ 
tor, because it guarantees that the 
regulator cannot be overloaded. When 
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the load current begins to exceed its 
maximum limit, h drops below ii, Figure 
2 , and the load voltage drops rapidly. 
A short circuit can be placed directly 
across the output terminals with no 
damaging effect whatever, as shown by 
the oscillogram in Figure 10c. In fact 
the losses in the regulator decrease under 
short circuit conditions because only the 
parallel portion of the circuit remains 
effective. 

Speed op Response 

The oscillograms in Figure 10 show how 
rapidly the regulator restores normal 
voltage when a sudden change in line 
voltage or load is imposed on the circuit. 
A transient of about three cycles occurs 
during which the load voltage may rise or 
fall about ten per cent. 

Size 



Figure 10. Voltage-regulator oscillogram 


The size and equivalent kilovolt¬ 
amperes of the regulator depend on the 
range over which it has to operate. For 
a typical unit which operates over a range 
of 30 per cent variation in line voltage, 
100 per cent variation in load kilovolt¬ 
amperes and from unity power factor to 
SO per cent lagging power factor the size 
and equivalent kilovolt-amperes will be 
approximately seven times that of a 
standard transformer of the same rating. 
If the range is reduced to 20 per cent line- 
voltage variation 50 per cent variation in 
load kilovolt-amperes and from unity to 
00 per cent power-factor variation, the 
size and equivalent kilovolt-amperes will 
be reduced to approximately four to one. 

Conclusions 

There has been presented in this paper 
a new form of static voltage regulator 
which can be separated into two parts. 
The first is a series circuit consisting of a 


A—Transient in output voltage Et when line 
voltage £o is suddenly increased from 100 to 
125 volts 

B—Transient in output voltage £* when load 
current It is suddenly increased from one-half 
load to full load 

C—Transient in load current It when a short 
circuit is placed on a regulator operating at 
full load 

capacitor and reactor which, over a prede¬ 
termined range of current passing through 
it, will maintain a constant output volt¬ 
age regardless of load or power factor. 
The second consists of a circuit contain¬ 
ing a capacitor and reactor in parallel 
which, over a specified range of voltage 
drop, will maintain a constant current 
regardless of the line voltage. Thus, the 
two elements in conjunction convert 
variable potential to constant current, 
then to constant potential. 

The regulator has many characteris¬ 


tics such as good voltage regulation, in¬ 
dependent of load power factor, high 
speed of response and high efficiency at 
full load which makes it desirable for 
many applications. Its self protection 
against overloads makes it an ideal source 
of supply for filaments where the cold 
resistance approaches a short circuit. 

In three-phase delta systems the regu¬ 
lator is unsatisfactory because the phase 
position of the output voltage depends on 
the load. However, in wye-connected 
systems three single-phase regulators can 
be used in each line to neutral. 

The application of this regulator is 
necessarily limited by its size and cost. 
In general it will apply where some 
variation in load and power factor is 
expected and one or more of the following 
requirements are essential: 

(a) . High speed of response to eliminate the 
effect of transients. 

( b ) . Very close regulation at any fixed load. 

(c) . Freedom from moving parts. 

(d) . Complete self-protection. 

(e) . Restricted overload capacity (maximum 
output current may be limited to as low as 
126 per cent of rated current). 

Sudden changes in line voltages of rela¬ 
tively short duration commonly occur on 
lines to which motors are connected, and 
these surges are passed through many 
types of voltage regulators. The three- 
cycle response speed of the regulator de¬ 
scribed above greatly attenuates these 
voltage fluctuations. This is an impor¬ 
tant factor in many applications for elec¬ 
tronic devices and for testing purposes. 
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^ - : A carrier-current system provid¬ 
ing a relatively large number of channels is 
m service on a high-voltage power line. The 
facilities provide: 


h Transmission of signals both ways for the open¬ 
ing of the circuit breakers at the remote end by the 
operation of relays at the near end. 


2. Two-way telephone service between any ex¬ 
tension telephone at the remote generating station 
and any telephone connecting to the main tele¬ 
phone switchboard in the central office building. 

3. Two-way telemetering (station generation one 
way and system total generation the other way). 

f‘ Transmission from the systekn operator’s office 
to the station of automatically generated load-con- 
trol signals used to increase or decrease auto¬ 
matically the station generation. 


5. _ Two channels in each direction for future re¬ 
quirements. 


This paper describes the methods employed to ob- 
tain these channels over a single power line, includ¬ 
ing the special precautions taken with the high¬ 
speed transferred trip signals to prevent faulty 
tnpinng of the line due to external disturbances 
ptdsea mig ^ t generate carrier-current tripping 


The Camer-Current Circuits 

A carrier-current system providing 15 
channels on a single high-voltage 
transmission line is now in service. The 
transmission line connects directly to the 
transformers at each end, and circuit 
breakers are provided only on the low- 
voltage sides of the transformers. The 
carrier-current channels are used for 
high-speed transferred tripping, tele¬ 
metering, load control, and telephone. 

Normally just a few carrier-current 
channels are required on a power line. 
If more than about four channels are re¬ 
quired, many problems arise because of 


carrier system. These carriers are modu¬ 
lated with the requisite number of audio 
tones required for the other services. 
At the receiving point, the audio tones 
are separated and used to operate relays 
or other suitable devices. Figure 1 shows 
a photograph of the equipment required 
at one terminal for the telephone, eight 
audio channels transmitted and six audio 
channels received. 

The above plan requires three car rier 
frequencies. The tuning and line cir¬ 
cuits for these frequencies as well as the 
power frequency are shown in Figure 2. 

One will notice that the circuit for each 
frequency consists of two phase conduc¬ 
tors and a grounded center tapped output 
transformer. The path of the carrier 
current may be over the two phase con¬ 
ductors, or one phase may be opened or 
grounded and a path will then exist be¬ 
tween the other phase conductor and 
ground. In this way work may be per¬ 
formed on the line without interrupting 
the carrier-current circuits. In addition, 
double-frequency wave traps are inter¬ 
posed between the line grounding switches 
and the coupling capacitors so that the 
line may be grounded without disturbing 
the carrier-current path. 

Each coupling capacitor couples two 
frequencies to each phase conductor. In 
order to segregate frequencies, separate 
line-tuning coils and wave traps are pro¬ 
vided. At each terminal each carrier 
frequency is selected by two line-tuning 


A block diagram of the equipment re¬ 
quired for the signaling carrier system is 
shown in Figure 3. The tipper portion of 
the diagram shows the transmission sys¬ 
tem and the lower portion the receiving 
system. Signaling circuits operate the 
audio-tone generators numbered 1 to 8. 
The signal may either start or stop the 
oscillator, as may be required. However,, 
it requires about three milliseconds for 
the audio frequency to either build up or 
decay, and, therefore, this limits the 
speed with which the tone can be con¬ 
trolled. In Figure 4 is shown the circuit 
of one of these audio oscillators and its- 
amplifier. 

The frequency stability of the oscillator 
must be reasonably good. The oscillator 
is tuned to the desired frequency by 
means of small fixed condensers and a coil 
with a movable powdered iron core. The 
core is adjusted by means of a screw to- 
give a fine control of the frequency. 

The outputs of the various oscillators 
are added by connecting the output trans¬ 
formers in series with the modulator. 
This must always be borne in- mind , since 
opening a circuit at one point or even re¬ 
moving an amplifier tube will remove all 
the audio frequencies. In setting the 
frequencies of these tone generators, the 
frequencies must not be harmonics of one 
another nor should they be within 30 per 
cent of one another. A study of these 

Figure 1 . Carrier-current equipment set up for 
test 

From left to right, the cabinets contain the 
following units: telephone, line tuning, relay 
transmitter, relay receiver, and transferred trip 
control 


the need of guard bands, the practical 
limit of two-carrier frequencies per 
coupling capacitor, complexities of wave 
traps for separating frequencies, and so 
on. 

The 15 channels are obtained as fol¬ 
lows: One carrier frequency is used for 
single-frequency duplex telephone serv¬ 
ice since standard equipment is avail¬ 
able to perform this function. Two 
carrier frequencies are established and 
kept in operation at all times, one in each 
direction over the line, for the signaling 

Paper 42-13, recommended by the AIEE corn, 
mittees on automatic stations and power transmis¬ 
sion and distribution, for presentation at the AIEE 
winter convention. New York, N. Y„ January 
26-30, 1942. Manuscript submitted April 14, 
1941; made available for printing November 12. 
1941. * 
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conditions shows that the frequency 
spectrum from 300 to 3,000 cycles will 
provide only about ten tones which will 
meetthe above conditions. The equipment 
has been designed to accommodate a max¬ 
imum of ten tones each way. The carrier 
frequency is supplied by a master oscilla¬ 
tor which drives a power amplifier. This 
carrier frequency is always maintained 
so that a channel will be available for 
any audio tones which may be sent 
through. The power amplifier is plate 
modulated by the audio tones. From the 
power amplifier the carrier frequency is 
applied to the line tuning system shown 
in Figure 2. 

At the far end of the line the carrier 
frequency is tuned by the proper line¬ 
tuning circuit and applied to a super¬ 
heterodyne receiver. This receiver is 
equipped with both a squelch circuit, to 
prevent the reception of noise when no 
carrier frequency is present, and auto¬ 
matic volume control, to control the sen¬ 
sitivity to variations in carrier strengths. 
Tftie output of the receiver is connected 
to an audio amplifier which provides 


The circuit of one of these audio filters 
is shown in Figure 5. The tuners are 
connected in series similar to the series 
connections in the transmitter. A par¬ 
allel resonant circuit is tuned to each fre¬ 
quency which may be received by means 
of fixed capacitors and a coil with an ad¬ 
justable powdered iron core. The volt¬ 
age developed on the tuning circuit is 
applied to the grid of a detector tube 
which is biased to cut off when no signal 
is present. The arrival of signal of the 
frequency to which the circuit is tuned 
causes current to flow in the tube. This 
current normally passes through a relay 
which operates when the frequency is 
present. 

The Transferred-Trip Circuit 

One of the principal requirements of 
the signaling carrier system was to pro¬ 
vide a high-speed transferred trip signal. 
The transformers on this line are not 
provided with circuit breakers on the 
line side. In case of a fault in a trans¬ 
former, it is necessary to open the lower 
voltage breakers at both ends of the line 


in order to clear the transformer. The 
carrier is used to transmit the tripping 
signal to the far end of the line. Be¬ 
cause of the large capacity of the trans¬ 
formers on this line, it was desirable that 
the time of transfer be as short as pos¬ 
sible, and, at the same time, be com¬ 
pletely reliable. In order to meet these 
conditions, it was decided to use three of 
the audio tones each way. These are 
arranged to provide the high-speed action 
desired together with automatic super¬ 
vision and alarms. 

The basic principle of the trip circuit 
is to have one of the audio frequencies, 
called a blocking frequency, always alive 
under normal conditions. This frequency 
upon reception, holds a relay contact open 
and prevents tripping. In order to trip, 
it is necessary to stop the blocking fre¬ 
quency and start another, called the trip¬ 
ping frequency. At the receiving point, 
a contact on the relay, associated with 
the tripping frequency, closes, and upon 
the closure of the contact associated with 
the blocking frequency, the trip circuit will 
be completed. Thus two things must oc- 
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cur to cause a tripping action: First, the 
blocking frequency must be removed, and 
second, the tripping frequency must be 
started. As long as the blocking fre¬ 
quency is present, no tripping can occur 
even though the tripping-frequency relay 
might close from time to time, due to 
static, noise, and so on. Figure 6 shows 
this scheme in block diagram form. 

The existence of the blocking frequency 
makes possible an interlocking supervis¬ 
ing system. A block diagram of the cir¬ 
cuit arrangement at the two terminals 
is shown in Figure 7. Frequencies FI 
and F2 form one of the blocking loops. 
When the initiating switch 1 is in the 
normal position, it energizes the blocking 
oscillator Fl. The blocking frequency 
FI is transmitted and received; contacts 
11 and 12 close and contact 13 opens. 
With the initiating switch 2 in the nor¬ 
mal position, the closing of contact 11 
causes the blocking oscillator to start, 
and the frequency F2 is in turn trans¬ 
mitted. At the other end of the line it 
is received. This causes contacts 21 and 
22 to close and contact 23 to open. The 
closure of contact 21 lights a pilot lamp 
which shows that this blocking loop is 
complete and that the carrier equipment is 
normal, since any failure would result in 
the loss of the blocking frequency and the 
consequent extinction of pilot lamp. 

A second blocking loop is provided by 
frequencies F3 and F4 in exactly the 
same way as the first blocking loop. This 
second loop causes contacts 31 and 32 to 
close and 33 to open at the remote ter¬ 
minal, and 41 and 42 to close and 43 to 
open at the supervising terminal.. The 
condition of this blocking loop is shown 
by pilot lamp B. 

These have been called blocking loops 
because they prevent tripping. This 
action occurs because contacts 13 and 33 
are open at one end and, therefore, no 
feed is provided for the auxiliary relays; 
contacts 23 and 43 at the supervising 
end are open, also preventing tripping of 
this end. 


The operation of either initiating 
switch 1 or 2, will trip the opposite end of 
the line. Operation of switch 1 removes 
the feed to the blocking oscillators (Fl 
and F3) and puts feed on the tripping 
oscillator (F5). At the far end of the 
line contacts 13 and 33 close due to the 
loss of the blocking frequencies, and con¬ 
tact 53 closes because the tripping- 
frequency receiver is energized. This 
provides feed to the auxiliary relay and 
trip circuits. Likewise operation of 
switch 2 will complete the circuit through 
contacts 23, 43, and 63, for tripping in the 
opposite direction. 

Supervision of the carrier is obtained 
by other contacts on the relays. When 
a blocking loop is closed the push button 
receives feed through the corresponding 
contact 22 or 42. This push button tests 
the tripping frequency by means of a 
third loop. The test can only be made if 
one of the blocking loops is complete. 
Since there is no way of knowing whether 
the (F5) tripping-frequency oscillator or 
receiver, or the other (F6) tripping-fre¬ 
quency oscillator or receiver is in working 

SUPERVISING TERMINAL 
—+ 

INITIATING SWITCH NO. I 
T NORMAL 


condition, this test is necessary. Opera¬ 
tion of the test push button closes con¬ 
tact 51 which in turn starts the tripping 
oscillator (F6) and closes the contact 61, 
indicated by the lighting of pilot lamp C. 
Pilot lamp C will light only when all the 
elements of the trip circuit are in operat¬ 
ing condition. By connecting an alarm 
relay as shown in Figure 7, an alarm will 
be given whenever both blocking loops 
are lost. This occurs when something 
has become defective in the carrier cir¬ 
cuit. To further aid in preventing 
trouble, due to the possible loss of car¬ 
rier blocking coincident with the recep¬ 
tion of undesired signals, the tripping- 
frequency receiver is set about one half 
as sensitive as the blocking-frequency 
receivers. 

Initiating Circuits 

In Figure 7 the initiating circuits are 
indicated as switches 1 and 2. In actual 
practice no switches are used for this pur¬ 
pose. The blocking frequencies are re¬ 
moved and the tripping frequency started 
directly from the closure of the primary 
relay contacts. Figure 8 shows sche¬ 
matically the essential features for trans¬ 
mission and reception, keeping the nota¬ 
tion of Figure 7 as much as possible. 

Two separate sets of contacts are pro¬ 
vided on the primary relays, for two sepa¬ 
rate auxiliary relays. The carrier trip 
circuit must also feed from the same cir¬ 
cuits as the auxiliary relays. Tubes 
VI and V2 are provided as insulation be¬ 
tween the two relay busses. Since only 
one carrier trip circuit is provided, the two 
relay busses must be paralleled, and yet 
back feeds from one bus to the other 
must be prevented. Tubes VI and V2 


REMOTE TERMINAL 
INITIATING SWITCH N0.2~_- 
TRlPr- U 
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Rsure 7. Block diagram of the a I5|P T - 
blocking and tripping system and 
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Figure 8. Simplified 
diagram of the trans> 
ferrad-trip method/ 
including the initiat¬ 
ing circuits 
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make this possible since they carry cur¬ 
rent in only one direction. 

When the primary relay contacts are 
open, tubes VI and V2 are nonconducting. 
Tubes F4and F5 are amplifiers in the 
blocking loops. Under normal conditions 
they Trill have their starting switches 
closed and be in a condition to amplify. 
Their cathode current flows through re¬ 
sistor 221 and causes a voltage drop of 
about 15 volts on this resistor. This 
voltage is so small that the current 
through F3 and F6 is insufficient to am¬ 
plify the tripping frequencies. The 
blocking frequencies (FI and jF3) are 
transmitted, and the tripping frequency 
(F5) is not. 

At the remote end of the line closure 
of contacts 11 and 31 provides feed for 
the blocking amplifiers (F10 and Fll), 
provided no primary relay contacts are 
closed. It will be noticed that a circuit 
exists here similar to that at the super¬ 
vising end through the tubes F7 and F8 
and resistor 222. Hence, the blocking fre¬ 
quencies (F2 and F4) are transmitted, 
and at the supervising end of the line, 
reception of these frequencies causes the 
pilot lamps A and B to be lighted and feed 
to be provided for the test push button. 
Likewise the tripping circuits are opened 
as previously discussed. 

Upon closure of the primary relay con¬ 
tacts at either end of the line, either tubes 
FI, F2, F7, or F8 will become conduct¬ 
ing, and practically full operating bus 
potential will be developed across either 
resistor 221 or 222. This action removes 
the voltage from the blocking amplifiers 


■ and causes either tube F3 or F9 to be¬ 
come conducting and provide feed for the 
tripping-frequency amplifier. This, of 
course, closes the trip circuit at the other 
end of the line as discussed previously. 
Tubes F3 and F9 are provided so that 
when the test push button is closed, the 
tripping amplifier can be energized with¬ 
out removing the voltage to the blocking 
amplifiers. Whenever the test push but¬ 
ton is closed all six audio frequencies are 
present on the line. The alarm relays 
are also provided as described previously. 
The pilot lights and test push button 
are extended to the control room so that 
the condition of the carrier equipment 
can always be observed by the operators. 

General Comments 

This transferred tripping circuit was 
designed to provide as high a transfer 
speed as possible. Oscillograms were 
made on a test setup of the equipment, 
two of these being shown in Figure 9, one 
for each direction. It will be seen that 
the time required for tripping is less than 
0.015 second. It will be borne in mind 
that this transfer circuit effectively par¬ 
allels the trip busses at both ends of the 
line and that the time occupied in trans¬ 
ferring the signal is the only delay in the 
simultaneous opening at both aids. 
The opening of one end of the line should 
always open the other end. The primary 
relays have preference over the push 
button circuit. 

As the circuit has been explained, the 
tripping connection would seal itself in. 


To prevent this, back contacts were 
placed in the auxiliary relays at one end 
which would break the circuit as soon as 
these auxiliaries have operated. 

Telemetering and Load Control 

An impulse method of telemetering is 
used over the carrier-current circuit. 
The starting of the audio frequency used 
for telemetering indicates one impulse, 
and the stopping indicates a second im¬ 
pulse. In this way, the control of the 
audio oscillator is very simple. Load 
control signals of the time-duration type 
are also transmitted. These are based 
on the premise that the more the load 
is to be changed, the longer the pulse 
lasts. The starting and stopping of the 
audio frequencies, associated with the 
load control transmission, is rapid enough 
to cause inconsequential change in this 
timing. 

Experiences With Equipment 

As will be noted from Figure 2, the 
line-tuning system is quite complex, and 
it was considered too difficult to check the 
frequency response of the line using the 
actual equipment. A simple method 
was used for this measurement. Three 
resistors arranged in a star and grounded 
at the mid-point were connected at each 
end of the line. Drain coils were also 
connected across each resistor. A vari- 
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frequencies were on the harmonics of 
lower frequencies. This rather limits the 
number of audio frequencies available in 
the band from 300 cycles to 3,000 cycles 
over which the equipment is designed to 
operate but there is sufficient space for the 
ten tones, the maximum number desired 
on this system. It has been found neces¬ 
sary to keep the percentage modulation 
of any individual frequency low to pre¬ 
vent interaction between any of the vari¬ 
ous audio channels. Even so, there is a 
slight interaction which thus far has not 
been serious. The signal levels in the 
modulator and amplifier at both trans¬ 
mitter and receiver must always be kept 
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Figure 11 (below). One ter¬ 
minal of carrier-current tele¬ 
phone calling system 
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Figure 9 (above). 
Oscillograms show¬ 
ing time required 
for transference 

The oscillograms 
were made during 
tests on the equip¬ 
ment. Test I is one 
direction and test II 
the opposite direc¬ 
tion 
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able frequency generator was connected 
to the phase wires, a pair at a time, and 
the transmission over the frequency band 
from 50 kilocycles to 150 kilocycles was 
obtained. Readings were made by vac¬ 
uum-tube voltmeters at the sending end 
and the receiving end. Figure 10 shows 
the circuit used and the curve of response 
from A to B phases. For actual use, the 
received voltage should be doubled, since 
the terminating resistors are not present. 

It was felt that noise would be the worse 
possible source of trouble so far as the 
transferred trip circuit was concerned, 
particularly noise from lightning. The 
blocking system was designed to prevent 
harm from this type of noise, but a defect 
was present at first. Whenever a noise 
pulse was received it overloaded the re¬ 
ceiver and wiped off the modulation. It 
also gave a large pulse of negative voltage 
to the automatic volume-control circuit. 
When the noise pulse disappeared the 
automatic volume control was biased too 
far negative and the carrier signal was 


Figure 10 (above 
left)* Circuit dia¬ 
gram of test method 
and curve of attenu¬ 
ation for the fre¬ 
quency range of 50 
to 150 kilocycles 
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not received. As a result the blocking 
relays dropped out. In order to correct 
this the time constant of the automatic 
volume-control circuit was shortened to 
about Veo of a second and with this ar¬ 
rangement the blocking relays are not 
affected when a noise is received. In ac¬ 
tual practice these noise pulses are nor¬ 
mally due to lightning discharges in im¬ 
mediate vicinity of either terminal. A 
noise pulse apparently does not affect the 
tripping-frequency relay. 

So far in the operation of the equip¬ 
ment little trouble has been experienced 
in maintaining the audio signals. In the 
original setup of the frequencies it was 
necessary to separate the audio tones by 
at least 30 per cent and also to see that no 
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low to prevent the introduction of har¬ 
monics. It is not difficult however, to 
find working levels which are stable. 

The Carrier-Current Telephone 
System 

The problems which developed in the 
carrier telephone system were mainly due 
to long extensions and the type of pre¬ 
ferred service desired by the system op¬ 
erator. At one end of the line, the prob¬ 
lem was simple because the carrier set was 
near the telephone switchboard. At the 
other end, however, about eight miles of 
leased line were required to connect the 
telephone switchboard and the system 
operator’s office to the carrier equipment. 
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This distance was too great for the dialing 
equipment provided in the carrier sets 
and an additional calling system was de¬ 
vised. Furthermore, the duplexing equip¬ 
ment had to operate from extensions 
varying greatly in length. It was found 
that the variation between extensions was 
more than 20 decibels. 

A block diagram of the calling system 
which was finally adopted is shown in 
Figure 11. A single carrier frequency is 
used for the telephone work. The trans¬ 
mitter and receiver are controlled by voice- 
operated duplexing relays. The manufac¬ 
turer supplied standard equipment for this 
purpose, but the control circuit was 
changed to operate from the automatic 
gain control to provide compensation for 
the great variation in voice level due to 
differences in extensions. Also built into 
the equipment are line selectors, dialing 
circuits, and ringing relays. Additional 
tone-operated relays were added to this 
equipment to operate in conjunction with 
:it. These tone-operated relays use the 


saTne ringing circuits the dialing system 
would use but without going through the 
dialing system. 

The telephone switchboard, to which 
the carrier is connected by the leased line, 
has fifteen positions with the possibility 
of using any one of 225-cord sets. The 
circuit was arranged in such a way that 
the placing of a plug in-one of the termi¬ 
nal jacks of the telephone line would turn 
on the transmitter and prepare the car¬ 
rier set for service. It was necessary to 
provide a circuit which would send out a 
calling tone when the ring key of the cord 
set associated with plug was operated. 
This was. done. by inserting a 20-cycle 
relay in'the jack circuit to' operate from 
the normal, switchboard ringing signal 
controlled by the ring key; the relay 
connects a calling tone to the telephone 
line and froin there to the carrier trans¬ 
mitter. Upon reaching the normally ener¬ 
gized receiver at the distant end, the call¬ 
ing tone operates a relay tuned to its fre¬ 


quency and it, in turn, indicates a call by 
lighting a call lamp on the telephone 
switchboard. As soon as the ring key is 
in its normal talking position, the calling 
tone stops, and when the called line an¬ 
swers, the equipment is ready for serv¬ 
ice. 

The calling-tone system makes it pos¬ 
sible to provide instantaneous preferred 
service for the system operator. A line¬ 
holding relay at the near end of the line 
is arranged to seize the equipment when¬ 
ever the operator desires. Operation 
of the calling-tone key will then send out 
the preferred-service calling tone. At 
the far end of the line, reception of the 
preferred-service calling tone will break 
the normal telephone circuit and ring 
the system operator’s phone. In this 
way the system operator can always gain 
control of the carrier telephone, even 
though it may be in use for ordinary tele¬ 
phone purposes. Busy lamps are pro¬ 
vided to indicate when the line is in use 
to prevent unnecessary interruptions. 
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Relays and Breakers for High-Speed 
Single-Pole Tripping and Reclosing 

S. L. GOLDSBOROUGH A. W. HILL 

ASSOCIATE AIEE MEMBER, AJEE 


T HE advantages of fast reclosing of 
transmission-line circuit br eak ers have 
been realized for a number of years. This 
experience has been gained on the basis of 
three-pole reclosures. One step beyond 
three-pole tripping and reclosure is single¬ 
pole operation. It is arranged so that on 
single phase-to-ground faults only the 
faulty phase wire is disconnected at each 
end of the line and then immediately re¬ 
closed. This allows synchronizing current 
to flow over the two sound-phase conduc¬ 
tors during the time the faulted phase wire 
is out of service. With single-pole trip¬ 
ping slower speed reclosing, as compared 
to three-pole operation, can be utilized 
with a definite gain in the stability limit. 1 

The Phase-Selector Relays 

Single-pole tripping from a relay stand¬ 
point has brought up a number of prob¬ 
lems. At first thought it would appear to 
be only necessary to separate the trip cir¬ 
cuits of the conventional relay equipments 
into three separate paths to the single¬ 
pole trip coils. This is true to a certain 
extent, depending upon the type of relay 
protection being considered. For in¬ 
stance, in the case of the simple overcur¬ 
rent relay where phase relays will also 
operate for ground faults, it would be only 
necessary to arrange each phase relay to 
trip its respective single-pole breaker. 
However, it is the general practice at pres¬ 
ent to employ a separate ground relay 
operating on residual current and voltage 
or line residual current and power-bank 
neutral current in order to obtain ade¬ 
quate sensitivity to ground faults. The 
chief problem, therefore, involved in sin¬ 
gle-pole tripping is to find an effective way 
of indicating to the conventional residual- 
type ground relay which phase conductor 
is supplying the ground current. Oneway 
of providing this indication would be to 

Paper 42-35, recommended by the AIEE com¬ 
mittees on power transmission and distribution and 
protective devices, for presentation at the AIEE 
winter convention, New York, N. Y., January 
26-30, 1942. Manuscript submitted November 
27, 1941; made available for printing December 
11,1941. 

S. L. Goldsborough is design engineer with West- 
tnghouse Electric and Manufacturing Company, 
Newark,. N. J., and A. W. Hill is section engineer, 
switchgear engineering department, Westinghouse 
Electric and Manufacturing Company, East Pitts¬ 
burgh, Pa. 


employ under voltage relays energized 
from line-to-ground voltage. A fault to 
ground on one-phase conductor would 
drop out the corresponding voltage relay 
whose back contact in series with the con¬ 
ventional directional ground relay would 
trip its associated single-pole breaker. 
Another possibility would be the use of 
voltage-restrained overcurrent relays oper¬ 
ating on line current and line-to-ground 
voltage. In general, neither of the above 
schemes is considered satisfactory on the 
basis that adequate sensitivity is not pro¬ 
vided. It is quite possible that a high- 
resistance ground fault will not reduce the 
voltage sufficiently to provide a safe mar¬ 
gin of discrimination. 

The ideal approach to the problem 
would be to find a method of phase selec¬ 
tion which can be made just as sensitive 
as the conventional directional ground re¬ 
lay and one which is, furthermore, totally 
independent of all normal conditions and 
dependent solely on fault conditions. 

The method described below utilizing 
the phase shift of one sequence component 
with respect to another sequence com- * 
ponent meets the above requirements. 

Figure 1 shows the phase shift among 
the three sequence components for single 
phase-to-ground faults oh different phases. 
It will be noticed that the zero-sequence 
component rotates around a given phase 
of the negative-sequence system in 120 de¬ 
gree steps. For instance, on a phased - 
to-ground fault the zero-sequence current 
is equal to and in phase with phase A of 
the negative sequence. This is, of course, 
on the basis of the total fault current. 
For a fault on phase 5 the zero-sequence 
component is in phase with the 5-phase 
negative sequence, and, similarly, for a 
C-phase-to-ground fault the zero sequence 
is in phase with the C phase component 
of the negative sequence. Therefore, a 
selector element utilizing zero- and nega¬ 
tive-sequence current will act in one direc¬ 
tion for phased-to-ground fault but will 
act in the opposite direction for ground 
faults on B and C phases. Thus, if a direc¬ 
tional element with watt-element char¬ 
acteristics is supplied with the zero-se¬ 
quence current in one coil and the phased 
component of the negative-sequence cur¬ 
rent in the other coil, then, on a phase-.4- 


to-ground fault this element will have 
maximum torque in the contact-closing 
direction. For a fault on phase B the 
zero-sequence current leads phase A of 
the negative sequence 120 degrees, and 
for a fault on phase C the zero-sequence 
current lags phase A of the negative se¬ 
quence by 120 degrees. The element will, 
therefore, have torque in the contact¬ 
opening direction for phase-5 and phase-C 
ground faults. If another similar relay 
element is used with its corresponding coil 
energized by the zero-sequence current, 
but its other coil energized by the phase-5 
component of the negative sequence in¬ 
stead of the phase-A, then, for faults on 
5 phase it will be operating at maximum 
torque and will close its contacts but will 
have reversed torque for ground faults on 
phases A and C. Likewise, a third ele¬ 
ment energized by zero-sequence current 
and the phase-C component of the nega¬ 
tive-sequence current will close its con¬ 
tacts for phase-C-to-ground faults, but 
open its contacts for faults on the other 
two phases. The schematic connections 
for this relay are shown in Figure 2. 

The phase-selector relay consists of 
three elements similar to the conventional 
directional element. The polarizing coils 
of all three elements are energized by the 
zero-sequence current. The other coil on 
each element is energized by a component 
of the negative-sequence current obtained 
from the three-phase negative-sequence 
filter. This filter is so connected that the 
phase-.4 component of the negative-se¬ 
quence system is supplied to the phased 
element, the 5 component supplied to the 
5 element and the C component supplied 



Figure 1. Current vector* for singie-phase- 
to-ground faults on different phases 

1. Phase-A-to-ground fault 

2. Phase-B-to-ground fault 

3. Phase-C-to-ground fault 
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Figure 4 (right). 
Current vectors for 
two conditions 

A— Phase - A con¬ 
ductor disconnected c, 

B — Phase-6-to-C-to- 
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to the C element. The connections (Fig¬ 
ure 2) show the inclusion of phase relays 
which may be of the conventional type 
and also a conventional directional re¬ 
sidual-type ground relay. This rday is 
necessary to provide directional ground 
protection as the selector rday, while em¬ 
ploying dements similar to the directional 
dement, does not indicate the direction of 
power flow hut merely the particular 
phase wire which is grounded. The trip 
connections are shown at the bottom of 
the diagram where D 0 and I 0 are the direc¬ 
tional ground-rday contacts and S A , S B , 
and S 0 are the make contacts on the 
phase-sdector dements. 

The negative-sequence filter connec¬ 
tions are shown in Figure 3. This device 
consists of three filters similar to a filter 
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Figure 2 (above left). Sche¬ 
matic diagram of connections 
of phase-selector relay 


Figure 5 (right). Simplified 
schematic diagram of trip 
circuits 


which has been described previously and 
which has been in use for a number of 
years. 2,8 Three of these standard filter 
units are connected to form a three-phase 
unit so that it is entirdy unresponsive to 
zero-sequence currents or positive-se¬ 
quence currents, and the output consists 
of all three phases of the negative-se¬ 
quence system. 

Other pairs of sequences besides the 
negative- and zero-sequence currents 
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Figure 3. Schematic 
diagram of connec¬ 
tions of three-phase 
negative-sequence 
filter 


may be used to produce a phase-sdector 
action. For instance, zero-sequence 
current and positive-sequence voltage 
is a feasible combination, also, zero- 
sequence voltage and positive-sequence 
voltage. However, it is considered that 
the zero- and negative-sequence current 
combin a tion described above is more de¬ 
sirable, since all voltage connections are 
avoided and the sdector dements operate 
on quantities which appear only during 
fault conditions, and, for this reason, its 
sensitivity can be very easily made to 
match the sensitivity of the conventional 
directional residual-type ground relay. 

An essential feature of any phase-selec¬ 
tion scheme is that after a faulted phase 
has been selected for tripping, the phase- 
sdector scheme should not operate, under 
the conditions obtaining while one phase 
wire is disconnected, to disconnect the un¬ 
faulted phases. It can be shown that the 
above sdector scheme gives the same trip¬ 
ping indication after the faulted phase has 
been tripped out. With one phase wire 
disconnected, there will be load current 
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Figure 6. Complete schematic diagram of 
trip circuits for carrier-current single-pole 
relaying 

on the other two phases, in general, equal 
and 120 degrees out of phase upon the as¬ 
sumption that each end of the protected 
line is fed from a grounded source. 

Figure 4A shows this condition for the 
case where phase A has been tripped. It 
is seen that the zero-sequence and the 
negative-sequence currents are in phase on 
phased selector element. The phase se¬ 
lector, therefore, gives the same indication 
during the time a phase Wire is out of serv¬ 
ice, thus preventing inadvertent tripping 
of the unfaulted phases. Figure 4B shows 
the vectors for a two-phase-to-ground 
fault on phases B and C and, it will be 
noted that this is a very similar condition 
to that obtaining when one phase wire is 
disconnected, in that the zero- and the 
negative-sequence currents are essentially 
in phase. On two phase-to-ground faults, 
therefore, the phase-selector relay selects 
the unfaulted phase. 

The grounded phase-selector scheme 
can be applied in any system of phase and 
ground rdays, but a description is given 
here of its use in a carrier-current step- 
type distance-relay scheme, as installed on 
the Public Service Company of Indiana 
system. In this application the following 
features were incorporated: 

1. All single-phase-to-ground faults to be 
tripped single pole and redosed immediately. 

2. If fault still exists, then all three poles 
to be tripped. 

3. On phase-to-phase faults, two phase-to- 
ground and three-phase faults all poles to be 
tripped and not redosed. 

It is interesting to examine how the 
simple phase-selector relay as described 
above is incorporated in a complete dis-'. 
tance-type carrier-current system. 


The schematic connections in Figure 5 
have been simplified in order to show this 
incorporation as clearly as possible. The 
ground-relay trip circuit is made through 
the directional contact, D 0) overcurrent 
contact, I 0 , the carrier-receiver relay con¬ 
tact, RRG, and one of the phase-selector 
contacts, S At S B , or S& The phase-relay 
trip circuit is composed of the RRP car¬ 
rier-receiver contact, the Z or distance- 
element contact and the directional-ele¬ 
ment contact, D. The purpose of the S A , 
S B , and S c , back contacts in series with 
the respective phase-relay contacts is to 
prevent three-pole tripping in case a 
phase relay responds to a dose-in phase- 
to-ground fault. Distance relays for 
phase protection will, in general, have a 
tendency to operate on heavy dose-in 
ground faults and since it is arranged that 
all three poles are tripped when a phase 
rday operates, the single-pole tripping 
feature would not be obtained in the case 
where a phase relay operates on a ground 
fault. It is necessary to arrange the 
scheme so that even though the phase re¬ 
lay operates on a ground fault simultane¬ 
ously with the ground relay and the 
ground-phase selector, the phase-relay 
trip circuit cannot be established. This 
is done by the indusion of the back con¬ 
tacts, S A , S B , and S c , which are located on 
their respective phase-selector dements. 
In other words, for a phase-4 -to-ground 
fault, D 0 ,1 0 , RRG, and S A contacts close 
to trip the trip coil A, and at the same 
time the S A back contact opens and pre¬ 
vents the phase-relay contacts, Z and D, 
from picking up the M Crday which would 
attempt to trip all three poles. In some 
applications these phase-sdector rday 
back contacts would not be necessary, 
since the response of the distance-type 
phase rday to dose-in ground faults de¬ 
pends upon the actual ohm setting of the 


phase relay and the magnitude of the 
ground current. 

It is seen, therefore, that the additional 
contacts fundamentally necessary for 
single-pole tripping consist of the three- 
phase-sdector make contacts which per¬ 
mit the splitting of the conventional 
ground-relay circuit into three parts. De¬ 
pending upon the type of phase relay with 
which single-pole tripping is used, it may 
be necessary to employ three auxiliary 
blocking contacts to prevent interference 
by the phase rdays. 

The complete schematic connections are 
shown in Figure 6. The additional con¬ 
tacts which have been added over and 
above those shown in Figure 5 are the Z\, 
Z%, Ti, and T t contacts which will be recog¬ 
nized as being connected in the conven¬ 
tional manner for one of the present stand¬ 
ard distance-type carrier systems. 4 No 
attempt is made here to describe the func¬ 
tion of these contacts, as this has been 
done previously. The significant addi¬ 
tional contacts are FD a , FD bt and FD e . 
These are purdy precautionary contacts 
which have been added in parallel with 
the back-contact phase-sdector contacts, 
•S^, S B , and S c , respectivdy, for the pur¬ 
pose of preventing incorrect action caused 
by errors in the current transformers. It 
will be noted that on phase-to-phase faults 
not involving ground there is no zero- 
sequence current present. Therefore, no 
torque appears in the phase-selector de¬ 
ments, and thus the back contacts, S A , 
S B , and S c , should remain closed. How¬ 
ever, due to errors in the current trans¬ 
formers a small current might appear in 
the zero-sequence coils of the phase-sdec¬ 
tor rday. The back contact may, there¬ 
fore, be inadvertently opened, and this 
would, of course, prevent tripping by the 
proper phase rday. The FD contacts are 
back contacts on an auxiliary fault-de¬ 
tector relay energized by the zero-se¬ 
quence current and set for a current suffi¬ 
ciently above any anticipated error cur¬ 
rent in the current transformer. If, there¬ 
fore, any of the back contacts, S A , S B , and 
Sc, are momentarily opened by the cur¬ 
rent-transformer error current, the circuit 
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Figure 7. Simplified schematic diagram of 
reclosing circuits 
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Table I. Results of 132-Kv Breaker Tests 

Public Service Company of Indiana/ March 16,1941 


Test 

Fault 


New Castle 


Lenore 


Era 

(Equir. 

3-Phase) 

Breaker Breaker 

Interrupting Reciosing 
Time (Cy.)* Time (Cy.) 

Eva 

(Equin 

3-Phase) 

Breaker 
Interrupting 
Time (Cy.)* 

Breaker 
Reciosing 
Time (Cy.) 

1... 

.. C-Gr. (arc).... 

...310,000.. 

..4.0 . 22.75... 

. .190,000. 

....6.25. 

.. .28.75 

2... 

.. C-Gr. (solid)... 

.. .300,000.. 

..3.5 (4).22.5 ... 

..190,000. 

... .5.6 (5.75).. 

...29 

3... 

. . C-Gr. (arc)_ 



. .180,000. 


...29 

4... 

.. C-Gr. (solid)... 

... 50,000.. 

..4.5 (4.8).22.5 ... 

..415^000. 

....6.2 (4.25).. 

...29 

6... 

. .B-C-Gr (solid). 

...170,000.. 

• • 4*25 ••••••••»«••••••• 

..380,000. 

....6.0 


7... 

..B-C-Gr (solid). 

... 70,000.. 

..4.75. 

. .230,000. 

... . 6.3 


9... 

..B-C (solid).... 

...300,000.. 

. .3.9. 

..290,000. 

....8.26 


16... 

.. A-Gr (arc). 

...240,000.. 

..3.75.24.5 ... 

..190,000. 

• ••«# 6*3 •••••«• 

.. .29.9 

17... 

.. A-Gr (arc). 

...260,000.. 

..3.5 .24.9 ... 

..190,000. 

... .6.4 .. 

...30 


* Interrupting.times given in parentheses are for second opening where breaker did not stay in after re- 
closure. 


is still -maintained through the fault-de¬ 
tector contact On any fault involving 
ground, the fault-detector contacts open 
and leave the blocking function entirely 
up to the phase-selector back contacts. 

In the Indianapolis installation a condi¬ 
tion obtains which requires the addition of 
a blocking contact, X3. In this case the 
ground relay at both ends of the line was 
polarized by power-transformer bank neu¬ 
tral current and while one phase wire is 
disconnected, a zero-sequence current cir¬ 
culates in such a manner as to give the 
directional element, D 0 , at each end of the 
line a fault indication. In other words, 
while one phase wire is open, the direc¬ 
tional elements at both ends close, thus 
preventing a carrier signal from being 
transmitted, and this, of course, results in 
a tripping indication dining the time one 
phase wire is disconnected. In order to 
prevent the immediate retripping of the 
breaker upon redosure, the X3 contact 
was inserted. The X3 relay is energized 
at the same time that the trip current is 
established in- the ground rday through 
the operation of the CS auxiliary relay 
whose contact energizes the X3 rday coil. 
The .X^ relay picks up and opens its back 
contact with a time delay of about two 
cydes and resets with a time delay such 
that its back contacts become dosed again 
a few cydes after the breaker pole has been 
redosed. The choice of this X3 blocking 
contact was demanded by the fact that the 
ground-rday directional element was cur¬ 
rent-polarized and by the particular load 
and grounding conditions on this system. 
In the general case and also where voltage 
polarization is used, this contact would 
not be required. 

The Reclosing Relays 

The problems concerning the reciosing 
relays introduced by single-pole operation 
are simple of solution. The redosing re¬ 
lays used on the Indiana installation were 


of the conventional type, and nothing of a 
particularly novd nature was required. 
Therefore, for the sake of simplidty, these 
reciosing relays have been grouped in the 
box of Figure 7. Each breaker-closing 
coil is energized through the make contact 
of auxiliary switches, CS a , CS&, and CS c , 
which are operated whenever tripping oc¬ 
curs through the phase-sdector contacts, 
S a , S b , and S 6 . If phased conductor is 
faulted, the CS a contact will dose and 
energize-the phased-breaker closing coil. 
The MC back contacts are on the MC re¬ 
lay (Figure 5), which is operated when¬ 
ever a phase relay initiates tripping. 
Thus, on any phase fault the opening of 
the MC contacts prevents the energiza¬ 
tion of any of dosing coils. To accom¬ 
plish the feature of three-pole tripping 
after redosure of a single pole on a solid 
fault merdy requires the addition of aux¬ 
iliary relays to the conventional reciosing 
relays and is not shown, since nothing 
novel is involved. 

The Breakers 

The fault having been detected and 
identified as one requiring a single-pole 
breaker operation, the next step in main¬ 
taining system stability is handled by 
breakers differing only slightly from the 
conventional type. 

At the New Castle station of the In¬ 
diana Public Service Company a new 
breaker has been installed, each pole inde¬ 
pendently operated for either dosing of 
tripping and so arranged that upon de¬ 
mand it will reclose within 30 cydes (0.50 
second) after the trip coil has been ener¬ 
gized. The operating mechanism is a 
solenoid, a unique feature of which is its 
“magnetic brain.” 

For fast reclosure it is desirable that the 
solenoid be nonmechanically trip-free; 
that is, that energy applied to the dosing 
coil will arrest the opening movement of 
the breaker and return it to the closed 


position without the delay necessary with 
a trip-free linkage. The latter, of course, 
requires that the mechanical tie between 
two levers is broken by the action of the 
tripping latch and must be restored, as by 
retrieving springs, before the dosing core 
can again be used to close the breaker. 
This means that the breaker opens prac¬ 
tically its entire stroke, and the over-all 
time consumed becomes excessive. At the 
same time, there are circumstances under 
which trip-free operation is desirable, as 
when the breaker is to be tripped while 
still under the influence of pull of the clos¬ 
ing magnet. It is here that this magnetic 
interlock performs, and with only one 
trip magnet, makes a choice between two 
latches, one of which opens the breaker 
“nontrip-free” for fast redosure from the 
closed position, while the other provides 
“trip-free” operation in case the dosing 
coil is still energized. 

The operation of this magnetic inter¬ 
lock centers about a floating bar above 
the trip magnet, either end of which can 
be blocked to form a fulcrum point and 
cause the opposite end to rise when the 
trip coil is energized, thus providing for 
proper selection between the two latches. 
The choice of a proper point for blocking 
this bar is determined by an armature 
piece located within the field of flux of the 
closing magnet, but biased by springs to 
such a position that it releases the “non- 
trip-free” latch normally. Only when 
there is some magnetism in the closing 
coil, is it pulled to the opposite position 
to permit tripping on the “trip-free” 
latch. 

The electrical connections for this oper¬ 
ating mechanism remain as Simple as for 
any of the solenoids in use for many years, 
as there is only one trip coil. The usual 
number of auxiliary switches is provided, 
or this can be amplified as desired if added 
circuits for other relays are needed. 

The entire operating mechanism with 
control relays is mounted in a weather¬ 
proof sheet steel housing and attached to 
the tank wall, one such assembly for each 
pole of the three-pole breaker. Within 
this housing are also mounted the ter¬ 
minal blocks for bushing-type current- 
transformer secondaries. It is possible 
to make connections to any of the several 
transformer taps as required, at this one 
convenient location, and all conduit to the 
breaker is brought into the one house, 
whether intended for transformer second¬ 
aries or for control. 

The scheme of single-pole operation has 
been worked out for revamping old three- 
pole breakers as well as for new apparatus. 
The experience at the Lenore end of this 
line demonstrates that the operation can 
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TP HE first application of high-speed 
■ single-pole reclosing to a high-volt¬ 
age transmission line was recently made, 
tested, and put in service, on a 50-mile 
section of 138-kv single-circuit line on the 
system of the Public Service Company 
of Indiana, Inc. This paper discusses 
the reasons for choosing single-pole re¬ 
dosing, and the installation and field test¬ 
ing of the equipment made under operat¬ 
ing conditions. A companion paper by 
S. L. Goldsborough and A. W. Hill 1 de¬ 
scribes the relaying and circuit-breaker 
equipment in detail. 

When a single-circuit tr ansmissi on 
line is used to interconnect two major 
systems and the line is used to tr ansmi t 
hrm power between systems, considerable 
dependence must be put on the perform¬ 
ance of this line. Under such Circum¬ 
stances unusual precautions are justified: 

1. To prevent faults occurring on the tin** 

2. To m inim ize the disturbances created 
by faults. 

The first objective is approached by using 
good line construction, by designing the 
line to be as nearly lightning proof as is 
economically possible, sometimes by the 
use of protector tubes, or possibly by the 
use of ground-fault neutralizers to pre¬ 
vent line-to-ground arcs from develop¬ 
ing into faults. 

It is not economical to design lines so 
that faults will never occur, although this 
ideal may be approached. Granted that 
a certain number of faults will occur, it is 
important to minimize their effect on the 


interconnected system. The objective 
when a fault develops is to remove the 
fault and re-establish the circuit without 
losing synchronism between the systems, 
so that there is no interruption in service 
over the interconnecting line. 

Since the concepts of power-system 
stability were first recognized and the 
various factors influencing stability stud¬ 
ied, means have been sought to improve 
the performance of power systems during 
transient disturbances. 2 A multiplicity 
of measures are now recognized, most of 
them directed toward minimizing the 
severity of the fault. During earlier 
years attention was particularly focused 
on improvements in stability limits ob¬ 
tained by design characteristics of ma¬ 
chines and transformers, bussing ar¬ 
rangements, location of intermediate 
switching points, and the design of the 
transmission line itself. In the last dec¬ 
ade high speeds for relay and circuit- 
breaker operation have become practical 
and extensively applied. High-speed ap¬ 
paratus, minimizing the duration of 
transmission-line disturbances, has been 
a major factor in improving system per¬ 
formance 

The use of reclosing circuit breakers 
provides a means for furthering the ad¬ 
vantages made possible by high-speed 
breakers and relays used for rapid fault 
isolation. The fundamental idea of re¬ 
closing circuit breakers was conceived 
by F. E. Picketts and filed with the 
United States Patent Office in 1916. Re- 
dosing is particularly advantageous in 


the case of single-circuit transmission 
lines, for, while high-speed apparatus 
serves to remove'the fault in the quickest 
possible time, loss of synchro nism be¬ 
tween the sending and receiving systems 
will quickly result if the line remains 
open. If loss of synchronism is not to 
occur, not only must the fault be deared 
promptly, but the line must be restored 
to service after the fault is removed be¬ 
fore the two systems have drifted far 
enough apart to cause instability. 8 * 4 
High-speed redosing has been used suc¬ 
cessfully, recently with simultaneous 
tripping and reclosing of the three- 
breaker poles. 6-8 This type of operation 
is known as gang-operated or three-pole 
redosing. For a given time of reclosure 
the maximum power which may be trans¬ 
mitted without loss of synchronism de¬ 
pends on the rdative inertias of the two 
systems (which determines the speed at 
which the systems drift apart when a 
particular fault is on, or when the line is 
open) and the initial operating angle be¬ 
tween the systems. The latter is pri¬ 
marily a function of system reactance 
and transmitted power. 

The time that the line can remain 
open without loss of stability is in m o st 
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be practically as fast even with fifteen 
year old breakers. In this case the con¬ 
tact structure of the old breaker was mod¬ 
ernized with “De-ion Grids” to get the 
benefit of modern high-speed interrupters 
and, particularly, to have a device well 
able to withstand instantaneous reclosure. 

The results of the recent tests on the 
Indiana Public Service system show the 
benefits of single-pole reclosure. Breaker 
reclosing times of from 22.5 to 30 cycles 
were secured. 

Conclusions 

1. The fundamental relay problem in¬ 
troduced by single-pole tripping and re- 


clpsing concerns an adequate sensitive 
means of selecting the faulty phase. This 
problem has been solved by utilizing the 
phase-angle shift between two sets of 
■ phase-sequence quantities. 

2. An actual installation of a phase- 
selector relay co-ordinated with a distance- 
type carrier scheme has been made and 
tested with very satisfactory results, 

3. It was observed that the breakers 
showed no outward display during any of 
the tests, indicating the suitability of 
the combination of modern “De-ion Grid" 
interrupters and fast-redosing solenoid 
mechanisms for this duty. Adequate con¬ 
tact travel was secured before the breaker 
was redbsed, thus providing ample tjmp 


for the fault arc to become de-energized, 
without crowding these operations to the 
limit as would be required for maintaining 
stability when opening all three poles. 
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cases very short, thus high speeds of 
circuit-breaker reclosing are dictated. 
The reclosing time is measured from the 
time the breaker trip coil is energized 
until the breaker has opened, and the 
contacts are again closed. Commercial 
breakers are available today with reclos¬ 
ing times of 35 and 20 cycles at 138 kv on 
a 60-cycle per-second basis, and several 
installations employing breakers using 
such reclosing speeds are in service. 
The limit to which the reclosing time 
may be shortened depends upon breaker 
opening time and the speed attainable 
with reclosing mechanisms. One other 
factor, the actual deionizing time of the 
arc is of primary importance, since noth¬ 
ing will be gained if the circuit breaker is 
reclosed before the arc path has de¬ 
ionized, for the fault would then restrike 
after reclosure. Table I gives approxi¬ 
mate data (obtained from tests on typical 
systems) of the minimum reclosing time 
permissible without re-establishment of 
the arc. These deionizing times are of 
course variable, depending upon line 
design, wind conditions, and so on, and 
the figures of Table I are to be taken as 
typical of expected results under average 
conditions. 

The foregoing discussion has assumed 
simultaneous tripping and reclosing of 
all three circuit-breaker poles which will 
be referred to in this paper as gang- 
operated or three-pole reclosing. In all 
discussions of high-speed reclosing per¬ 
taining to line sections having sources of 
power at both ends, simultaneous opera¬ 
tion of the circuit breakers at both ends 
of the tr ansmis sion line is assumed, since, 
otherwise, the de-energized time of the 
Imp would be shortened, and the possi¬ 
bility of restriking would be increased. 
Simultaneous tripping is accomplished 
by pilot-wire or carrier-current relaying 
or, when possible, by setting high-speed 
impedance-type relays to cover the en¬ 
tire line section. 

Utilizing high-speed relays and gang- 
operated breakers and the high speeds of 
redosure mentioned above, cases will 
arise in which the desired power cannot 
be transmitted without loss of stability 


Figure 1. Comparison of transient power 
limits on a hypothetical system using gang- 
operated and single-pole 8-cycle breakers 
for reclosing speeds of 35 and 20 cycles 

(a) Sending-end power-angle curve be¬ 
fore fault occurs 

Ob) Sending-end power-angle curve during 
single line-to-ground fault 
(c) Sending-end power-angle curve with 
one phase switched out of service 

during fault conditions. A step toward 
raising the transient power limits, be¬ 
yond three-pole reclosing, may be 
achieved by single-pole reclosing of circuit 
breakers. Single-pole reclosing consists 
of op enin g only the breaker pole con¬ 
nected with the faulty phase and reclos¬ 
ing this pole after the fault has cleared. 
Single-pole reclosing has application only 
to grounded-neutral systems. An in¬ 
crease in the transient stability limit is 
realized as compared with gang opera¬ 
tion, since a considerable amount of 
power may be transmitted over the sound 
phases while the faulty phase is isolated. 
For a given amount of power transmitted 
over a particular transmission line, the 
permissible de-energized time to main¬ 
tain synchronism is appreciably longer, 
if single-pole reclosing is used as com¬ 
pared with three-pole operation. Hence, 
in very high-voltage systems where speeds 
too fast for adequate arc clearing might 
be required with gang operation, slower 
speeds, providing ample time for arc 
clearing may maintain stability condi¬ 
tions if single-pole reclosing is used. 

The actual gain in transient-stability 
limit realized with single-pole operation 


Table I. Typical Arc Deionizing Times 


Nominal 

System 

Voltage- 

(Kv) 

Deionizing 
Time for 
95% of Faults 
(Cycles on 
- 60-Cycle 
Basis) 

Minimum 
Permissible 
Reclosing 
Time With 
Eight-Cycle 
Breakers 

Minimum 
Permissible 
Reclosing 
Time With 
Five-Cycle 
Breakers 

23.. 


...12 ... 

.... 9 

46.. 

.5 .... 

• ••13 1 1* 

....10 

69.. 


...14 ... 

..;.ll 

115.. 

• • * •» 3*5* • *■ • 

.. .16.5.... 

....13.5 

138.. 


• • a IS • • • 

....15 

161.. 


...21 ... 

....18 

230.. 


••*20 ••• 

....23 


can be visualized by reference to Figure 1. 
This figure shows power-angle diagrams 
for a typical system, illustrating the rela¬ 
tive transient-stability limits obtained 
with 35- and 20-cycle, three-pole and 
single-pole reclosing. The curves were 
drawn for a hypothetical single-machine 
station feeding a high-voltage line termi¬ 
nating in a very large system, assumed to 
have infinite inertia. The curves serve 
to illustrate qualitatively the expected 
increase in transient limits and the rela¬ 
tively large amounts of power which can 
be transmitted over the unfaulted phases 
while one phase is open. 

Application 

The principal transmission lines of the 
Public Service Company of Indiana, Inc., 
including the major interconnections 
with neighboring companies, are shown 
on the map of Figure 2. The principal 
generating stations of the Public Service 
Company of Indiana, Inc., are at Dresser 
and at Edwardsport. Considerable gen¬ 
erating capacity is available at Indian¬ 
apolis, through the interconnection with 
the Indianapolis Power and Light Com¬ 
pany, and from the south through inter¬ 
connection with the Cincinnati Gas and 
Electric Company. Interconnection is 
inflflfs at Muncie and Kokomo with the 
T ridianfl. section of the American Gas and 
Electric system. 

Figure 3 shows in greater detail the 
Lenore-Newcastle—Muncie interconnec¬ 
tion installed during the past year which 
is the principal subject of this discussion. 
Approximate generating capacity at the 
major points of application to the inter¬ 
connected system is indicated on Figure 
3. The, Indiana section of the American 
Gas and Electric system is extensive and 
includes a multiplicity of sources of 
generation, so that the generation at 
Muncie has not been assigned a definite 
cipacity. 

The Lenore-Newcastle line, a part of 
the new interconnection, was also built 
to supply firm power to the load at New¬ 
castle; the required capacity of the line to 
be at least 50,000 kva. The Newcastle- 
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Figure 2. Major high-voltage 
interconnected lines of the 
Public Service Company of 
Indiana/ Inc. and neighboring 
systems 


Muncie line was proposed to provide an 
interconnection, ordinarily floating, be¬ 
tween the Public Service Company of 
Indiana, Inc., and the American Gas and 
Electric system. Under emergency con¬ 
ditions interchange of power in either di¬ 
rection is permitted. The Lenore- 
Newcastle line and the Newcastle- 
Muncie line are now single-circuit lines. 
The Lenore—Newcastle line is ultimately 
planned to be double circuit, as indicated 
by the tower structure shown in the 
photograph of Figure 4. The line is de¬ 
signed to have nine insulator units used 
in suspension and eleven insulator uni ts 
used in strain. The single ground wire 
now installed on this structure is three- 
strand, Vg-inch galvanized steel conduc¬ 
tor. The line conductors are 300,000 
circular-mil copper. The line route is 
east and west over relatively flat terrain, 
and the tower-footing resistances test 
well under five ohms. 

Other circuits parallel the new line 
from Indianapolis to Muncie, as shown 
in Figure 2. The existing ties are, how¬ 
ever, relatively weak and of high im¬ 
pedance. If an interruption should oc¬ 
cur on the Lenore-Newcastle line while an 
appreciable block of load were being 
transmitted over the line to Newcastle, 
the paralleling ties through Noblesville, 
Kokomo, and Marion would not be able 
to pick up the load, because of their high 
impedance, and instability would occur. 
Consequently, it is of prime importance 


to keep the Lenore-Newcastle line in con¬ 
tinuous operation. Although the line is 
designed to be relatively Hghtning-proof, 
some interruptions of the Newcastle 
supply would inevitably result unless 
means were taken to re-establish the line 
immediately following an interruption, 
and before instability could occur. Con¬ 
sequently, high-speed reclosing was con¬ 
sidered necessary to keep interruptions 
to the Newcastle load at an absolute 
minimum. 

The 138-kv line from Newcastle to 
Muncie is provided with 20-cycle reclos¬ 
ing circuit breakers, 1,500,000-kva inter¬ 
rupting capacity, at each end of the line 
section. Conventional carrier-current re¬ 
laying is used for both ground and phase 
relaying. The circuit breakers are con¬ 
ventional eight-cycle breakers and are 
equipped with gang-operatedmechanisms. 

Both gang-operated (three-pole) re¬ 
closing and single-pole reclosing were con¬ 
sidered for the line from Lenore to New¬ 
castle. Speeds of reclosing of 35 cycles 
and 20 cycles were considered. Table 
II gives the results of calculations made 
to determine the transient power limits 
for both speeds of redosure considered 
and for both gang-operated and single¬ 
pole reclosing. Simultaneous tripping 
(and reclosing) of two circuit-breaker 
poles was assumed in the calculations for 
faults involving two-line conductors. 
With the type of construction used, a 
very high percentage of the faults will 


originate and persist as single line-to- 
ground. Primary consideration was con¬ 
sequently given to the transient power 
limits achieved during single line-to- 
ground fault conditions. Breakers and 
mechanisms for 35-cycle single-pole re¬ 
closing can be obtained at approximately 
the same price as breakers and mecha¬ 
nisms for 20-cycle gang-operated re¬ 
closing. The figures of Table II show 
considerably higher transient power limits 
during single line-to-ground faults for 35- 
cycle single-pole reclosing than the limits 
achieved using 20-cycle gang-operated 
reclosing. The power limits for 20-cycle 
single-pole reclosing are yet higher, but 
it was felt that the gain in power limits 
on this application did not justify the 
considerable increase in cost for higher- 
speed breakers and mechanisms. On the 
basis of this comparison, 35-cycle single¬ 
pole reclosing was adopted for the line 
section. 

Existing 138-kv breakers at the Lenore 
end of the line were provided with 35- 
cycle single-pole reclosing mechanisms. 
A new breaker was installed at the New¬ 
castle end of the line—a 138-kv, 8-cycle 
1.5-million-kva unit, equipped with a 35- 
cycle reclosing mechanism on each pole. 
Carrier-current relaying is used to per¬ 
mit simultaneous operation of the 
breakers at the two ends of the line. The 
phase relaying is of conventional type, 
and it was necessary to develop a new 
ground-relaying scheme to select the 
faulted phase. The scheme for selecting 
the faulted phase is described in a com¬ 
panion paper by S. L. Goldsborough and 
A. W. Hill. 1 The equipment is designed 
to operate as follows: 

For single line-to-ground faults the breaker 
pole connected to the faulted phase at each 


Table II. Calculated Transient Power Limits/ 
for Single-Pole and Three-Pole Reclosing, at 
20 and 35 Cycles, Using 8-Cycle Breakers 
With Carrier-Current Relaying 


Breaker Comparative 
Operation Transient 

-- Power 

Be- Limits 

clos- -—— 

Type of Ing Type of Mega- 1 Per 
Item Fault Time Reclosing watts Cent* 


Statf. line- /fol 0 "*.{ lt\l !“ 

Doubleltas- /so } .{ 91*1 ,28 

to ^1“}start«-pota.{ «•* U4 

^{Threptata. ..{™;J 100 


♦Transient power limit obtained with 35-cycle 
gang-operated breakers taken as 100 per cent for 
each type of fault. 
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end of the line is tripped and reclosed. If 
the fault persists after redosure, aU breaker 
poles are tripped and locked out. All 
breaker poles are tripped and locked out for 
all faults involving more than one conductor. 

On most future installations of single- 
pole reclosing it is expected that two poles 
will be tripped and reclosed for two-phase 
faults, and three poles tripped and re¬ 
closed for three-phase faults, but such 
operation is not necessary on the Le- 
nore-Newcastle installation at the pres¬ 
ent time. 

Figure 5 is a photograph of the new 
138-kv breakers at the Newcastle sub¬ 
station equipped for single-pole reclosing. 

Tests 

Extensive field tests were made on the 
system of the Public Service Company 
of Indiana, Inc., on March 16, 1941 and 
were primarily intended to check the 
f unc tioning of the relays • and reclosing 
equipment. Two oscillographs were sta¬ 
tioned at Lenote to record simultaneously 
the following quantities: 

Phase currents in the Newcastle line. 
Residual current in the Newcastle line. 
Carrier signals at Lenore. 

Lenore 138-kv bus voltages. 

Phase C voltage on the line side of the New¬ 
castle line breaker at Lenore. 

Phase C current in the Dresser line. 

Phase C current in the Indianapolis Power 
and Light Company line. 

Phase C current in the Lenore condenser. 
Phase C current in the Columbia line. 
Residual current in the Lenore transformer 
neutrals. 

Travel for the reclosing breakers. 

Trip coil currents for the redosing breakers. 


Two oscillographs were stationed at 
Newcastle to record the following: 

Phase currents in the Lenore line. 

Residual current in the Lenore line. 

Residual current in the Muncie line. 
Residual current in the Newcastle trans¬ 
former neutral. 

Carrier signals at Newcastle. 

Phase C voltage on the line side of the Le¬ 
nore breaker. 

Travel of the reclosing breakers in the 
Lenore line. 

Trip coil currents of the Lenore and Muncie 
line breakers. 

Additional oscillographic records were 
obtained by the American Gas and Elec¬ 
tric Service Corporation at Muncie. 

Faults were applied to the system at the 
points marked as Fi, Fa, Fa, and F< in 
Figure 3. The fault locations and types 
of faults were selected to provide a com- 
prehensive test for the relays, reclosing 
mechanisms , and breakers associated with 
the Lenore—Newcastle line. Since it was 
necessary to run the staged tests on a 
Sunday, during system light-load condi¬ 
tions, the tests could not indicate directly 
the ultimate transient-power limits which 
can be achieved. Indirectly, however, 
the records should provide a very good 
indication of stability conditions by show¬ 
ing the disturbance to the system ini¬ 
tiated by the fault. 

The complete test schedule is outlined 
in Table III. Arcing faults were ini¬ 
tiated by closing a circuit breaker which 
connected a line conductor to ground 
through a fine wire suspended across an 
insulator string. The arc resulting when 
the switch was closed is shown in Figure 
6. Solid faults were also initiated by the 
closing of a breaker. 


Test Results 

The tests were entirely successful, the 
single-pole redosing relays and breakers 
operating satisfactorily in all tests. Typi¬ 
cal of the performance recorded for all 
tests, the Newcastle breaker in tests 1 and 
2 interrupted 1,300 amperes in six cydes 
after initiation of the fault and four cycles 
after energization of the trip coil. The 
line remained de-energized 19 cydes be¬ 
fore redosure, giving a redosing time of 23 
cydes. The breaker remained dosed on 
the arcing fault of test 1 but tripped a 
second time and locked out on the solid 
fault of test 2. The redosing times for the 
Lenore breakers were somewhat longer, 
averaging about 29 cycles, but still well 
under the nominal 35 cycles. A typical 
oscillogram is given in Figure 7, which is 
one of the oscillograms taken during test 
12 of Table III. The total reclosing time 
of the Newcastle breaker is shown to be 
approximatdy 25 l /s cydes. The breaker 
interrupted the fault in 5 1 /* cycles after 
fault inception and 3 l A cydes after trip- 
coil energization. Trace number 9 shows 
a flow of residual current for 31 cycles, 
indicative of the redosing time at Lenore. 
The times to arc extinction and redosure 
were remarkably consistent on all tests. 
It is of interest that in test 3 the three-pole 
20-cycle redosing breaker at the New- 



Figure 4. Tower construction and conductor 
arrangement of Lenore-New Castle 132-kv 
line 
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Figure 5. Close-up of 132-kv single-pole 
reclosing breakers at New Castle substation 

castle end of the Newcastle-Muncie line 
reclosed on the arcing fault on the Muncie 
line in approximately 17 cycles (because 
of adjustment for faster reclosing speed 
than necessary) and the arc restruck. 
This performance may indicate that timps 
of reclosing less than 20 cycles cannot be 
used on 138-kv systems. 

The disturbance to the remainder of the 
system on all tests was negligible. On test 
12 the total Newcastle load, 40,000 kw, 
was supplied over the Lenore-Newcastle 
line, with all paralleling ties open. No dis¬ 
turbance was noted at Newcastle or other 
points on the system and the oscillograms 
revealed that very little swinging; of the 
Newcastle condensers and other connected 
machines occurred. During this test ap¬ 
proximately 500 amperes residual current 
appeared at the inception of the fault in 
the Newcastle line at Lenore. When the 
faulted phase was opened, before reclosure, 
the residual current in the line at Lenore 
decreased to 85 amperes. The residual 
current in the Muncie line, during the 



Figure 6. Arcing fault initiated by connecting 
a fine wire from line to ground .. 


period that the faulted phase was de-ener¬ 
gized, was so small that it could not be 
accurately scaled from the oscillograms 
but was well under 50 amperes. 

General Discussion 

The field tests demonstrated that the re¬ 
laying scheme developed to .select the 
faulted phase, trip the breaker pole con¬ 
nected to the faulted phase, and reclose 
the breaker, functioned properly for both 
arcing and solid faults. The scheme also 
operated properly for single-phase faults 
and for faults involving more than one 
phase. The Lenore-Newcastle line has 
not had an automatic-breaker operation, 
other than during the test program, since 
the line was put in service even though a 
rather severe lightning season lias been 
experienced, and neighboring lines in the 
same territory have suffered several inter¬ 
ruptions. The past year’s experience in¬ 
dicates the adequacy of the line design to 
minimize the occurrence of faults caused 
by lightning. 

Calculations indicate that single-pole 
reclosing results in considerably higher 
transient power limits than can be 
achieved with three-pole reclosing, if due 
consideration is given to the high percent¬ 
age of single line-to-ground faults, the rel¬ 
atively small percentage of faults involv¬ 
ing two-phase conductors, and the very 
small percentage of three-phase faults oc¬ 
curring on a well-designed transmission 
line equipped with apparatus to provide 
high-speed clearing of faults. The curves 
of Figure 8, calculated for an assumed sys¬ 
tem consisting of a 50,000-kva water¬ 
wheel generator feeding into an infinite 
system (compared to the 50,000-kva sta¬ 
tion) over a single 138-kv line, illustrate 
the relative transient-power limits at¬ 
tained with single-pole reclosing for single 
line-to-ground faults (curves a), double 
line-to-ground faults (curves b ), and three- 
phase faults (curves c). Two assumed 


1. /4-phase bus potential 

2. /4-phase line current 

3. /4-phase breaker trip current 

4. /4-phase breaker travel 

5. 8-phase bus potential 

6. 8-phase line current 

7. 8-phase breaker trip current 

8. 8-phase breaker travel 

9. Lenore line residual current 

speeds of operation were chosen for the 
calculations: 4-cycle fault clearing with 
20-cycle reclosing (the solid curves), and 
8-cycle fault clearing with 35-cycle re¬ 
closing (the dotted curves). Length of 
line connecting the systems was varied to 
show the effect of change in system 
‘ ‘through’ ’ reactance. Similar curves cal¬ 
culated for a 250,000-kva steam turbine- 
generator station feeding into an infinite 
system over a 138-kv line are given in 
Figure 9. It is not strictly correct to com¬ 
pare curves a and c in these figures, for 
example, to show the improvement in 
power limits obtained by using single-pole 
rather than three-pole reclosing, since 
curves a assume a single line-to-ground 
fault and curves c assume a three-phase 
fault. The error in direct comparison lies 
only in the fault severity before the fault 
is cleared, a factor largely concealed by 
the number of phases opened before re¬ 
closure and the time of de-energization of 
the line. 

In the above paragraphs the principle 
of. single-pole reclosing has been described 
and its advantages with respect to tran¬ 
sient stability pointed out. Other advan¬ 
tages accrue from its use, but single-pole 
reclosing must not be considered as a pana¬ 
cea for all transmission-line problems. 
Other methods of improving transmission¬ 
line operation with respect to transient 
stability limits and service continuity are 
available, and the choice of apparatus or 
method will be a function of several vari¬ 
ables in each individual case. 

The use of ground wires to prevent 
transmission-line outage has widespread 
acceptance. It is not economical to de- 
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Figure 8. Comparison of transient stability 
limits with 35- and 20-cycle single-pole re- 
dosing for a 50,000-kva water-wheel genera¬ 
tor feeding an infinite system over a 138-kv 
line 

-20-cyde single-pole reclosing 

-35-cycle single-pole reclosing 

(a) Single line-to-ground fault 
(£>) Double line-to-ground fault 
(c) Three-phase fault 


sign lines to completely eliminate fault 
occurrence, although in the higher-voltage 
classes, this ideal may be approached. If 
a line is being operated near its stability 
limit, or if the few faults occurring on a 
well-designed line are objectionable from 
the standpoint of service continuity, high¬ 
speed reclosing, either gang or single pole 
operated, may be used to advantage. It 
is expected that single-pole reclosing will 
find considerable application on existing 
tr ansmiss ion lines, even those lines de¬ 
signed to be relatively lightning proof, 
particularly as line loads increase and the 
present transient stability limit is ap¬ 
proached. On new lines, the economic 
choice between high-speed reclosing and 
other means for improving performance 
will depend upon line length, soil condi¬ 
tions, stability considerations, line costs, 
and so on. 

Single-pole reclosing can be compared 
to the result achieved with the ground- 
fault neutralizer in that its salient advan¬ 
tage applies for single Une-to-ground faults. 
On well-designed high-voltage transmis¬ 
sion lines a large percentage of all faults 
are single line-to-ground in nature, and 
practically all faults originate as single 
Hne-to-ground. Single-pole operation to 
dear single line-to-ground faults will, in 
most cases, indude two-pole operation for 
double line-to-ground faults and gang- 
operated redosing for phase-to-phase 
faults. This extension leaves one pole at 
each end of the line connected during the 


Table III. Schedule of Single-Pole Reclosing 
Tests, Public Service Company of Indiana 
March 16,1941 


Fault 

Test Loca- Type System 

No. Time tion* of Fault Conditions 


1.. 8:01 a.m.. .F* 


2.. 8:57 sum.. • Ft 

3.. 9:40 a.m... Ft 


4. .11:23 a.m.. .Fi 


5. .11:43 a.m.. .Ft 


0. .12:20 p.m... Fi 


7. .12:62 p.m... Ft 
8.. 1:31 p.m... Fi 


9.. 2:10p.m...Fi 


10.. 2:35 p.m... F, 


11*.. 8:16p.m.. .Ft 


12.. 8:31 p.m.. .Ft 


! Phase C to 
ground-arc¬ 
ing 

fPhase C to] 
j ground- 
( solid 
Phase C to i 
ground- 
arcing 

Phase C to 
ground- 
solid 


fPhase C to] 

< ground- 
( solid 

Phases 3 and ] 
C to ground- 
solid 

r Phases 3 and ] 

I C to ground- 
( solid 

Phases 3 and) 
C tied!- 
solidly ) 
Phases 3and) 
C tied!" 
solidly ) 
Phase C to) 
ground-!" 
solid ) 


(Phase A to j 
■j ground-! 
( arcing ) 

(Phase A to ) 
■j ground-! 
( arcing ) 


/Normal 
I megawatts, 
' Lenore to 
j Newcastle. 
[Muncie 
'line closed 

. Normal 


, Normal 

ffl.P.andL. 

open, 

Muncie-- 

Newcastle 

open 

f fl.P. and L. 
open, Co- 
1 'umbia 
open at 
Columbia 

and L. 
open 

ffl- P- and L. 
open, Mun¬ 
cie — New¬ 
castle open 


, Normal 


, Normal 


, Normal 

f All parallel¬ 
ing ties 
open, 11 
megawatts 
from Le- 
nore to 
Newcastle 
f All parallel- 
ing ties 
open, 40 
megawatts 
from Le- 
nore to 

XT awino off a 


♦See Figure 8. 

flndianapolis Power and Light Qompany. 


double line-to-ground fault to achieve 
some increase in transient stability limits. 
The installation described in this paper 
does not include individual pole operation 
for any faults other than single line-to- 
ground for reasons indicated above. 

Compared with ground-fault neutral¬ 
izers, single-pole reclosing clears ground 
faults without the necessity of operation 
with two-phase wires at full line-to-line 
voltage above ground, saves the cost of 
neutralizers, and permits the use of 
grounded-neutral transformers and light¬ 
ning arresters so that better lightning pro¬ 
tection of equipment connected to the 
transmission system is attained. Dining 
single line-to-ground faults, however, sin¬ 
gle-pole reclosing involves imbalances, and 
as much power cannot be transmitted dur¬ 
ing a line-to-ground fault condition as can 
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MILES OF .138 KV LINE 


Figure 9. Comparison of transient stability 
limits with 35- and 20-cycle single-pole re- 
doting for a 250,000-kva turbine-generator 
station feeding an infinite system over a 138- 
kv line 


-20-cycle single-pole reclosing 

-35-cycle single-pole reclosing 

(a) Single line-to-ground fault 
Ob) Double line-to-ground fault 
(c) Three-phase fault 


be transmitted with neutralizers. During 
faults involving more than one phase, the 
redosing provides a possibility of main¬ 
taining stability not enjoyed by the neu¬ 
tralizer system. It is probable, in view of 
the above comparison, that single-pole re¬ 
closing will find preference over neutral¬ 
izers, particularly on major high-voltage, 
single-circuit, interconnecting lines. 

As a general comparison for a single¬ 
circuit line, the conventional system has 
zero-power transmitting ability through 
all faults; the neutralizer system will have 
no outages for transient single line-to- 
ground faults (about 70 per cent of all 
faults), but will result in outages for all 
other faults; single-pole redosing can be 
applied to have no outages for all self- 
dearing faults. The advantages of single¬ 
pole reclosing oyer three-pole redosing are 
minimized if the transmitted power is 
kept low enough so that no outages occur 
for self-clearing three-phase faults, al¬ 
though there is still the advantage of less 
shock to the system during the more Com¬ 
mon single-phase and two-phase fault 
conditions. The higher the probability of 
single line-to-ground fault occurrence, 
compared to multiphase faults, the greater 
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is the advantage of using single-pole re- 
dosing. High-speed reclosing can be used, 
either three-pole or single-pole, to prevent 
outages for all types of self-dealing faults, 
a very high percentage of all faults. 

In all applications of high-speed reclos¬ 
ing, the desired power limit, the prob¬ 
ability of fault occurrence, the probability 
of the type of fault, and the percentage of 
time during which the line is expected to 
operate at the maximum stability limit 
should be considered in dete rminin g the 
speed of redosure and the type of redos¬ 
ing (three-pole or single-pole) to be ap¬ 
plied. 

Although this discussion has been con¬ 
fined largdy to the application of redos¬ 
ing on single-circuit lines, it should not be 
inferred that reclosing (both three-pole 
and single-pole) does not have applica¬ 
tion to multicircuit systems. The use of 
redosing on power lines can be considered 
as an alternative to the addition of paralld 
circuits to obtain a desired transient sta¬ 
bility limit. In many cases, this will re¬ 
sult in large savings of capital invest me nt. 
Single-pole redosing shows up to particu¬ 
lar advantage on multicircuit systems, 
for opening one conductor to clear a single 
line-to-groundfault,ineffectmerdy inserts 
a higher impedance in one phase. Ground 
relaying on lines paralleling the faulted 
line must be arranged not to trip on the 
ground current circulated during the 
interval when one or two phases are de¬ 
energized, although relays will usually not 
trip for this condition if they are adjusted 
not to trip during the fault. The ground 
current, while persisting for several cydes, 
will usually be small—depending upon the 
load transferred over the lines, line imped¬ 
ances, and so on. 


The two principal objections offered to 
the use of single-pole redosing, namely, 
the possibility of telephone interference 
created by the flow of ground current dur¬ 
ing the period that one phase is de-ener¬ 
gized, and the possibility of false ground- 
relay operation in adjacent line sections 
caused by the circulation of ground cur¬ 
rent during the de-energized period, were 
not encountered in this installation. It is 
antidpated that neither factor will be 
objectionable in most contemplated in¬ 
stallations, since the ground current re¬ 
sulting from the open phase is small and 
persistsforonlyashorttime. The disturb¬ 
ance to other ground rdaying on the sys¬ 
tem is quite small if good ground sources 
are available at both ends of the faulted 
section. 

The Dresser-Lafayette line shown in 
Figure 2 is now under construction. The 
breakers for this new line will be equipped 
for individual reclosing mechanisms, and 
rdaying for single-pole tripping and re¬ 
closing will be added when the 132-kv bus 
is established at Lafayette. Another new 
132-kv line—to extend from Dresser south 
to Bedford, Indiana, and from there to 
Louisville, Kentucky—will be similarly 
equipped for single-pole redosing. This 
line will constitute a major interconnec¬ 
tion between the Public Service Company 
of Indiana, Inc., and the Louisville Gras 
and Electric Company. 

Condusions 

On high-voltage systems where most 
transmission-line faults are single line-to- 
ground in nature, single-pole redosing pro¬ 
vides higher transient-power limits than 
gang-operated reclosing. This permits 


the transmission of more power over given 
line sections, and permits slower speeds of 
redosure on very high voltage systems 
where adequate time allowance for arc 
dearing becomes of importance. If the 
design of a particular line is such that a 
larger percentage of all faults will be 
double line-to-ground, the advantages of 
single-pole redosing over gang-operated 
redosing are not as pronounced. Single¬ 
pole reclosing will find application on 
multicircuit as well as single-circuit lines. 
Entirdy satisfactory rday and breaker 
operation is indicated from comprdiensive 
tests made in the fidd. 
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Evening Courses at Graduate Levels— 
a Challenge to Colleges of Engineering 

ROBIN BEACH 

FELLOW AIEE. 

• • .1 • . - 


URING the past months with the 
hysteria of war about us and with the 
nation struggling to convert its peace¬ 
time activities into a gigantic war-time 
arsenal of fighting and defense imple¬ 
ments, the most urgent demands have 
been made for a trained personnel. The 
present dearth of technically trained 
workers and skilled artisans has been 
strongly felt in nearly every phase of this 
controversion of industry—ranging from 
the highest levels of engineering research, 
and design, on through the vast varieties 
of supervisory positions in manufacture 
and inspection of materiel, and into the 
front line trenches of industry where plow¬ 
shares are being turned into proverbial 
swords. 

Suddenly, in the dismay of a nation 
afas&fisped to its utter weakness in na¬ 
tional defense because of its years of dis¬ 
regard of preparedness, overnight efforts 
were launched to gear industries into 
high-speed production of war machines 
and their munitions, and to multiply 
national output many times/beyond 
normal. Leaders of industry sought on 
every hand, among the millions of un¬ 
employed, the highly skilled and trained 
personnel by which to double and treble 
their plants and to multiply their manu¬ 
facturing operations. Obviously, ' and 
naturally, these leaders met with dis¬ 
appointments on every hand, as they soon 
found that the personnel which they 
Sought, already trained, was not to be 
had. 

War Demands on 
Tr aining and Education 

Then came the boom in education and 
training, “the gold rush,” if you please, 
to the classroom, the laboratory, the 
drafting and design training rooms. On 
every hand, in every nook and corner, 
national defense training courses sprang 
into being, some of which were fair, some 
indifferent, and some worthless. An at¬ 
tempt was here being made to do the 
impossible—to make up, in a few short 
weeks or months, for the neglects—the 
depreciations—in the discarded ranks of 
labor for the prior years of disuse of 
skilled hands and trained minds. 


For the first time since the halcyon days 
of . 1928 and 1929, the engineering stu¬ 
dents, soon to be graduated, were eagerly 
sought, with few questions asked as to 
their scholastic attainments. Loud lam¬ 
entations were heard because double and 
treble the number of graduates were not 
available. Proposals to shorten college 
curricula were urged in some quarters, 
and in other quarters even outstanding 
junior students were ill-advisedly enticed 
away from their engineering courses. 

During this extreme urgency of em¬ 
ploying all available engineering gradu¬ 
ates, the members of the day classes 
were, for the most part, the ones who were 
readily available. The prospective em¬ 
ployers found these well-prepared young 
men virtually in the ranks of the un¬ 
employed, or at least among the non¬ 
producers. In consequence, their number 
added tangible substance to the personnel 
of industry. Now, if you please, let us 
turn our attention to another source of 
technical graduates—a supply of con- 
siderableand growing numbers, the gradu¬ 
ates of evening sessons from the many 
colleges of engineering throughout the 
urban areas of our land. 

Perhaps in this emergency these young 
men do not appear to personnel recruiting 
agencies to stand forth as prospective 
“knights in shining armor” because they 
have, long since, been employed in in¬ 
dustry and, in consequence, they are 
already in harness, sharing responsibilities 
effectively and intelligently with their 
fellow workers as a result of their educa¬ 
tional attainments. Of these graduates 
from evening sessons in engineering, and 
of the facilities for their training, we hear 
much less than of the conventional facili¬ 
ties for the instruction of day students. 

Night Courses in the 
New York City Area 

Here in the metropolitan New York 
area seven colleges of engineering have 
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been offering evening courses leading to 
baccalaureate degrees. Of these the 
Polytechnic Institute of Brooklyn has had 
a long career in its service to the young 
men of this area, having pioneered in this 
type of engineering education in America, 
and having organized itself for this ad¬ 
ditional sphere of activity as early as 
1904. The curricula and the standards of 
the day and the evening sessions are 
identical. 

In those urban communities where the 
concentration of industry is relatively 
dense, obviously large numbers of young 
technical graduates are found among the 
personnel who are engaged in engineering 
supervision, design and planning, of in¬ 
dustrial research, and of semi-engineering 
activities of countless types. The more 
ambitious of these feel a challenge offered 
to their abilities by the increasingly com¬ 
plex problems which they encounter in 
the rapid march of technological progress. 
They find need for more specific knowl-’ 
edge of engineering science in order better 
to cope with the growing intricacy of elec¬ 
trical systems with which they are en¬ 
gaged. 

It is natural that they should turn to 
the engineering colleges near them in 
seeking advanced education to aid them. 
in the more intelligent pursuit of their 
daily tasks. At this critical period of 
their- professional lives, they know pre¬ 
cisely wherein they lack certain educa¬ 
tional facilities to cope with their new 
and advanced problems. It is then they 
need most the help which graduate study 
can give them. They have already be¬ 
come oriented in the field of their life’s 
work, and perhaps quite a different one 
from that which they envisioned upon the 
day of graduation, so they can now choose 
more intelligently the character of ad¬ 
vanced study which will serve them best. 

The Organization of 
Graduate Courses 

The Polytechnic Institute recognized 
this call for graduate instruction from 
these young men of industry as far back 
as 1925. In a community where so many 
utilities are engaged in the public service 
of electrical communications, of power 
and light, and of transportation, a course 
of basic and common interest to the many 
engaged in these various fields was that of 
advanced electrical-circuit analysis, in 
which the spectrum of frequencies con¬ 
sidered was from commercial power values 
to those then employed in radiobroad¬ 
casting. From this small start, with but 
a handful of students, all eager to learn, 
appreciative of the opportunities offered. 

Electrical Engineering 
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and hoping for additional facilities in such 
evening instruction, we launched upon, 
our program of evening graduate study. 

The results of our adventure into the 
then little explored field of evening 
graduate service have led to the develop¬ 
ment of the present programs of courses 
cuhninating in the master’s and doctor’s 
degrees in electrical engineering. It is of 
passing interest to note that the handful 
of students of the earlier years has grown 
into a registration of about 100 students 
of electrical engineering per year in con¬ 
tinuous attendance throu gho ut the period 
of the past decade. Of more recent years, 
other engineering colleges here in the 
New York area have likewise added even¬ 
ing courses of instruction at the graduate 
level to help in this service of affording the 
facilities of advanced education to the 
thousands of engineering graduates em¬ 
ployed within our metropolitan area. 

The programs of evening graduate 
study may be readily inspected by ref¬ 
erence to the appropriate college cata¬ 
logue. This listing of courses, citation of 
their contents, and enumeration of the 
assigned members of the tea chin g s taff , 
whereas enlightening and informative, do 
not, however, give any indication of the 
problems encountered in the organization, 
administration, and growth of this gradu¬ 
ate service, and of the different emphases 
in the philosophy of education as applied 
to this particular type of education. 

With the hope that the review of some 
of these specific problems which con¬ 
fronted us may be of value or assistance 
to those who are now entering upon 
enterprises of a similar character, the 
author, with apologies for the close per¬ 
sonal nature of these citations, ventures 
to describe those elements which played 
a dominant role in the evolution of our 
present electrical engineering evening 
curriculum. 

After a brief experience with the in¬ 
struction of these graduate evening stu¬ 
dents, several observations served us well 
in establishing subsequent procedures of 
organization and administration for this 
type of instruction. We found that these 
young men differed from the conventional 
graduate students of the day session in a 
number of essential characteristics. Most 
of them had the advantage of from three 
to five years, or more, of engineering ex¬ 
perience which provided them with the 
motivating urge to develop further their 
mental facilities through evening study 
in advanced courses. These young men 
were matured, serious, and purposefully 
minded. They recognized in these op¬ 
portunities for graduate instruction a 
possible means of enabling them to rise 
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more rapidly above their present engineer¬ 
ing status. 

Many of them were engaged in various 
advanced phases of electrical engineering 
work, frequently of the industrial research 
type, wherein they discovered their 
knowledge to be deficient in meeting ef¬ 
fectively, and with necessary dispatch, the 
problems of the day. They too often 
realized this disadvantage when attempt¬ 
ing to study collateral bibliography be¬ 
cause of their unfamiliarity with the vari¬ 
ous branches of advanced mathematics 
which they repeatedly encountered. 
Therefore, they sought a knowledge of 
advanced mathematics and a facility 
with its applications to a wide variety of 
electrical problems, as well as a thorough 
training in the more theoretical phases of 
electrical science—all to equip them with 
the ability to appreciate and’ to under¬ 
stand the literature in their respective 
fields. In addition, they expected that 
their increased knowledge at these higher 
levels of engineering and scientific at¬ 
tainments would provide them with the 
facility of technical expression by which 
they, in turn, would be enabled some day 
to contribute to engineering literature. 

One of the prerequisites, or gratifications, 
granted to thdse of us who are in close 
association with this type of educational 
enterprise, is to observe the realization of 
the hopes of these young men to achieve 
such objectives and to actually con¬ 
tribute technical papers of commendable 
character to the various engineering and 
scientific periodicals. In fact, such 
achievements might well serve as an ef¬ 
fective measure of the performance of 
these young men at the graduate levels 
of education. 

The Instructor 

It may appear trite and needless repe¬ 
tition to put into words the personal, in¬ 
dustrial, and scholastic qualifications, the 
specifications, if you please, for instruc¬ 
tors who contemplate this type of grad¬ 
uate teaching; but be assured that no 
phase of organization in this endeavor 
stands paramount to that of the selection 
of the most capable and highly qualified 
engineering educators. For the instructor 
of evening graduate students to enjoy 
the fruits of success in his endeavors, he 
should possess a rich, full educational 
background in the broader aspects of 
general engineering and, of course, he 
should be a master in the restricted con¬ 
fines of his primary interests. This 
should be supplemented with the invalu¬ 
able experience to be gained from a period 
of engineering service in industrial prac- 
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tice in order to become intimately con¬ 
versant with the varieties of problems of 
industry relating to his special field. He 
will then have a clearer perspective of the 
objectives of his instruction. The educa¬ 
tional facilities of his courses will also 
serve his students better in meeting their 
urgent day-to-day needs, and they will 
also help to provide a more technically 
trained personnel for industry. 

On the personal side, this instructor 
should have a cordial respect for the 
aspirations, the motivating influences, 
and the eagerness for learning of these 
evening students. His prestige as a scien¬ 
tist, an engineer, and an educator should 
invite a warmth of response from his 
class members. He should be their in¬ 
spiring and cultural leader, and an en¬ 
thusiastic proponent of this type of co¬ 
operative education. Nothing short of 
these essential attributes of the capable 
graduate instructor will meet with more 
than mediocrity in this challenging ven¬ 
ture of higher education. 

Those individuals in graduate engineer¬ 
ing education who possess these requisite 
qualifications for teaching are indeed 
rare. This situation exists largely as a 
result of the natural and inexorable eco¬ 
nomic law of supply and demand. The 
prospective young teaching initiates— 
those exceptional young men of high 
scholastic attainments who can perform 
and think effectively at the doctorate 
level and who possess the many other at¬ 
tractive attributes of a cultured scientist- 
engineer are urgently importuned to re¬ 
main in the industry wherein they are 
serving their internships in acquiring the 
practical experience prerequisite to teach¬ 
ing. Why shouldn't industry want to re¬ 
tain the services of such promising young 
men? If the graduate classrooms and 
research laboratories of our colleges of 
engineering are to be graced with the 
capabilities of these industrially groomed 
proteges of advanced engineering educa¬ 
tion, obviously such prospective young 
teachers can only be induced back to the 
campus by sufficiently attractive rewards. 
Industry pays them their current market 
worth. Do we expect them to sacrifice 
their careers in industry to teaching for 
less? Some apparently do. 

Colleges have been known to accuse 
industry of unethical practices of compe¬ 
tition when they have been frustrated in 
their attempts to employ these highly 
educated scientist-engineers by unat¬ 
tractive offers of salary. The problem ap¬ 
pears to be one of justifiable competition 
in the open market of personnel. If we 
seek gems, we must be prepared to meet 
their market values. Perhaps the colleges 
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are not overly ethical at times in barter¬ 
ing too low for highly qualified engineering 
teachers. In our perplexing problems of 
personnel, of which we have had many, we 
found industry genuinely co-operative in 
its willingness to help. Many of the in¬ 
dustrial leaders are farsighted in such 
matters. They envision that their re¬ 
search and design engineers of tomorrow, 
their future executives as well, are the 
offspring, let us say, of university ad¬ 
ventures in the higher technical educa¬ 
tions of today. In consequence, they 
want these prospective employees taught 
with utmost thoroughness. They would 
prefer the colleges of engineering to ad¬ 
minister the basic instruction, but be¬ 
cause they have not found the graduates 
well grounded in basic science and engi¬ 
neering, a number of the larger companies 
have felt impelled to do the job themselves 
concurrently with their inductive training 
for specialized branches of service. 

As though to lend support and credence 
to this implied malignment of the in¬ 
competence of instruction, how often do 
we see the graduate instructor who is, 
figuratively, but a hop, skip, and jump 
ahead of his class—the instructor who 
can lay claim to no achievements in his 
sphere of technical activity? He is re¬ 
stricted in his services by a lack of 
knowledge and facility with mathe¬ 
matics; he is circumscribed by a “low 
ceiling” of vision in his specialized field; 
and he has literally a complete “black¬ 
out” of knowledge in the general field of 
engineering and science. How can the 
instructor who has achieved no success 

figure 1. The organization chart for the 
electrical-engineering department. Polytechnic 
Institute of Brooklyn, showing the lines of 
delegated responsibilities 


at the levels of graduate endeavor, lead, 
inspire, or encourage his students to the 
attainment of what he, himself, has been 
unable to attain? 

The Administrator 

The administrator of an active, well- 
organized department finds himself with 
a full-time job of attending to its manifold 
activities. His services to the college and 
to his department divide themselves into 
two major lines of responsibility. On the 
one hand, the dispatch of the minutiae of 
normal routine—in trying to keep the 
multiple divisions of the department’s 
activities progressing smoothly and ef¬ 
fectively—constitutes his most time-con¬ 
suming, but lesser important, function, 
while on the other hand, his major ad¬ 
ministration, and the one by winch his 
competence is primarily judged, is his 
leadership in engineering education. Does 
he promote high standards of instruction; 
does he stimulate in the students and 
faculty members inspiring ambitions; 
and does he encourage in his associates 
the joy of planning for future develop¬ 
ments and achievements? 

In the execution of his duties he has 
probably discovered by experience how 
much more satisfaction is derived through 
the sharing of certain groups of these 
responsibilities with the fellow members 
of his staff. At the Polytechnic Institute, 
this plan has been effectuated in the elec¬ 
trical engineering department through 
the organization of three divisions—the 
power division, the communications divi¬ 
sion, and the graduate and research 
division. The organization and functional 
chart which shows the lines along which 
the department has developed over a 
period of years is portrayed in Figure 1 to 


indicate the major divisions of delegated 
responsibility. In each of these, further 
delegations of duties are carried down 
even to the grade of assistants and gradu¬ 
ate fellows, so that everyone on the staff 
has his part in the administration of duties 
commensurate with his position and in 
addition to his major function of service. 

In this paper we are primarily con¬ 
cerned with the organization of the 
graduate and research division which co¬ 
ordinates and administers all matters per¬ 
taining to the evening graduate courses 
and to programs of research. The organi¬ 
zation chart for this division is shown in 
Figure 2 to illustrate the lines of responsi¬ 
bilities here. Under this plan each mem¬ 
ber of the staff is charged with definite 
duties of a restricted scope which he is 
encouraged to administer within a cer¬ 
tain degree of autonomy. His efforts and 
accomplishments are given full recogni¬ 
tion, and his initiative and enterprise are 
factors which are considered in his ad¬ 
vancement. Ideas and plans for improve¬ 
ments in the service of the division are 
dis cussed in meetings of its personnel, and 
when necessary department meetings are 
held to discuss the broader aspects of 
those plans and proposals wherein the 
composite judgment of the staff members 
is desired. 

The department head co-operates to 
his fullest extent in trying to relieve the 
staff members of the graduate division 
from any arduous duties of administra¬ 
tion that will unduly distract their at¬ 
tentions from their graduate and research 
endeavors. He should recognize that 
needless distractions from their absorbing 
problems demoralize their interests and 
dissipate their efforts. Among the ad¬ 
ministrative problems which he may find 
at times almost insurmountable, and 
which have their origin in just such dis¬ 
tractions and interruptions, are those of 
providing required space facilities, of 
acquiring expensive pieces of necessary 
specialized apparatus, and of securing 
adequate and capable mechanician serv¬ 
ices and laboratory assistants. These 
problems arise largely, of course, because 
of inadequate appropriations—a subject 
mentioned with respect and without com¬ 
ment. 

A word of caution which the adminis¬ 
trator should impart to all instructors of 
evening graduate courses is that of urging 
them to so, allocate their time as to pro¬ 
vide unfailingly for adequate preparation 
of all phases of their course notes. The 
lure of research must not be allowed to 
unbalance their sense of proportion. 
Unpreparedness for a session is no less 
disastrous to the success of the course 
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than is incompetence. The young mpn 
of industry who enroll for graduate study 
are making sacrifices of their marginal 
time, and, too, they are paying well for 
the privilege. They have confidence in 
the integrity of their neighboring engineer¬ 
ing college to provide instruction of the 
highest quality. The administrator of 
the courses should make doubly certain 

Table I. Showing the Groups of Courses in 
the Graduate Program of Electrical Engi¬ 
neering Leading to the Master's and Doctor's 
Degrees, Polytechnic Institute of Brooklyn 


G619 Introduction to the Theory of Func- (M) 
tions 

G351 Analysis of Transient Phenomena (M) 
(Pre G619) 

G625 Vector Analysis (M) 

0353 Electromagnetic Theory (Pre G625) (M) 

0357 Theory of Electrical Measurements* 

Major Course Groups 

, Power 

0361 Power Transmission and Distribution 
Theory 

0363 Advanced Alternating-Current Machinery* 
0367 Design of Electrical Machines* 

EEW-254 Protective Relaying of Power Systems* 
G731 Dynamics of Machines and Vibrations* 
0740 Advanced Thermodynamics 
G741 Steam Power Plants* 

,0743 Steam and Gas Turbines* 

Communications 

0371 Theory of Electronic Tubes and Their Cir¬ 
cuits 

EEW-293 Design and Application of Electronic 
Tubes* 

G373 Transmission Network and Filter Theory* 
0377 Advanced Network Theory* (Pre G619. 
G873, G627, G351) 

0384 Ultra-High Frequency Theory* (Pre G353) 
G355 Conformal Mapping* (Pre G619) 

Electrophysics 

G837 Introduction to Theoretical Physics 
G627 Fundamentals of Mechanics* . (D) 

0845 Statistical Mechanics* (D) 

G381 Fundamentals of Electronics* 

0841 Fundamentals of Radiation* 

G847 Quantum Mechanics** (Pre G845) 

G629 Higher Mathematical Analysis II* 

Minor Course Groups 

Physics 

In addition to* 'Electrophysics’ ’ 

G831 Advanced General Physics 
G834 Acoustics** 

G835 Optics** 

G842-3 Physical Measurements 

G844 Conduction of Electricity Through Gases** 

Mathematics 

In Addition to “Basic Course Group” 

G621 Advanced Calculus 

G628 Differential Equations (D) 

G629 Higher Mathematical Analysis I** 

G631 Matrix and Tensor Analysis* 

Physical Chemistry 

123 Elementary Physical Chemistry 
G121 Advanced Physical Chemistry 
G123-4 Advanced Physical Chemistry Laboratory 
G125 Chemistry of Colloids* 

G126 Chemical Thermodynamics* 

G127 Advanced Electrochemistry* 

G673 Metallography and Heat Treatment* 

G692 Metallurgical Thermodynamics* 


(Pre) Prerequisite courses. 

(M) Courses required for the Master’s Degree. 

(D) Courses required additionially for the Doctor’s 
Degree. 

* Given in alternate years. 

** Given every three years. 


that he is not inadvertently selling to 
these ambitious young men “gold bricks” 
of education. 

In the graduate instruction of these 
young men, almost the entire gamut of 
engineering practice may be represented 
in the experiences of the combined mem¬ 
bership of the class, so that questions of a 
wide variety, and of astounding degrees of 
depth, may enter the discussions of even 
the first-class session. It is by no means 
uncommon to have numbered among the 
class members, those with an enviable ar¬ 
ray of technical publications pronouncing 
them authorities in their particular fields 
of endeavor. 

How obvious it appears, then, that 
these young men should expect in their 
mentor one thoroughly versed in his field 
in order that he should stimulate them to 
their greatest attainments, and inspire 
them to carry on far beyond the confines 
of the class lessons. Let the administra¬ 
tor spend more time and more resources 
to provide his department with a staff 
of research investigators and graduate 
teachers who will meet the fullest expec¬ 
tations of these young men. 

The problem which confronted us at 
the Polytechnic Institute in the beginning 
of this new venture, and one which may 
perplex others who are contemplating the 
organization of this form of education, or 
its counterpart in nonresident instruction, 
was how to provide this highly qualified 
instructing personnel. In those early days 
we were feeling our way along through the 
shoals of both economic and educational 
hazards. The “pay as you go” policy 
which we adopted from the start certainly 
did not make easy the problems of pro¬ 
viding graduate instructors. We solved 
this problem temporarily by affil ia ting 
with us some of the foremost scientists. 


engineers, and industrial research special¬ 
ists here in the metropolitan New York 
area. 

We induced a few of these specialists 
who were especially well qualified through 
the breadth of their educational back¬ 
ground and of their experience, through 
their love of their work, and through 
their demonstrated ability to impart their 
knowledge to others, to join, as part-time 
members, our graduate staff. They or¬ 
ganized and offered instruction in certain 
prescribed basic courses in which they 
were pre-eminently qualified to bring to 
the class a wealth of experience in indus¬ 
trial applications, a broad vision of the 
frontier problems of present day science, 
and a richness of enthusiasm for their sub¬ 
jects. By this means we were enabled to 
establish and maintain high standards in 
regard to the qualifications of our teach¬ 
ing personnel. 

The department was also privileged to 
have associated with it, during the forma¬ 
tive period of this venture, the part-time 
services for two years of Vladimir Kara- 
petoff, the revered dean of America’s elec¬ 
trical engineering teachers, and the full¬ 
time services for one year of Bernard 
Hague of the University of Glasgow, the 
pre-eminent authority on electrical meas¬ 
urements, as a visiting professor. 

The Curriculum—at the 
Master’s Level 

The development of a curriculum of 
courses leading to the master’s degree and 
to the doctor’s degree is a subject charged 
and surcharged with controversy. The 
adherents of the “free choice” of sub¬ 
jects at the graduate level would prob¬ 
ably not condone the curriculum that con¬ 
tains a large percentage of required sub- 
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jects. After lengthy consideration of this 
important subject, and based upon several 
years of experience, we are the more con¬ 
vinced that, in the curriculum leading to 
the master’s degree, certain subjects are 
■so basically important that the omission of 
any one would seriously weaken the foun¬ 
dation upon which the superstructure of 
the student’s subsequent educational en¬ 
deavors is based. 

The subjects which we require of all 
electrical engineering students are: 

1. Vector analysis. 

2. Introduction to the theory of functions, 

3. Analysis of transient phenomena. 

4. Electromagnetic theory. 

5. Electrical engineering seminar. 

<6. Thesis 

These courses make a total of twenty 
semester hours of the minimum of thirty 
which are required for the degree. The 
elective subjects, totaling ten or more 
semester hours, are chosen by the student 
in conference with the department ad¬ 
viser, and these subjects are generally 
more or less closely allied to the field in 
which the student is employed during his 
day hours. 

These lines of specialized study have 
been formulated into three general “ma¬ 
jor” classifications in each of which the 
following subjects are included: 

Power Engineering. Electric-power generation, 
transmission and distribution, system calculations, 
electrical protection, system stability, design of 
machines, transient behavior of machines, and a 
selection from several subjects in mechanical 
engineering. 

.Communication Engineering. Electronic tubes, 
their theory and their circuits, network and filter 
theory, advanced network theory, fundamentals of 
electronics, ultrahigh-frequency theory, conformal 
mapping, theory of electrical measurements, funda¬ 
mentals of mechanics, and a selection from several 
basic subjects of physics, including acoustics, in¬ 
troduction to theoretical physics, and fundamentals 
of radiation. 

ElectroPhysics. Conformal mapping, theory of 
•electrical measurements, fundamentals of elec¬ 
tronics, fundamentals pf mechanics, and a selection 
from several basic subjects of physics, including 
fundamentals of radiation, physical measurements, 
•conduction of electricity through gases, statistical 
mechanics, quantum mechanics, and physical prop¬ 
erties of metals. 

Reference to Table I will provide a per¬ 
spective of our present program of even¬ 
ing graduate courses leading to the mas¬ 
ter’s and the doctor’s degrees in electrical 
•engineering. Here are shown the basic, 
or required, courses, the major course 
groups, and the minor course groups. 

An analysis of bur records shows that 
■students who have been granted the mas¬ 
ter’s degrees have been in attendance, on 
the average, about three and three-fourth 
years, The first year is devoted largely to 
the subjects of mathematics, while in the 
•Second year the required subjects of dr- 
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cuit analysis and electromagnetic theory 
are taken; during the third year the stu¬ 
dent generally completes the elective sub¬ 
jects and starts thesis work, and in the 
fourth year his time is wholly devoted to 
the thesis investigation. Occasionally 
students with less call on their marginal 
time by outside activities, or home ties, 
take an extra course or two in their first 
two years—thereby sometimes complet¬ 
ing their thesis work and all other require¬ 
ments for the degree at the end of the third 
year. Attendance without credit is re¬ 
quired at the electrical engineering semi¬ 
nar during each year of enrollment in 
electrical courses. The speakers at these 
seminar sessions, who are invited to ad¬ 
dress the students and staff members and 
lead the discussion, are outstanding men 
of science and engineering here in the New 
York area. 

The Thesis 

Of the many aims and objectives in 
graduate study, the outstanding one is, in 
a few words, the development in the stu¬ 
dent of his capabilities to carry on a co¬ 
ordinated program of original thinking 
and independent investigation. We be¬ 
lieve that the thesis is an essential means 
of appraising the student’s ability to con¬ 
duct an advanced and original investiga¬ 
tion of an appropriate engineering or 
scientific subject, of showing his mastery 
of the subject matter of the courses he has 
taken, of demonstrating the development 
of his processes of dear analytical think¬ 
ing, and of proving his fadlity in express¬ 
ing his thoughts and his developments of 
theoretical conceptions, properly and ade¬ 
quately, in technical language. 

The competence of these evening gradu¬ 
ate students to undertake and vigorously 
attack their thesis assignments will be a 
revelation to those who have had no pre¬ 
vious experience with this type of educa¬ 
tion. Let it be remembered that these 
students have already taken and com¬ 
pleted their formal courses in mathe¬ 
matics, and that they have applied most 
of it many times subsequently in the 
study of their basic electrical subjects. 
After they have completed all of these re¬ 
quired courses and most of their special¬ 
ized subjects, they then have the psy¬ 
chological advantage of undertaking the 
thesis investigation with an assurance of 
mind and the educational advantage of 
an advanced viewpoint. 

With this training as an educational 
background, naturally these thesis en- 
rollees may be expected to achieve su¬ 
perior results, provided they are inducted 
into this new undertaking with a personal 

Beach—Evening Courses at Graduate Levels 


understanding of their possible pitfalls and 
of their inhibitions to use all they have 
learned to the best ends. The assignment 
and guidance of thesis work requires a 
particularly careful vision as to the prob¬ 
able length and character of the problems, 
the facilities for laboratory measurements, 
and the general nature of the theoretical 
aspects of the problems. It is so easy to 
extend beyond the bounds of a reasonable 
thesis, unless proper care is exercised. 

Not infrequently students are enabled 
to carry on their investigational work 
under the co-operative auspices of their 
supervisors on their jobs, in which cases a 
dose collaboration is maintained between 
an assigned member of the graduate di¬ 
vision of the department and the direct 
supervisor in the company with which the 
graduate student is employed. This co¬ 
operative plan for the thesis investiga¬ 
tion is espedally helpful in certain proj¬ 
ects that involve a wealth of specialized 
apparatus with which the company may 
be well equipped. 

We have been operating trader another 
co-operative plan for the past three years 
by which employees of the Westinghouse 
Electric and Manufacturing Company 
may receive graduate course credits, to a 
maximum of fourteen, towards the mas¬ 
ter’s degree at the Polytechnic Institute 
for courses which they have passed with 
honor grades in the company’s graduate 
program. Reciprocally, our students may 
elect to take certain courses, for credit, 
offered by company specialists on the 
Westinghouse plan. These courses for 
interchange credit are restricted to the ap¬ 
plied types, in particular. New York 
University and Stevens Institute of Tech¬ 
nology also share in this Westinghouse 
plan in the New York area. 

The Doctorate Program 

Having organized and administered for 
several years the curriculum leading to 
the master’s degree, an insistent demand 
kept growing for the extension of our 
graduate program into the doctorate level. 
Several of those, who had made meritori¬ 
ous achievements in their work leading to 
the acquirement of the master’s degree, 
were engaged in the research activities of 
various neighboring industries. Most of 
them had already published papers setting 
forth the results of these various research 
investigations, but they wished additional 
knowledge in the collateral fields of elec¬ 
trochemistry, electrophysics, and mathe¬ 
matics, and in the frontier science of elec¬ 
trical engineering. For their immediate 
benefit, a number of these young men con¬ 
tinued their studies in th$ various ad- 
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vanced courses which were being offered 
in mathematics, physics, and electrical 
engineering, although they expressed their 
hope that eventually the electrical engi¬ 
neering department would offer a program 
of study leading to the doctor’s degree. 
This step was formally taken in 1936. 

In organizing instruction at this level, 
we departed basically from our objectives 
and philosophies underlying the master’s 
program. Here, we held that “freedom” 
should be allowed the students in choosing 
broadly from those courses which would 
focus their attentions most spe cifically 
upon the lines of study in which their 
life’s work seemed directed. To assure 
definiteness of purpose, it seemed desir¬ 
able that these subjects be classified 
within a major field and within one, or 
possibly two, minor fields of concentra¬ 
tion, and at least one of the minors be 
chosen outside of the offerings within the 
major field. Students who enroll for doc¬ 
torate study are referred to individual 
guidance committees whose purposes it is 
to direct their selection of courses of study 
and collateral reading, and to advise them 
in the preparation for qualifying examina¬ 
tions in the subjects of their major and 
minor fields, in gaining an adequate under¬ 
standing of two foreign languages, and in 
undertaking the investigational program 

that constitutes the dissertation. 

Thus far we have graduated three stu¬ 
dents with the doctor of electrical engi¬ 
neering degree, but an increasing number 
are aligning themselves for qualification in 
the near future. The prospects look fav¬ 
orable for the granting of three, or pos¬ 
sibly four, doctor’s degrees at the end of the 
current academic year. Actually, about 
twenty evening students are at various 
stages of doctoral preparation above the 
master’s level at present. The number of 
course credits above the master’s degree 
leading to the doctorate is a minimum of 
twenty-four and the time required for the 
dissertation is the equivalent of at least 
sixteen additional credits. The selection 
of students for this level of educational 
attainment is rigorously based upon the 
evidence of ability which they have dis¬ 
played in prior years in achieving honor 
grades for courses at the master’s level, 
and in conducting meritorious research 
work. Students are not allowed to enroll 
in the doctorate program unless they have 
conducted thesis investigations for the 
master’s degree. 

It is too early in the progress of our 
venture in this division of graduate serv¬ 
ice to draw conclusions. Yet from our 
experiences in the instruction of those who 
have already obtained the doctor’s degree 
and of the twenty now enrolled in this ad- 
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vanced program, we believe that we are 
headed in the right direction. If such is 
possible, our applied philosophy is one 
of overemphasis on thoroughness, high 
quality, depth of specialized study, and 
unquestioned ability to carry on inde¬ 
pendent studies and investigations. 

This process of education, through 
evening study, imposes an unrelenting and 
self-administering firmness in maintaining 
the quality of its attainments by dis¬ 
couraging those who cannot stand its 
rigors. Those possesssing lesser quali¬ 
fications, who, in consequence, must de¬ 
vote abnormal time to the preparation of 
their assignments, or who just cannot 
orient themselves to originality of thought 
are self-prompted to withdraw volun¬ 
tarily. At this level of education, the 
students are not given the benefit of 
doubt in the event of their work falling 
slightly below honor grade. We believe 
that at the doctorate level the time for the 
“mollycoddling” of students has definitely 
passed. They are expected to perform at 
high levels of excellence in all of their 
work and at all times. 

Decentralized, or Nonresident, 
Instruction 

The basic elements in the organization 
of nonresident graduate evening courses 
which must be given careful consideration 
by those who contemplate embarking 
upon this type of educational enterprise 
are 

1. The choice of subject to be offered. 

2. The selection of a well qualified in¬ 
structor. 

3. The development of the content of the 
course. 

4. The establishment of prerequisite 
courses, especially in mathematics. 

6. The procurement of suitable housing 
facilities. 

6. The qualifying of applicants. 

7. The provision for critical supervision. 

The ultimate objectives of this decen¬ 
tralized instruction determine to a large 
degree the specific emphasis of those 
policies which influence the decisions on 
some of the above elements. For example, 
is it contemplated that the courses are to 
constitute a miscellany of specialized sub¬ 
jects in electrical engineering to provide 
advanced instruction for employees in in¬ 
dustry who seek immediate answers to 
their urgent problems of design and manu¬ 
facture? If so, are the courses to be 
organized at a truly graduate level, with 
prerequisite courses made available, and 
with admission allowed only to qualified 
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applicants? In this case, graduate credit 
for the courses could be allowed by the col¬ 
lege, although this is an emolument of 
doubtful value unless a full program of 
nonresident courses is planned whereby 
the applicants may be encouraged to con¬ 
tinue for the master’s degree. 

On the other hand, perhaps the con¬ 
templated courses are to form a co-ordi¬ 
nated program of basic and applied sub¬ 
jects in science and engineering which will 
provide the equivalent of the day instruc¬ 
tion leading to the master’s degree that 
may already be in operation at the college. 
The latter plan, of course, encompasses an 
elaborate duplication of facilities at the 
urban center which now constitutes a part 
of the campus organization. In effect, 
this plan anticipates the establishment of 
another division of the department of 
electrical engineering, which is specifically 
organized to offer graduate evening in¬ 
struction within the confines of the neigh¬ 
boring urban area. A plan of this mag¬ 
nitude is, of course, a major undertaking 
and one which should be subjected to most 
careful economic analysis and critical 
study. 

The former plan of offering a few spe¬ 
cialized engineering courses at graduate 
level, either with or without college credit, 
may be readily initiated, and the present 
time seems to be particularly favorable 
for starting them. Such courses could be 
organized to meet the current demands of 
industry for intensified technical speciali¬ 
zation by providing instruction for those 
employees who find themselves inade¬ 
quately prepared to cope effectively with 
the. exacting problems of this critical 
period. This plan, if effectuated now, 
would possess the dual advantages of 
meeting the present training needs of a 
war-time industry in its present emer¬ 
gency and of being organized at a most 
favorable time to encourage its financial 
support. With the present dearth of per¬ 
sonnel possessing specialized training 
which now exists in many quarters, fi¬ 
nancial aid could probably be obtained 
from the government, but if not, where the 
need really justifies it, neighboring indus¬ 
tries could, most likely, be induced to 
sponsor the courses and to subsidize small 
deficits of operation. 

' The Polytechnic Institute has offered 
some instruction, by request, on a non¬ 
resident basis, wherein a considerable 
number of employees at a distant plant 
wished a specific course. In these cases it 
was possible for a member of our normal 
staff to conduct the course. Graduate 
credit was allowed only to those who ful¬ 
filled our normal qualifying requirements. 
We are now finding a most urgent de- 
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Synopsis: This paper discusses quantita¬ 
tively the effect of indiscriminate (random 
phase-angle) switching in the primary of a 
resistance-welding transformer supplying a 
resistance welder. The current and power 
transients occurring because of “off-angle" 
switching are investigated through oscillo¬ 
graphic records of transients in loads built 
up to simulate actual welder-head loads as 
nearly as possible. 

In the switching-of loads of either high 
or low power factor and those with or with¬ 
out iron at high-flux densities, the power 
transients were found to be damped to un¬ 
important Values within the time of a very 
few cycles after the instant of switching. In 
spot and projection welding, the first few 
cycles may be extremely important, how¬ 
ever, determining the quality of weld even 
though the total time of the weld period is 
much greater. This investigation is limited 
to 60-cycle frequency and to welding periods 
•of two cycles or more. 

The General Problem 

W HEN a circuit containing resistance 
and reactance is energized from a 
source of alternating current, its initial 
current is likely to be greater than it will 
be after a few cycles have elapsed. 1 ’ 2 
The current is also likely to be affected 
by the momentary unusual resistance 
voltage drop in the primary winding of 
the supply transformer. Inasmuch as 
this paper applies only to heat transients 
in the weld itself, the surge of current in 
the supply transformer primary will be 
considered only as it affects the heat pro¬ 
duced in the weld because of its effect on 
the secondary voltage. The transformer 
used had an impedance of about 10 per 
cent. 

Because of the great diversity of types 


mand from neighboring industries for in¬ 
struction in the theory of ultrashort waves, 
their production, transmission, and re¬ 
ception. This course was included in our 
current curriculum for the second semes¬ 
ter, and we are advised to expect a large 
enrollment. In fact, we have been re¬ 
quested to consider the organization of 
certain classes in the subject at remotely 
located plants where a sufficient number 
might warrant nonresident instruction. 

The call of the junior engineers of in¬ 
dustry for more and more of this type of 
graduate evening instruction offers a re¬ 
sounding challenge to the technical 
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of resistance-welding loads in which both 
ferrous and nonferrous metals are placed 
in the welding throat, generalization is 
somewhat difficult, and only a limited 
number of specific cases can be considered 
in detail in a paper of this kind. All re¬ 
sistance welders have a common charac¬ 
teristic, however, in that their welding 
heads carry heavy currents, and the leads 
to the transformer secondary coil enclose 
an area which accommodates a flux 
which produces an inductive reactance of 
some importance. Whether the metal 
introduced into the throat be ferrous or 
nonferrous, the welder head and its trans¬ 
former leads can be considered theoreti¬ 
cally and practically for transient analysis 
the same as any other circuit consisting 
of resistance and inductive reactance in 
series. This investigation was carried 
out using three types of artificial circuits 
built up to simulate representative weld¬ 
ing loads. 

Circuit 1 was of unusually high power 
factor of 0.85. Circuit 2 was of medium 
power factor of 0.5. Circuit 3 was of 
more common power factor of 0.22. The 
power factor of a welding circuit is, of 
course, fixed by the ratio of resistance to 
the reactance caused by the magnetic 
flux enclosed by the throat. From this 
fact it is apparent that a large throat or 
ferrous metal in the throat will be con¬ 
ducive to low power factor. With the 
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schools, in or near the urban centers, to 
organize their facilities for taking an ac¬ 
tive part in this growing enteiprise. Al¬ 
ready a number of colleges of engineering 
throughout the United States has re¬ 
sponded to the opportunities offered in 
this attractive field, and others axe now 
formulating their plans to inaugurate pro¬ 
grams of advanced courses in the near 
future. These colleges will soon find, too, 
that the fruits of their new adventures 
bear to them deep satisfaction and stimu¬ 
lating pride in the achievement of then- 
discovery of a new and broader field of 
service. 

Kimberly — Resistance-Welding Transients 


shortest possible throat depth in a prac¬ 
tical design it is difficult to obtain a power 
factor when spot welding of more than 
about 0.6 with a frequency of 60 cycles. 

No attempt was made to control the 
residual flux of either the transformer or 
of the load, because it was considered 
reasonable to assume that the stock to be 
welded has no remanent magnetism and 
that the transformer residual flux will 
produce in these tests the same secondary- 
circuit effects as in an ordinary welder 
transformer. The welding current used 
was about two times the permissible con¬ 
tinuous current in the transformer. 

Method of Testing 

To examine the power transient charac¬ 
teristics of the three representative cir¬ 
cuits, they were switched on at a great 
variety of instants on the applied volt¬ 
age cycle, and many visual observations 
were made. Only those found to indicate 
special conditions, such as maximum addi¬ 
tive or subtractive power transients were 
repeated, photographed, and reproduced 
in this paper. The curve sheets, there¬ 
fore, show extreme results of “off-angle" 
switching for the various circuit condi¬ 
tions. The time constant of flux decay 
as expressed by the ratio of inductance 
to resistance, L/R, is affected not only by 
the resistance of the welder and trans¬ 
former secondary coil and the flux en¬ 
closed by the throat but also by the en¬ 
trapped flux in the transformer core itself. 
Because of this fact, the rate of decay of 
transient current is influenced by the 
size of transformer used relative to the 
welder requirements; the rate of decay 
being less as the transformer size is in¬ 
creased. 

The energy delivered to the weld for 
any period was found by planimeter in¬ 
tegration of the power curves on the os¬ 
cillogram. The power oscillograms were 
taken by a power galvanometer with the 
current coil in series with the welding 
circuit and the potential coil connected 
across the secondary of the welding 
transformer. While the power transient 
had not entirely subsided in some cases 
by the time the end of the oscillogram 
was reached, the steady-state energy per 
cycle was available in every case from 
another oscillogram in the same series 
with the same load. 

Results and Conclusions 

1. Random switching may result in a good 
weld, a cold weld, or a hot weld when the 
welding period is less than about 20 cycles. 

2. Random switching may cause as much 
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50 per cent power factor 

1. Transformer primary closed at zero line 

voltage 

2. Transformer primary closed 45 degrees be¬ 

fore zero of line voltage 




Figure 1. Oscillograms and heat-input curves 
for circuit 1 


as 50 per cent variation in the heat produced 
in a weld having an “on” time as short as 
two cycles, because of unpredictable tran¬ 
sients. Such transients may also soften the 
electrodes and materially shorten their use¬ 
ful lives. 

3. Random switching will cause an error 
not in excess of five per cent in the heat pro¬ 
duced in a weld having an "on” time ex¬ 
ceeding 20 cycles at a line frequency of 60 
cycles. This statement is true only on con¬ 
dition that the welding circuit is opened 
between welds, or that the time interval 
between consecutive welds is sufficient to 
permit the complete dying out of entrapped 
flttx in the throat. Any entrapped flux 



85 per cent power factor 

1. Transformer primary closed at zero line 

voltage 

2. Transformer primary closed 68 degrees 

before zero of primary voltage 




Oscillogram 2 

Figure 2. Oscillograms and heat-input curves 
for circuit 2 


lingering from a previous weld period will 
tend to be accumulative in further saturat¬ 
ing the transformer core. 

In the case of projection welding even when 
the weld time does exceed 20 seconds, a 
transient of added energy in the first two or 
three cycles may be disastrous, because of 
the exploding away of the projections, and 
for that reason accurate switching control is 
imperative. 

4. When the welding period is less than 
about ten cycles the heat delivered to the 
weld may be appreciably increased or de¬ 
creased at will within small limits, depending 
upon the number of cycles of the period by 
controlling the instant of closing the pri¬ 
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22 per cent power factor 

1. Transformer primary closed at zero line 

voltage 

2. Transformer primary closed 85 degrees 

after zero of line voltage 




Figure 3. Oscillograms and heat-input curves 
for circuit 3 


mary circuit of the transformer. This pro¬ 
cedure is permissible, of course, only if the 
voltage disturbance caused by the trans¬ 
former primary-current inrush is not exces¬ 
sive when the switching point on the voltage 
wave departs from that at which the mini¬ 
mum transient occurs. Such practice may, 
however, result in the softening and extru¬ 
sion of the electrodes. 
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Shielding of Substations 

C. F. WAGNER G. D. McCANN C. M. LEAR 
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A S compared to transmission lines, it is 
more important that overhead 
ground wires or vertical masts over sub¬ 
stations be correctly located so as to pro¬ 
vide shielding of the structure against 
direct strokes of lightning. In a pre¬ 
viously published paper 1 the authors dis¬ 
cussed the shielding characteristics re¬ 
quired for transmission lines. The pres¬ 
ent paper extends these investigations to 
the shielding of substations. 

The previous paper indicated that the 
essential characteristics of natural light¬ 
ning, that must be correctly simulated so 
that laboratory sparks and scale models 
can be used to study shielding effects, are 
the relative development of the initial 
streamers of the discharge. Schonland 2 
and his associates found that lightning 
strokes to ground or to relatively low ob¬ 
jects, such as transmission line towers, are 
initiated by a streamer propagating from 
the cloud practically the total distance 
to ground. Only very short, if any, up¬ 
ward streamers from the ground end are 
found to be present. The path taken by 
a stroke and its resulting terminating 
point on the earthed end is determined by 
the initial downward streamer, called by 
Schonland, the pilot streamer. The di¬ 
rection of propagation of the pilot 
streamer depends, at any point along its 
path, upon the electric field produced by 
the charges in the cloud, at the ground, 
and in the streamer itself, and upon lo- 



Figure 1, Symbols utilized with stroke-distri¬ 
bution curves for overhead ground wires 


calized conditions of ionization at the tip 
of the streamer. These localized effects 
tend to make the path erratic so that, as 
shown by laboratory tests, for the same 
configuration of cloud and ground, no two 
strokes will follow the same path. 

It was found that, although natural 
lightning is predominantly negative in 
polarity, the relative streamer develop¬ 
ment is best represented in the laboratory 
by positive polarity sparks, that is, 
strokes from a positive cloud. For nega¬ 
tive laboratory sparks, upward streamers 
are more likely to originate from the most 
exposed object and span the greater por¬ 
tion of the gap spacing, thus giving rise to 
more optimistic shielding results with 
models than would be expected for actual 
strokes in nature. 

Description of Model Tests 

As in the previous work, this investiga¬ 
tion employed lVax40-microsecond im¬ 
pulses of positive polarity at the minimum 
voltage required for breakdown of the 
gap. A vertical pointed rod was used as 
the cloud source of the stroke and a 
smooth metal plane for the ground plane. 
For the determination of the shielding 
properties of overhead ground wires pro¬ 
tecting horizontal line conductors, the 
arrangement shown in Figure la was used, 
in which the symbols are clearly defined. 
Owing to the localized variations at the 
tip of the pilot streamer, all strokes from a 
given position of the cloud electrode do 
not follow the same path and terminate 
at the same point at the ground. Thus, 
the strokes divide between the three pos¬ 
sible terminating points: the ground wire, 
the conductor, and the ground plane. It 
is found that the probability of the pro¬ 
tected object being struck although de¬ 
creasing as more favorable protection is 
afforded does not necessarily become zero. 

Because the shielding characteristics 
are the same at any point along the line, 
they can be determined from atwo-dimen- 
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sional plot such as shown in Figure lb. 
This curve was determined by increasing 
A from zero and counting the proportional 
distribution between the three possible 
terminating points until A reaches such 
value that all strokes strike the ground. 
The ratio of area C to the sum of areas C 
and G represents the proportion of the 
total strokes to the system that strikes 
the conductor. 

The shielding characteristics of a mast 
involve a three-dimensional problem, as 
shown in Figure 2a, which defines the 
symbols used. The' origin of the stroke is 
located by the dimensions A and 8, and 
the distribution curves now become the 
three- dim ensional surfaces of Figure 2b. 
The volume C, that resembles a rounded 
cone, represents the total strokes to the 
protected mast and the volume G, that 
resembles an inverted basin with the 
volume C removed, represents the total 
strokes to the shielding mast. The ratio 
of volume C to the sum of the two vol¬ 
umes is the proportion of. the total strokes 
to the system that strikes the protected 
object. For a given position of the doud 
dectrode, 50 strokes were found sufficient 
to determine the percentage distribution 
of strokes between the three possible ter¬ 
minating points. 

Since the effect of varying modd size 
had been found 1 negligible for positive 
polarity, a fixed ground wire or shielding 
mast height, h, of 10 inches was used for 
all the .tests. To determine the effect of 
mast diameter, tests were made with rods 
having rounded tips varying in diameter 
from Vie inch to 1 / i inch. Substantially, 
the same results were obtained, regard- 





(a) 
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Figure 3. Exposure of an object protected by 
a Single mast 

less of the size or combination of rods, as 
long as positive polarity was used, and 
the rod sizes were held within this r ang e. 
Hrom this it can be concluded that the 
•data obtained with one rod size are ap¬ 
plicable to practical construction. For 
•subsequent tests 1 / 8-inch rods were used. 
Previous tests 1 showed that the same con¬ 
clusions apply to horizontal ground wires 
and conductors. 

To determine the total effect of cloud 
Height, the relative frequency with which 
strokes originate from a given height 
should be known. Sufficient data of this 
type are not available and considerable 
variance undoubtedly exists in different 
regions. It is known that the base of 
thunderclouds 1 varies in height from a 
minimum of about 500 feet above ground 
to as high as 20,000 or 30,000 feet. A 
common minimum for relatively flat ter¬ 
rain is about 1,000 feet. Since more pessi¬ 
mistic results are obtained with lower 
cloud heights and ratios of H/h, minimum 
values should be used. A ratio of H/h of 
•5 was taken for this study, which for a 
200-foot mast results in a 1,000-foot cloud 
height and for a 100-foot mast in a 500- 





0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

x/h 


Figure 4. Exposure of a ring of objects pro 
tected by a single mast 


foot height; The use of this ratio should 
give conservative results. 

Shielding of One Mast by Another 

In Figure 3 are plotted the results of the 
tests made with the configuration of masts 
shown in the insert. The strokes that 
contact the protected mast, expressed as 
a percentage of the strokes to the system 
of masts, are plotted as a function of the 
ratio of d/h and x/h. 

The actual configuration of the equip¬ 
ment to be protected, such as a substation 
bus structure, may vary widely and it 
would be very difficult to make a study 
of all configurations. However, it will be 
shown that a few fundamental configura¬ 
tions, such as the one discussed, are suffi¬ 
cient for practical purposes. The per¬ 
formance of one mast protecting another 
is applicable to the case for which a single 
mast protects a structure having a single 
prominent projection. 

Shielding of a Ring of 
Masts by One Mast 

If a number of points on a structure 
have equal exposure with respect to a 
single shielding mast, the probability of 
at least one being struck is increased. 



This can be seen with reference to Figure 
2b. If there were another mast of the 
same height, d, and distance, x, from the 
shielding mast but at an angle 8 equal to 
180 degrees, there would be then another 
volume C, and the number of strokes to 
the two protected masts would be twice 
that to one. As the number of masts in¬ 
creases, forming a circular ring around the 
shielding mast, the exposure increases 
until the limit of an infinite number of 
such masts or a solid ring is reached. 
The distribution curves for such a case 
are independent of 8. A conservative es¬ 
timate of the shielding performance of 
such ring can be obtained by assuming 
that these distribution curves are the 
same as that of a single protected mast 
for 6 equal to zero. 

Thus, the volume C is a single volume 
of revolution about the shielding mast 
whose cross section is the heavy curve of 
Figure 2b. This is somewhat conserva¬ 
tive, because, as the number of masts in 
the ring is increased, they eventually be¬ 
come so close that more than one mast 
becomes involved in the distribution 
curve and less than the number indicated 
by the curve for one mast for 8 equal to 
zero will strike any one of the masts. 

It was in this maimer that the data for 
the curves of Figure 4 were obtained. 
These data are directly applicable to a 
structure having all points of equal height 
and equal distance from the shielding 
mast. Almost all practical cases of 
shielding by means of a single mast will 
lie between this condition and that of one 
protected point. 


Figure 5. Exposure 
of two horizontal 
conductors protected 
by a single overhead 
ground wire 


Table I. Record of the Number of Times Objects of Varying Heights Are Struck 


Object and Location 

Height 

(Feet) 

Number of 
Years 

Times 

Struck 

Average 

(Number 

Per Year) 

Mast at North Wales substation (Philadelphia) of 
Philadelphia Electric Companv.. .. 

.... 80.. 

.4... . 

1 

ft OR 

10 fire towers of the Pennsylvania State Depart¬ 
ment of Forests and Waters, western Penn¬ 
sylvania . . ■ . . 

.... too. , 

_ ; 1 

• • A • • • • • # 

9 


Radio tower of WWSW, Pittsburgh. . 

.... 100.. 

. 3... . 

. 1 

e *U,4S 

ft 99 

Radio tower of WHK, Cleveland. .. 

,... 300 .. 


1 

1 ft 

Radio tower of WCLE, Cleveland ... . 

,... 300 .. 

.. 

.1. 

•• A • e e e * e 

.. n 

• V 

ft 

Radio tower of WADC. Akron .. 

.... ann 

9 

a 


Cathedral of Learning of University of Pittsburgh. ..., 


•••••♦!»•••••• 

. 3 . 

•e U»•e••• 

fi 

• • <» ■ U 
.2 7 

Anaconda Copper Mining Company smoke stack 
at Great Falls, Mont. .. . 

.... 545.. 

__ _ . 2 . . . , 

1 

ft R 

Anaconda Copper Mining Company smoke stack 
at Anaconda, Mont .. 


.2 T . 

«• !•••••• 

K 

e » V • O 

9 K 

Empire State Building, New York, N, Y.. ...... 

... 1,250.. 


e •08• e e •• • 

.23 
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Shielding of Two Horizontal 
Conductors by a Single 
Overhead Ground Wire 

The shielding characteristics of two 
horizontal conductors protected by a 
single overhead horizontal conductor are 
given in Figure 5. These curves can be 
applied to such cases as an overhead wire 
shielding a substation or shielding the in¬ 
coming lines to a substation. 

Shielding of Objects Between Two 
Masts or Ground Wires 

Data similar to that given above are 
presented in Figures 6 and 7 for a pro¬ 
tected mast located midway between two 
shielding masts and for a single horizontal 
conductor located midway between two 
parallel overhead ground wires. The in¬ 
crease in shielding, which is obtained 
when several masts or ground wires are 
used and placed such that they more or 
less surround the protected equipment, is 
not generally realized. The area pro¬ 
tected by two masts or two ground wires 
is considerably greater than twice the 
area protected by one. 

Total Number of Strokes to 
. Substations 

The degree of shielding necessary for 
adequate protection can only be deter¬ 
mined after it is known how frequently 
the system is struck. Data available to 
the authors on the number of times per 
year objects of varying heights are struck 
in regions of isoceraunic levels, varying 
from 25 to 45 storm days per year, are 
listed in Table I. All but the data on 
the Empire State Building® were ob- 



Figure 6. Exposure of a single mast midway 
between two shielding masts 



Figure 7. Exposure of a single conductor 
midway between two ground wires 


tained from lightning investigations be¬ 
ing conducted by the Westinghouse Elec¬ 
tric and Manufacturing Company. 4 

The curve of Figure 8 was obtained by 
grouping the data of Table I into mean 
values of height and averaging the strokes 
per year for each group. The range of 
this curve as applied to substations, 
would fall below 200 feet A mast of 
such height can be expected to be struck 
about once every one and one-half years, 
and a 100-foot mast about once every 
three years. Laboratory tests indicate 
that for strokes that do not have appre¬ 
ciable upward leaders, the strokes at¬ 
tracted to a mast increase linearly with 
the height of the mast. This relation is 
indicated by the general shape of the 
lower part of Figure 8. The upward 
trend of the curve for high objects is prob¬ 
ably due to the upward streamers that 
occur in nature from objects of such 
height. 

A further estimate of the number of 
strokes to a substation can be obtained 
from the data of Waldorf 5 and others 1 on 
the frequency of strokes to transmission 
lines. The average figure for lines of 
from 60 to 100 feet in height is one per 
mile of line per year. The previous 
model tests 1 show that, in this height 



Figure 8. Number of times per year objects of 
various heights are struck by lightning 



Figure 9. Shielding characteristics of a single 
mast or ground wire for 0.1 per cent exposure 


range, strokes will be drawn to the line 
from an effective lateral distance on each 
side of the line of about 3.5 times the 
height. Assuming an average height of 
80 feet for the foregoing transmission 
lines, one stroke per line per year is thus 
equivalent to 5,280/(2X3.5X80) or 9.5 
strokes per year per square mile of sky 
area. If W and L designate the width 
and length, respectively, in feet of the 
substation then the total strokes to the 
substation should be approximately, in 
the height range from 60 to 100 feet, 

(W+700)a+700) „ „ 

-M W' 

The strokes to a substation for which 
TT==Z=100 feet, are 


(800) (800) 
(5,280)* 


9.5 “0.22 per year 


or once every four and one-half years. 
This compares favorably with the data of 
Figure 8. 


X-FEET 





(a) One shielding mast: 

Dotted lines for one exposed object 
Full lines for ring of exposed objects 
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(c) Two masts or two ground wires: 
Dotted lines for masts 
Full lines for horizontal wires 

Figure 10. Height of shielding object above 
protected object, y, plotted as a function of 
the horizontal separation, x, and the height of 
the protected object, d, for 0.1 per cent 
exposure 
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Figure 11. Areas protected by multiple masts 
for point exposures of 0.1 per cent 


When considering a single substation 
and a figure of one stroke to the structure 
every two to four years, then, if an expo¬ 
sure of 10 per cent is assumed, the live 
parts will be subjected to one stroke every 
20 to 40 years. One per cent exposure 
results in one stroke every 200 to 400 
years, and 0.1 per cent exposure in one 
stroke every 2,000 to 4,000 years. How¬ 
ever, many systems have a large number 
of substations, which increases the over¬ 
all exposure. 

Balanced against the desirability of per¬ 
fect shielding must be considered the in¬ 
crease in cost incident to taller shielding 
structures. Certainly not over one per 
cent exposure should be permitted, and, 
when a comparison between the height of 
shielding structure required to obtain 0.1 
per cent exposure over that for one per 
cent exposure, as obtained from Figures 3 
to 7, is made, it will be seen that; in gen¬ 
eral, the added height can be obtained 
with little increase in cost. For this rea¬ 
son, the authors have chosen an exposure 
figure of 0.1 per cent in discussing the 
shielding of structures. 

Working Curves 

Figure 9 shows the relative configura¬ 
tions for a single mast or ground wire re¬ 
quired to reduce the exposure to 0.1 per 


cent and Figures 10a and 10b show the 
same data in more usable form in which 
distances are plotted in feet directly, thus 
eliminating the necessity of using the 
ratios d/h and x/h. In these figures is in¬ 
troduced the distance y which represents 
the vertical distance between the pro¬ 
tected object and the top of the shielding 
object. Similar data for two masts and 
two ground wires are presented in Figure 
10c from data given in Figures 6 and 7. 

Protection of Substations 

To this point, consideration has been 
given to the protection afforded by one or 
two infinitely long wires, such as the over¬ 
head, ground wires on transmission lines, 
to the protection afforded by one mast, 
and to the protection afforded to objects 
located at the mid-point of aline connect¬ 
ing two masts. Substation configurations 
are so diversified in construction that it 
becomes impossible to test each type in¬ 
dividually. The best alternative is to 
convert the information already obtained 
to a form that can be utilized to best ad¬ 
vantage. 

A single mast protecting a substation 
offers no particular difficulty, the curves 
of Figure 10a being used directly. If the 
structure has a single prominent projec¬ 
tion or several projections in a limi ted 
region, to be protected, such as a set of 
disconnects, the dotted curves should be 
used. On the other hand if live parts are 
more generally distributed at a given 
height, then the full-line curves should be 
used and applied to the most remote ob¬ 
ject. 

For horizontal wires the data of Figure 
10b apply to long spans, such as trans¬ 
mission lines. Substations involve much 
shorter lengths, some being so short that 
consideration must be given to the end 
effects. By comparing Figures 3 and 5 
and Figures 6 and 7, for which Figures 3 
and 6 approximate end conditions 
Figures 5 and 7 apply to straight-away 
conditions, it may be seen that the per 
cent exposure for a given configuration 
is always slightly less for the end +kan 
for the straight-away Thus, the work¬ 
ing curves, Figures 10b and 10c, can be 
applied directly to ground wires, even if 
they are short and the per cent exposure 
figures apply to the total strokes to the 
substation structure. 

If two masts are used to protect an 
area, the data presented give shielding in¬ 
formation only for the point b, midway 
between the two masts, and for points on 
the semicircles drawn about the masts as 
centers as shown in Figure 11a. For 
given values of d and y, a value of r from 



Figure 10c and x from Figure 10a can be 
determined, which will give an exposure 
of 0.1 per cent. The locus shown in 
Figure 11a, drawn by the semicircles 
around the masts as centers and connect¬ 
ing the point b, represents an approximate 
limit of 0.1 per cent exposure. Any 
single point falling within the cross- 
hatched area should have better protec¬ 
tion than 0.1 per cent. This arrangement 
is likely to leave some points of a rec¬ 
tangular substation protected by two 
masts with higher exposure than desir¬ 
able. If, however, the distance between 
the masts is decreased, the protected 
areas are, at least, as good as the com¬ 
bined areas obtained by superposing 
those of Figure 11a. For example, if the 
distance between masts is halved, the re¬ 
sultant protected area is somewhat as 
shown in Figure lib. 

On this basis, to form an approximate 
idea of the width of the overlap between 
masts, first obtain a value of y from 
Figure 10c corresponding to twice the 
actual distance between the masts. 
The width of overlap is then equal to x 
corresponding to this y as obtained from 
Figure 10a. This undoubtedly gives a 
conservative width of substation that 
can be protected. 

For three mqsts located at the points 
of an equilateral triangle or for four masts 
located at the points of a square, the 
protected areas are as shown in Figures 
11c and d. The height of the shielding 
mast should be so chosen that the b points 
provide 0.1 per cent exposure as obtained 
from Figure 10c for the mid-point be¬ 
tween two masts. The x radii are ob¬ 
tained from the data for a single mast 

Effect of High Earth Resistivity 
and Terrain 

The data presented here apply to sta¬ 
tions located in regions of relatively flat 
terrain and low earth resistivity. As 
shown in the previous work, 1 high earth 
resistivity lowers the effective ground 
plane below the surface of the earth and 
results in poorer shielding for a given 
configuration. This effect is appreciable, 
however, only for very high values of re¬ 
sistivity, and, since most substations are 
provided with an extensive grounding 
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Field Tests on High-Capacity Air-Blast 
Station-Type Circuit Breakers 

H. E. STRANG 

MEMBER AIEE 


I N January 1940 there was presented 
before the Institute a paper 1 describing 
a new high-capacity air-blast circuit 
breaker. Since then, breakers of higher 
interrupting rating have been built, 
following out the general principles of 
design and construction disclosed at that 
time. As part of an organized develop¬ 
ment program, such breakers have been 
subjected to extensive interrupting tests 
underfactorylaboratoryconditions. How¬ 
ever, it is recognized that the final proof 
of the interrupting performance of high- 
capacity circuit breakers comes as a result 
of tests made on actual operating systems. 

The engineers of the Consolidated 
Edison Company offered to make such 
tests up to the full short-circuit capacity 
available on the bus of the Hell Gate 
Station in New York. 

First Series of Tests 

A breaker rated 15 kv, 1,200 amperes, 
1,500,000-kva, 8 cycles, mounted in a 
steel cell, was submitted for field inter¬ 
rupting tests in September 1940. Out 
of seven tests, up to 1,480,000 kva, the 
breaker failed to clear on two occasions, 
resulting in a fault to ground inside the 
steel cell, which was cleared by the back¬ 
up protection, On the,first of these, 
there was no damage whatever to the 
test breaker, and after the parts were in¬ 
spected and the insulators cleaned, the 
tests were resumed. In the second case 
damage was limited to the upper barrier 


W. F. SKEATS 

MEMBER AIEE 

of the arc chute in the test breaker, and 
the glaze of some of the porcelain in¬ 
sulators. Adjacent equipment, such as 
the control equipment and current trans¬ 
formers located in the test cell, and the 
sand bags and tarpaulin outside and at 
the top of the test cell, was undamaged. 
Arc durations were unexpectedly long as 
compared with those found in factory 
tests. This caused gas to escape around 
the blade, and produced the faults to 
ground. When the breaker was returned 
to the test laboratory, it was found pos¬ 
sible to reproduce this condition, and it 
was then discovered that alterations in¬ 
advertently made just prior to the field 
tests had interfered with the full flow of 
air across the contacts and had, therefore, 
resulted in long arcing time. 

This specific difficulty was corrected, 
and, in addition, further development 
work, using the improved synthetic 
method of testing as the basis of study, 
produced other refinements in the design 
of the interrupting structure, vastly in¬ 
creasing its margin of safety. A breaker 
with these refinements performed per¬ 
fectly in a second series of field tests in 
May 1941. _ 

Paper 42-30, recommended by the AIEE com¬ 
mittees on power transmission and distribution and 
protective devices, for presentation at the AIEE 
winter convention, New York, N. Y., January 
26-30, 1942. Manuscript submitted November 5, 
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1941. 
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Description of Breaker 

The breaker which successfully passed 
this second series is shown in Figure 1. 
As in the earlier breaker, the mechanism 
and air tank are mounted on top, the 
contacts and arc chute of the individual 
phases are mounted in separate steel com¬ 
partments immediately below, with pro¬ 
vision for conveying the exhaust gases up 
past the mechanism to openings at the 
top. 

Without any sacrifice in operating per¬ 
formance or efficiency, this arrangement 
of major components provides adapt¬ 
ability to back or bottom connection 
equal to that of any oil circuit breaker. 

Figure 2 shows one of the arc chutes 
with one side plate removed. The sta¬ 
tionary finger contacts are shown in the 
bottom of the left-hand chamber. The 
moving blade passes down through open¬ 
ings in the top walls of this chamber to 
make contact with the fingers and thus 
close the circuit. To interrupt the cir¬ 
cuit, the blade contact is- withdrawn up¬ 
ward, and a blast of air is blown across 
the arc from the opening visible at the 
left. This forces the arc against the 
cross barriers on the right-hand side of 
the chamber where it is extinguished at 
current zero. 

The arcing chamber through which the 
blade passes is narrow, and beyond the 
leading tips of the cross barriers, the path 
expands rapidly, both horizontally and 
vertically so as to increase the cross- 
sectional area available for exhaust of the 
gases. Beyond the stacks of copper cool¬ 
ing plates all four passages lead into a 
common chamber whence the gases are 
carried off by the vertical exhaust tube. 

In the full open position the moving 
blade pulls clear out of the opening in the 
top of the chute. In order to prevent the 
escape of gas around the blade at some 
intermediate position during the inter¬ 


system, this is probably not an important 
factor. The effective ground plane in 
regions of high soil resistivity can be 
raised to the earth’s surface by iaying 
counterpoise wires to distances from the 
shielding masts of two or three times their 
height. However, in most cases it is 
probably more economical to increase the 
height of the masts. 

Local terrain conditions are usually 
more important.. The previous investi¬ 
gation 1 showed that, for transmission 
lines the nominal protective angle, which 
is defined as the angle between the verti¬ 
cal and a line joining the conductor and 


ground wire, should be modified for lines 
constructed on hillsides. The true pro¬ 
tective angle for this case should be the 
angle between the perpendicular to the 
side slope and the line joining the con¬ 
ductor and ground wire. Similarly for 
the application of the data presented 
here to substations on hillsides the di¬ 
mensions h, the shielding mast height, 
and d, the height of the protected object, 
should be measured perpendicular to the 
earth’s surface. The distance x between 
the object and shielding mast should be 
measured along the earth’s surface. This 
is illustrated in Figure .12. 
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rupting operation, an air lock has been 
provided in the form of a chamber about 
the blade opening. This chamber is fed 
by fresh air bled from the blast str eam 
back of the orifice. There is also a cor¬ 
rugated turbulent seal both between the 
chamber and the chute and between the 
chamber and the outside air. 

The operating mechanism is of the 
pneumatic type utilizing air for both the 
closing and the opening operations. It 
controls the blast valve in such a way as 
to insure that the air blast is available 
prior to contact separation. 



Figure 1. The air-blast breaker 



Figure 2. The are chute with one side plate 


removed 


Factory Tests— 
the Synthetic Circuit 

There has previously been described 
before the Institute* the so-called syn¬ 
thetic method of making short-circuit 
tests on interrupting devices. This meth¬ 
od consists essentially of passing heavy 
current at low voltage through inter¬ 
rupting contacts and causing high or 
normal recovery voltage to be applied 
across.the contacts at the instant of inter¬ 
ruption at current zero. The new and 
improved circuit, which differs somewhat 
from that previously described, is shown 
in Figure 3. In this case the high-voltage 
source is connected through to the circuit 
breaker under test and is subject to prac¬ 
tically full excitation at all times. This 
facilitates proper timing in that it causes 
the recovery transient from the high- 
voltage circuit to appear automatically 
upon momentary extinction of the arc in 
both the test breaker and the a uxiliar y 
breaker rather than making the appear¬ 
ance of this transient dependent upon the 
breakdown of a gap. 

Referring to Figure 3, the heavy lines 
indicate the high current circuit. This 


passes from two terminals of the genera¬ 
tor through 

1. A station breaker for finally de-ener¬ 
gizing the circuit. 

2. Reactors for controlling the current 
magnitude. 

3. The test breaker and an auxiliary 
breaker in series. 

One terminal of the test breaker is 
grounded. The auxiliary breaker must be 
arranged to interrupt at the same time as 
the test breaker. A second pole of the 
same breaker or another identical breaker 
is usually the most convenient thing to use. 

The high-potential circuit starts from 
the third terminal of the generator, passes 
through a reactor, a step-up transformer 
and a resistor to a capacitor. By manipu¬ 
lation of the resistance and reactance of 
this circuit, the magnitude and phase 
angle of the voltage at the capacitor is 
subject to close control. The usual phase- 
angle adjustment is such that the capaci¬ 
tor voltage leads the current through the 
test breaker by 90 degrees so as to give the 
same phase relationship between voltage 
and current as the conventional circuit. 
The high-voltage terminal of the capacitor 
is connected through a resistance and in- 


Figure 3 (right). 
The synthetic testing 
circuit 
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Table I. Summary of Test Results 
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"■Cleared with contacts separated, but still overlapping. 
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Figure 4. Recovery-voltage transients 

A—Synthetic circuit, breaker clearing 

B—Conventional circuit 

C—Synthetic circuit, breaker failing 

ductance to the ungrounded terminal of 
the test breaker. The magnitude of the 
resistance in this circuit was usually such 
as to give a current between 5 and 50 am¬ 
peres. The inductance was much smaller 
in ohmic value than the resistance and so 
had no appreciable effect on the current in 
this connection. Its purpose was to in¬ 
troduce a controlled amount of oscillation 
into the recovery transient at the test 
breaker. 

For a circuit-opening test, this circuit 
operates as follows: 

Both the test breaker and the auxiliary 
breaker are initially closed. The station 
breaker closes applying the short circuit. 
This allows current to flow in the high-cur¬ 
rent circuit and also energizes the high- 
voltage circuit, setting up voltage at the 
capacitor and current in the resistance- 
inductance circuit between the capacitor 
and the test-breaker terminal. This cur¬ 
rent leads that in the high-current circuit 
by about 90 degrees, and causes the cur¬ 
rent in the test breaker to lead that in the 
auxiliary breaker by ah angle which, ex¬ 
pressed in terms of time, usually amounts to 
a few tenths of a microsecond. 

This condition continues until the cir¬ 
cuit breaker contacts are separated and 
the arc is interrupted. When this occurs 
the current in the resistance-inductance 
circuit has its previous path to ground 
interrupted and must complete the circuit 
via the capacitance of the connection be¬ 
tween the two breakers. Were there no 
inductance in this circuit the voltage 
across the test breaker would respond by 
rising along a logarithmic curve to the volt¬ 
age of the capacitor, without oscillation 


or overshoot. By inserting a small 
amount of inductance, however, a con¬ 
trolled amount of oscillation can be ob¬ 
tained, so that it is possible to obtain a 
range of recovery characteristics quiterep- 
resentative of a good number of those 
occurring in actual service. Curve A of 
Figure 4 shows a cathode-ray oscillogram 
of a voltage-recovery transient actually 
obtained in this manner for simulation of 
the duty represented by curve B, which 
was obtained on a conventional test cir¬ 
cuit. 

In common with other synthetic cir¬ 
cuits, the present one gives the breaker an 
opportunity to extinguish the arc at a 
given current zero or allow it to reignite, 
■Whether extinction or reignition takes 
place is indicated on the cathode-ray os¬ 
cillogram. Extinction is indicated by the 
rapid establishment of voltage across the 
breaker contacts and the absence of break¬ 
downs on the voltage-recovery curve. 
Failure to extinguish is indicated by a de¬ 
lay iq voltage establishment or break¬ 
downs on the voltage-recovery curve. 
Curve C of Figure 4 shows a cathode-ray 
oscillogram indicating failure to extin¬ 
guish for comparison with curve A show¬ 
ing prompt extinction. 

Severity of the Synthetic Circuit 

The goal of synthetic testing is to pro¬ 
duce conditions of arc current and re¬ 
covery voltage for a circuit breaker which 
are of equal severity with those that may 
be encountered in service in an interrup¬ 
tion of short-circuit current. Shapes of 
the recovery-voltage characteristic occur¬ 
ring in service vary widely, but reason¬ 
able simulation of a service characteristic 
may be considered to be achieved in the 
synthetic test if the voltage rises to the 
same value in the same number of micro¬ 
seconds without necessarily duplicating 
all oscillations. 

The circuit has been criticized occasion¬ 



Figure 5. Conven¬ 
tional and synthetic 
tests on an air-blast 
circuit breaker 

10,000—13,000 am¬ 
peres 14,500 volts 
Conventional circuit 

• Arc extinctions 
A Reignitions 

Synthetic circuit 
O Arc extinctions 
A Reignitions 


ally on the basis that the use of two inter¬ 
rupting units in series reduces the duty on 
the test breaker. In modern a-c circuit 
breakers the current is allowed to flow 
substantially without hindrance until it 
reaches the normal cyclic current zero. 
The insertion of a second interrupting unit 
will increase the effective arc voltage, but 
this will cause onty a slight modification 
of the current wave, and when the tests 
are properly evaluated, this modification 
tends, if anything, to result in a synthetic 
test which is too severe rather than too 
lenient. This is explained by the following 
analysis of the ways in which the modi¬ 
fication may manifest itself. 

The additional arc-voltage effect may 

1. Reduce the crest value of current 
reached during arcing. Any error from this 
source can be nullified by evaluating test 
results in terms of the current actually 
reached rather than in terms of what would 
have been reached had only one breaker 
been present in the circuit. 

2. Shorten the current loop. Misleading 
conclusions from this effect can be avoided 
by interpreting the test results in terms of 
the ability of the breaker to interrupt on a 
current zero occurring at a given contact 
separation. 

3. Cause the current to fall to zero more 
rapidly at the end of the loop. This will 
result in a higher average current during the 
last thousand microseconds or so before cur¬ 
rent zero. Consequently, it will tend to 
increase the difficulty of clearing when the 
current zero occurs. 

The duty of the test breaker might be 
considerably reduced if the auxiliary 
breaker were irf series with it for the re¬ 
covery voltage. As will be apparent from 
inspection of the circuit, however, this 
voltage is applied across the test breaker 
alone. 

Tests made for comparison of the se¬ 
verity of the synthetic testing scheme with 
that of conventional tests confirm this 
analysis. The air-blast breaker is well 
adapted to such tests, for, in the reduction 
of tank pressure, it offers a convenient 
means of adjusting the interrupting 
ability of the breaker to the power avail¬ 
able from a conventional circuit. Further 
tests may then be made with the syn¬ 
thetic circuit set up to simulate this con¬ 
ventional circuit. 

Tests of this type have been made on 
two different breakers. The first of these 
breakers was rated 500,000 kva at 15,000 
volts, so that tests could conveniently be 
made close to full rating, and the second 
was very similar to the breaker finally 
tested in the field and described above. 

The first group of tests was made at 
from about 10,000 to 13,000 amperes with 
14,500 volts across a single pole of the 
breaker. The results are shown in Figure 
5. Here the contact separation corre- 
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Curve A—Breaker travel, each step=approxi¬ 
mately 0.17 inch 

Curve B— Cathode-ray oscillograph trip 
Curve C—Pressure in manifold, pole 2 
Curve D—Voltage across contacts, pole 2 
Curve E—Current, pole 2 
Curve F—Pressure in manifold, pole 3 
Curve G—Trip-coil current 

sponding to a given current zero is plotted 
as abscissa and the tank pressure used in 
the test is plotted as ordinate. Points are 
coded according to whether the arc was 
extinguished or reignited at the current 
zero in question and according to whether 
the test was conventional or synthetic. A 
few of the points indicate clearing at zero 
contact separation. This occurs because, 
with the blade and finger contacts, contact 
separation is measured from the point 
where the tip of the blade is flush with the 
tips of the fingers rather than the point of 
metallic contact. 

On this plot one curve is drawn to in¬ 
dicate the border line between extinction 
and reignition as shown by the synthetic 
tests, and another to indicate the corre¬ 
sponding border line for conventional 
tests. There are not enough test points to 
determine both curves with high precision 
throughout their length, so there may be 
some question as to whether the curves 
should be exactly as shown. With any 
reasonable change, however, the border 
line for the synthetic tests lies to the right 
of the border line for the conventional 
tests, showing that at any given pressure 
more contact separation is required to 
clear the synthetic circuit than the con¬ 
ventional circuit. These tests, therefore, 

Figure 7. Stationary contacts after test, with 
new contact 


Figure 6. Oscillograms of test 6-C 

indicate the synthetic circuit to be some¬ 
what more severe than the conventional. 

The second series was made at about 
the same current and voltage as the first 
series, but at a higher recovery-voltage 
rate and on a breaker of higher interrupt¬ 
ing rating similar to the breaker tested in 
the field. In this case the line of demarca¬ 
tion between extinctions and reignitions 
lay between 70 and 90 pounds per square 
inch both for the conventional circuit and 
for the synthetic circuit, indicating ap¬ 
proximate equivalence of the two circuits. 

These series may be taken as concrete 
evidence that the synthetic circuit pro¬ 
duces test results sufficiently close to those 
obtained conventionally to serve as an ac¬ 
ceptable procedure for determining ability 
of a circuit breaker to interrupt at the 
first current zero of arcing. 

Synthetic Tests at Breaker Rating 

After making conventional tests on this 
breaker up to the limit of the laboratory 
both at 14,500 volts and at a reduced volt¬ 
age with currents extending up to and be¬ 
yond the rating, the synthetic circuit was 
applied in order to obtain performance 
data upon the application of both rated 
voltage and rated current in the same test. 

Tests were made with a restored voltage 
of about 15 kv rms across a single pole of 
the breaker and at currents varying for 
the most part over the range from 50,000 
to 62,000 amperes. Under these condi¬ 
tions with a tank pressure of 150 pounds 
it was found that occasionally the breaker 
would not clear at the first current zero 
after contact separation. Increasing this 


Curve A—Breaker travel, each step =» approxi¬ 
mately 0.17 Inch 

Curve B—Voltage across contacts, pole 3 

Curve C—Pressure In throat, pole 3 

Curve D—Current, pole 3 

Curve E—Current, pole 1 

Curve F—Pressure in throat, pole 1 

Curve G—Voltage across contacts, pole 1 

pressure to 200 pounds sharply reduced 
the probability of carrying over for extra 
loops of current, and at 250 pounds in all 
cases the breaker was found to clear at the 
first zero point after the contacts had 
separated 0.4 inch. 

Other tests made by varying the rate of 
rise of recovery voltage, keeping all other 
conditions the same, indicate that the 
tank pressure required to insure clearing 
at the first current zero increases as the 
circuit recovery rate goes up. 

The use of 250 pounds of pressure in¬ 
stead of 150 pounds, therefore, provides 
an increased margin of safety in insuring 
half-cycle arcing time for high-capacity 
breakers under conditions of high rate of 
rise of recovery voltage, and since it im¬ 
poses no economic or operating burden on 
this type of breaker, this pressure was se¬ 
lected for the second series of field tests. 

Second Series of Field Tests 

The results of the field tests on the 
modified breaker are shown in Table I. 
The series consisted of an opening and a 
closing-opening test, three-phase, at each 
of three steps, at approximately 40, 80, 
and 100 per cent of full interrupting rat¬ 
ing. Root-mean-square currents in the 
first cycle on the closing-opening tests 
varied from 28,000 amperes to 111,000 
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Figure 8. Movable contacts after test, with 
new contact 
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amperes. These three-phase tests were 
followed by one single-phase operation at 
about 350,000 kva which was a system, 
and not a breaker test. All of these tests 
were completely successful. The breaker' 
■operating time ranged from4 to4 V 2 cycles. 
The arcing time never exceeded one-half 
cycle, confirming the prediction of the syn¬ 
thetic tests made in the factory. ' There 
was ho sign of fire throw either from 
around the contacts or from the vents on 
either opening or closing-opening tests. 

Figure 6 shows the oscillograms of test 
6-C. 

The condition of the contacts from all 
three phases (compared with new con¬ 
tacts) is shown in Figures 7 and 8. Burn¬ 
ing of the metal is detectable for a short 
•distance up the trailing edge of the blade, 
at the hump of the arcing fingers, and on 
the arcing plate at the back of the finger 
assembly. Loss of material was very 
light, however, and conservative estimates 
placed the useful life of the contacts be¬ 
fore requiring replacement at several 
times this amount of service. 

Figure 9 shows the interior of one of the . 
arc chutes following the tests. Here also 



Figure 9. Interrupting chamber after test 


burning is very light. The piece most 
severely burned is the first fibre barrier, 
and this could be expected to last approxi¬ 
mately as long as the contacts. 

Conclusions 

1. Although assuredly unpremeditated and 
unscheduled, and at the moment extremely 


disappointing, the eventual result of the 
di ffi culties on the first series was to build 
up confidence in the air-blast breaker prin¬ 
ciple, for there resulted no damage whatever. 
to adjacent equipment/ and very minor 
damage to the test breaker itself. 

2. A 1.5-kv, 1,500,000-kva air-blast breaker 
has demonstrated its ability to perform 
satisfactorily over the entire range up to 
full rating, and to close currents as high as 
111,000 amperes, under field conditions, in 
the first such tests ever made at generator 
voltage. 

3. Close agreement has been demonstrated 
between the results of factory synthetic 
tests for high-capacity circuit breakers and 
field-interrupting performance; Recogniz¬ 
ing that such field tests, however desirable, 
can serve as only an occasional check on 
laboratory results, this agreement is signifi¬ 
cant in that it establishes confidence in the 
present method of developing high-capacity 
interrupting devices. 
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Electric-Power Distribution Systems 
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I—Introduction 

W E are living today in some of the 
most critical times in the world’s 
history. Throughout a large portion of 
the world men and machines are engaged 
in titanic struggles that may, and un¬ 
doubtedly will, affect the future of 
Western civilization as we know it, for a 
century, perhaps for centuries. We, our¬ 
selves, in this country have, against our 
will, been drawn into this world reaching 
cataclysm. We are now dedicating a 
large part of our energies and resources 
and even our lives to the task of assuring 
that the democratic idea and way of life 
will emerge victorious over its counterpart 
and deadly enemy—the totalitarian idea. 
We are at war. 

I have referred to the dedication of a 
large part of our energies. But more 
specifically I meant to emphasize— 
energy. For truly, as in no other armed 
clash in the history of civilized man, this 
is a struggle between opposing horse¬ 
power. Consider, for example, the fact 
that our monthly output (August 1941) 
of airplane engines alone has reached the 
figure of four and one-half million horse¬ 
power. Add to it, the engine horsepower 
of tanks, trucks and the numerous 
auxiliary vehicles going into direct mili¬ 
tary effort, and the power being built 
monthly for the propulsion of the numer¬ 
ous varieties of ships being built by, and 
for, the American navy, and the supreme 
importance of the horsepower in this 
particular defense program becomes strik¬ 
ingly clear. 

Equally significant are some figures 
from the electric power industry—public 
and private. During the 12 months end- 


in g September 1941 it generated some 159 
billion kilowatt-hours. As of the same 
date it had an installed capacity of over 
42,950,000 kw. Further, it is expected 
that during the year 1942 there will be 
added over 3,000,000 kw of capacity and 
during 1943 close to 2,000,000 kw. One 
single system alone—the electric system 
with which the author is associated—has 
added during the past year over 230,000 
kw of steam electric capacity, and it has 
under construction and will add during 
1942 and 1943 over 500,000 kw of addi¬ 
tional capacity. 

All of the vast reservoir of power is de¬ 
signed to back up the man power of the 
nation and to make certain that energy, 
to the fullest extent that energy can be 
used to complement the human effort, is 
available to meet the requirements for 
increased production of all the materials 
needed to wage modem war. 

Most of this energy has to be distrib¬ 
uted before it can reach the utilization 
point. It has, in other words, to utilize 
the facilities of a distribution system. 
It is a well-known fact that the distribu¬ 
tion system represents the largest single 
item of plant investment in any well- 
balanced electric utility system. Hence, 
it represents the largest aggregation of 
skilled effort and materials. But ma¬ 
terials composing the distribution sys¬ 
tems, and particularly items like copper, 
steel, and electrical assemblies of these, 
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on power transmission and distribution for presenta¬ 
tion at the AIEE winter convention. New York, 
N. YV, January 26-30,1942. Manuscript submitted 
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represent some of the most critical ma¬ 
terials in the present all-out defense effort. 
The factories normally engaged in manu¬ 
facturing these materials into finished 
usable products to take their place in a 
distribution system are, in a great major¬ 
ity of the cases, engaged also in manu¬ 
facturing similar materials, or materials 
of a sufficiently closely similar nature, so 
as to require the same human and machine 
facilities, for direct use in vital defense in¬ 
struments both on land and in war vessels 
of various kinds. 

Distribution systems, as we know them, 
and as they exist today, are the products 
of concepts and ideas developed into 
plans, and built of materials. and labor 
utilizing the concepts and ideas of human 
beings, generally engineers. These con¬ 
cepts and ideas, in turn, have usually 
been based upon knowledge of physical 
and electrical requirements of a distribu¬ 
tion system and of the corresponding 
abilities of certain materials to meet those 
requirements. In many cases, however, 
the requirements themselves, although the 
result of a great deal of experience and a 
knowledge of fundamental engineering 
characteristics, are based upon more or 
less arbitrary criteria of what is required 
to give satisfactory performance. For 
example: It is apparent that, while 
there is much experience and sound distri¬ 
bution engineering behind the common 
criterion of designing distribution feeders 
for two per cent voltage drop to the dis¬ 
tribution center or point of primary take¬ 
off, it is possible to design, build, and 
operate distribution systems with higher 
voltage drops. This is but one example 
illustrative of the fact that many parts of 
distribution systems have been built to 
meet more or less arbitrary standards. 

This is not said in derogation of distri¬ 
bution engineering as currently practiced. 
We all recognize that certain standards of 
performance are prerequisite to any ra¬ 
tional design of any distribution system, 
but many of the standards are not only 
based upon judgment as to the level of 
performance that the standards have to 
reach, but, in many cases today, are the 
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product of a continuous raising of such 
levels. Only to the extent that they do 
not represent the minimum that can be 
safely used, particularly in times of neces¬ 
sity, do I mean to label them as arbi¬ 
trary standards. To that same extent, 
the limitations from a load-carrying 
standpoint are, in many cases, man-made 
and they, therefore, offer possibilities of 
being unmade and their use expanded in 
times of necessity, by man. 

Considering the necessity of utilizing 
all available effort to the utmost in a war 
for survival, it is obvious that, to the ex¬ 
tent that distribution systems, so vital to 
the delivery of power and energy to all 
war industries, have to be expanded in 
order to meet the increasing need for elec¬ 
tric power and energy, it behooves us at 
this time to re-examine the peacetime 
ideas and concepts behind the planning 
and building of our distribution systems. 
It is necessary to ascertain how far ideas 
that were perfectly sound only a short 
time ago are still sound today and how 
far they can be modified; to what extent 
new ideas can be used, particularly for 
the duration of the emergency, so as to 
reduce to the practical minimum the 
total efforts expended on expansion of 
distribution systems. 

II—The Object and Scope of This 
Symposium 

The object and scope of the sympo¬ 
sium, to which this paper forms an intro¬ 
duction, is to survey, study, and analyze 
all phases of the distribution system with 
a view to not only developing new ideas 
and concepts, but even more so to altering 
previous concepts of what has to be done 
on a distribution system under conditions 
facing the electric supply industry and 
industry of the country in general, today: 
to determine means and methods that 
can be employed for adapting, expanding, 
and operating existing distribution sys¬ 
tems for the maximum broad overall 
benefit. This will recognize first, that all 
distribution systems (at least distribution 
systems that have maintained what might 
be called normal standards of adequacy) 
have inherently considerable elasticity, or 
rubber, or stretch, to use more common 
terms. A good deal of that stretch, it 
would appear, can and must be used under 
present conditions. The exact methods 
of utilizing such elasticity, the ways and 
means, will be developed in detail in the 
principal papers. Again, it will recognize 
that, in many of its aspects, distribution 
engineering as practiced today is a result 
of slowly developed standards and con¬ 
cepts of what is adequate quality of serv- 
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ice. Side by side with such develop¬ 
ment has been an acceptance, during the 
past two decades at any rate, of the idea 
that quality of service should be continu¬ 
ally improved. In general, these ideas 
have been sound, at least for peace times. 
But in making such a statement, it needs 
to be recognized that service can be ren¬ 
dered on several—perhaps an infinite 
number of—different quality levels, rang¬ 
ing from the very highest level to one that 
is definitely below the passable or accept¬ 
able. But in between these two limits 
there is a broad band for latitude. 
Where a national emergency exists and 
where the national interest dictates the 
desirability of modifying such standards 
of quality, there most certainly is every 
reason for analyzing de nova, determining, 
and then adopting a newer concept of 
what is adequate for the emergency 
period. 

Not only in operation, but in mainte¬ 
nance also, a closer examination of the 
true needs of a distribution system is in 
order. More than ever in times of a 
national emergency, the question of in¬ 
dispensability of any proposed program 
needs to be gone into thoroughly. Not 
only that, but the long-term concept, 
even the reasonably long-term concept, 
may have to be disregarded and be per¬ 
mitted to give way to the concept of im¬ 
mediate or reasonably immediate need. 
It is true that all this may result in some¬ 
what greater eventual cost. Deferred 
maintenance, for example, always results 
in greater ultimate costs. But here 
again, there is considerable margin of 
latitude between what might be called 
clearly deferred maintenance and what is 
merely anticipatory maintenance. The 
latter will frequently result in a total 
saving over a long enough period of time. 
However, under the situation confront¬ 
ing the country today, a program in¬ 
volving somewhat higher ultimate costs 
may be the more sound, and therefore, 
the desirable one, if not the necessary one, 
to follow. 

From the standpoint of the materials 
situation and the help that can be given 
here, it is necessary to give consideration 
to the fact that many defense industries 
are in direct competition for the same or 
allied materials used on a distribution 
.system. This is true, for example, in ma¬ 
terials like copper, steel, tin, zinc, and 
any number of others. In other cases, 
the competition extends beyond the raw 
material and enters into the manufactured 
product itself. Typical examples of that 
are transformers, electric cables, circuit 
breakers, protective devices, and numer¬ 
ous others that can be cited. Hence, the 

Spom—Distribution Systems in Wartime 


need to critically examine not only the ex¬ 
tent to which existing materials and de¬ 
vices can be more intensely employed, but 
where new materials or devices are 
needed, to determine what substitutes for 
critical materials might be employed. 
This symposium will concern itself with 
this also. 

The development of the idea of the im¬ 
portance of the distribution system to the 
task of making available adequate elec¬ 
tric energy to successfully prosecute the 
war leads directly to the thought that the 
defense or the protection of that system is 
likewise a most vital matter. But this 
subject is a difficult one to handle, par¬ 
ticularly in a public forum. A discussion 
of weaknesses of any system is an auto¬ 
matic indication of the logical point of 
attack by those sufficiently motivated to 
carry on the work of the saboteur. 
Hence, such a discussion has to be, of 
necessity, most limited. But such limi¬ 
tation of the scope of the discussion does 
not alter the fact that certain plans, 
ideas and ways and means of providing 
secondary lines of defense, so to speak, 
can be developed, and in many cases have 
been developed and put into effect. To 
that extent, discussion is not only possible 
but can be fruitful in bringing about 
greater safety. 

HI—The Limitations of the 

Symposium 

Even the brief discussion of the distri¬ 
bution problem that has been given here, 

. should have indicated fairly conclusively 
that the problem undertaken is a complex 
one. What is of even greater significance 
is the fact that the distribution system, 
more perhaps than any other part of an 
electric supply system, is a local problem. 
It is a polygon full of local angles. All of 
this has been fully recognized. The fact 
still remains, however, that certain prin¬ 
ciples are more or less universally applica¬ 
ble. These, in particular, it will be the 
aim and purpose to explore. 

In arranging the series of papers here 
presented, and in their writing, it has 
been neither the aim nor the intention to 
prepare a complete text on the subject, 
or on any phase of it. On the contrary, 
it is fully recognized that a task of that 
sort would be practically impossible, and 
certainly so, within the time and the space 
that has been made available for that pur¬ 
pose. Rather has it been the thought 
that this series of papers will result in a 
stimulation of thinking along new avenues 
and that that will lead to further work 
that will be undertaken. This work 
will have to be done in the scores, possibly 
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Synopsis: This paper reviews the under¬ 
ground distribution system, suggests meth- 
°4s *.°. conserv e existing facilities and ways 
of utilizing latent capacity, and summarizes 
some of the known information available. 
Additional information is given on duct- 
bank load limitations and on time-tempera¬ 
ture factors for cable and duct. 


T HE war program requires that we take 
every advantage of existing equipment 
and unused capacity to carry the unus ual 
loads which are being supplied. Unpre¬ 
dictable new loads and load increases 
must be supplied promptly, although ma- 


ing normal times and all of our combined 
ingenuity will be required. 

The experience from previous operation 
must be utilized to the greatest extent, 
but since the conditions at present are be¬ 
coming so extreme, previous experience 
under normal conditions may be of value 
largely as a sign to point the direction. 
The opportunity to obtain valuable data 
must not be overlooked. Field studies, in¬ 
vestigations, and surveys should be con¬ 
tinued or expanded so that the road can 
be mapped as we travel over it. Infor¬ 
mation gathered now will be of great value 
for present operation and future design. 

Method of Supply 

In those cases where a radial distribu¬ 
tion system is used advantage may be 
gained, both in capacity and in regula¬ 
tion, by changing to a network system. 
A properly designed network will increase 
the capacity of existing facilities in a given 
area and improve the service reliability. 
If maximum use is made of the capacity 


hundreds, or even thousands, of distribu¬ 
tion systems. 

The experience in the application of 
these ideas, and the development of hew 
ideas that effort along this,line isbound to 
bring, will eventually give a great deal 
more knowledge and information. But 
there is no time to await the full gathering 
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increase, there will be very little voltage 
improvement. However, it may be 
necessary, for the duration of the emer¬ 
gency, to modify our existing concepts 
of satisfactory voltage regulation in order 
to make available the maximum capacity 
to carry the load. This does not neces¬ 
sarily mean exceeding the existing limits 
of minimum and maximum voltage, but 
it may mean a wider band than has been 
considered good practice. The change 
from radial to network will only be eco¬ 
nomical in certain cases. In general, the 
increase in capacity alone will not justify 
the expense of changing over, and the 
material required may be more than to 


ways. 

A radial system usually has a number of 
dual-service customers supplied from it. 
Standard practice requires that capacity 
must be available on each service for the 
entire load of the customer. This re¬ 
serves normal capacity of twice the load 
being supplied. More liberal use of the 
emergency capacity of the system will per¬ 
mit this load to be supplied normally from 
one feeder without overload, but will not 
reserve capacity on a second cable so that 
when the second supply is required the 
emergency rating of the cable will be used. 
In some cases, additional load transfers 
at the time of the emergency can be made 
to relieve the overload. Emergency serv¬ 
ice may have to be restricted to the 
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of that experience. Even though all the 
facts necessary for a complete solution of 
all the phases of the problem are not 
available at the present time, a beginning 
must be made at once. All engineers, 
and distribution engineers among them, 
must pitch in and contribute their share 
to the common task. 
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customer’s essential load. As capacity 
limitations become more critical, it may 
become necessary to make available 
emergency service only to essential war 
industries, although this does not appear 
necessary at this time. Control of the use 
of emergency service by the utility instead 
of by the customer will provide greater 
flexibility for the use of existing capacity. 
A review should be made of the facilities 
supplying all dual-service customers to re¬ 
lease all possible capacity for new loads 
and increased loads. 

Additional capacity may be made avail¬ 
able by the parallel operation of primary 
feeders. This must be done with care so 
that a large area will not be without serv¬ 
ice in case of a cable failure. The inter¬ 
rupting duty on equipment connected to 
such parallel lines will be materially in¬ 
creased, and fuses and circuit breakers 
may be inadequate. The same advan¬ 
tage may be gained by transferring custo¬ 
mers between feeders, in order to obtain 
the highest load factor. As an example, 
if there are two feeders into an area, one 
industrial and the other commercial and 
residential, it may be advantageous to 
change both to combination feeders. 

Reliability of Supply 

All reasonable precautions should be 
taken to guard the system against dam¬ 
age to cables and accessories. This dam¬ 
age may be intentional or unintentional 
and may be mechanical, thermal, or 
flood. Mechanical includes both external 
and internal explosions as well as other 
types of mechanical damage. Thermal 
includes fire as well as overload. 

Damage should be prevented if pos¬ 
sible, but when it does occur, the organi¬ 
zation must be prepared to repair it 
promptly and restore the equipment to 
service. This will require suitable trucks 
and trailers equipped with splicing mate¬ 
rials and pumps. Careful study should be 
given to the amount and efficiency of this 
equipment. 

Fire fighting equipment mounted on a 
truck or trailer should be provided which 
can be quickly moved to any part of the 
system. More than one may be required 
for complete coverage of a large property. 
Mobile fire fighting equipment of the CO 2 
type has been designed and is available. 1 
This is useful not only for manhole and 
vault fires, but also for other types of fires 
on the system. An ample reserve supply 
of COa should be kept on hand at all times. 

Fireproofing of cables in manholes and 
vaults should be very liberally applied to 
minimize the danger of a fault being 
communicated to adjacent cables and to 
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tenals and equipment progressively be¬ 
come scarcer. Expedients will be neces¬ 
sary which would not be considered dur- . obtam the same ca P acit y Crease in other 



reduce the damage which will result 
from a manhole or vault fire. In special 
cases, it may be advisable to install bar¬ 
riers to segregate one group of cables from 
another. A highly important transmis¬ 
sion cable in the same manhole with old 
distribution cables might justify special 
precautions. 

Spare materials must be checked and 
watched to assure ourselves that any 
reasonable emergency can be handled 
promptly and efficiently. A proper stock 
of cable in the various lengths required 
should be given careful study. The 
stock of reserve cable should be higher 
than normal, due to the probability of a 
higher failure rate with heavier loads, the 
possibility of extensive damage under 
emergency conditions, and the extended 
delivery required on new cable. Other 
spare materials should include complete 
kits of splicing material, and necessary 
switches, transformers, fuses, network 
protectors, potheads, and any special 
equipment such as oil reservoirs, gas pres¬ 
sure tanks, and various types of fittings. 
Emergency conditions caused by explo¬ 
sions, washouts or eave-ins, and fires 
must not be overlooked. Manhole frames 
and castings should be available. Con¬ 
sideration should be given to using precast 
manholes for emergency replacement in 
cases of extended damage. The installa¬ 
tion of precast manholes has already been 
shown to be practical and economical 2 and 
may meet certain emergency conditions. 

Fault-locating equipment and methods 
should be checked. Fault-locating equip¬ 
ment is available for distribution cable 
which will generally give a prompt and 



accurate location. This is necessary be¬ 
fore much other work can be done to start 
repairs. 

Repairs must be made as quickly as 
possible. Temporary repairs which have 
to be remade later are usually not justi¬ 
fied. This has been verified by incom¬ 
plete reports from England. Some experi¬ 
ments have been made with a “cold-set¬ 
ting” material for making a temporary 
high-voltage cable joint which does not 
require a lead wipe. 3 This has been found 
to be practical and usable where condi¬ 
tions require it, such as with very exten¬ 
sive damage requiring prompt repair with 
minimum skilled labor. 

Salvage methods should be reviewed 
so that maximum advantage is obtained 
from removed cable and material. Duct 
splices have been found uneconomical for 
short lengths of cable but may be neces¬ 
sary to conserve material and maintain 
emergency stocks. Cable which is unfit 
for use at its rated voltage may be usable 
at lower voltage. Material must not be 
discarded if it can be reused to conserve 
new material. 

A supervisory and alarm system giving 
temperature and pressure indication and 
alarm is a tool which can be used to ob¬ 
tain the maximum capacity with safety 
from a given system. Temperatures and 
pressures can be watched and the neces¬ 
sary steps taken to relieve any unsafe 
conditions as they arise. All such sys¬ 
tems which have been installed or are be¬ 
ing installed should be checked to see that 
the maximum benefit is being obtained 
from them. By combining supervisory 
indication with remote control of switches, 
a very flexible system will result. 

Underground Equipment Limitations 

A considerable amount of research has 
been done on the underground system. 
Cables, ducts, manholes, transformers, 
and cable accessories have been studied 

Table I 


Ratings in Amperes 
(2- Phase 3-Wire—A and C 
Conductors) 

Emerge .;.; _ _ 
Normal 2-Hour 4-Hour 


As received from field... 160.240.200 

After reconditioning 
and silver-plating.... .200..., .800.260 

The above ratings are based on maximum tempera¬ 
tures as follows: 


NUMBCR Of CABLES IN DUCT BANK 

Figure 1. Dud-bank thermal capacity 


Temperature—Degrees C. 
Normal Emergency 


Three-conductor 350,000-circular-mil 13-kv 
belted paper and lead cable 


Contacts under oil. ,,,. .70.90 

Terminals above ©tl.85.90 
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and related to each other and to the rat¬ 
ings which may be used with safety. Ad¬ 
ditional work is in progress in many of the 
companies. In presenting the following 
material, liberal use has been made of the 
information now available, some of which 
has been previously presented to the In¬ 
stitute. 

Circuit capacity may be limited by ap¬ 
paratus in the circuit, such as switches. 
Tests were made at Philadelphia on a 
subway-type oil switch rated at 200 am¬ 
peres. These tests revealed that the 
current-carrying capacity of the switches 
was relatively low, although their appear¬ 
ance was good. Silver plating of the con¬ 
tact surface was found necessary to put 
them in satisfactory condition. Table I 
summarizes these tests. 

The B phase leg was the limitation in 
each case. The B phase current is ap¬ 
proximately 1.4 times the A or C phase, 
so that the switch would be rated some¬ 
what higher on a three-phase system. 

Equipment of this type, which imposes 
a capacity limitation on the cable, should 
be rebuilt, replaced, or removed. These 
switches are being replaced with a “drop¬ 
out” switch in all cases where there is a 
circuit limitation. The new switch has 
adequate carrying capacity and may be 
repaired or replaced without interruption 
to either cable connected to it. 

Transformers and transformer vaults 
may be a limitation either on a network 
or on a radial system. In general, under¬ 
ground transformers have been operated 
at or less than name-plate rating whereas 
overhead transformers are operated con¬ 
siderably in excess of name plate. The 
peak load on network transformers aver¬ 
ages only 50 per cent of name-plate rating, 



100 90 SO 70 60 so 40 

DAILY LOAD FACTOR-PER CENT 


Figure 2. Allowable daily peak load for 
various conductor temperature ranges and 
daily load factors 

Three-conductor 350,000-circular-mil 13-ky 
belted paper and lead cable 
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although individual units may operate 
close to capacity. This is due to fault 
capacity requirements, provision for load 
growth and use of standard si 2 es. How¬ 
ever, individual transformers in a net¬ 
work may become overloaded and req uir e 
relief. Vaults designed for a single bank 
may be large enough to install a second 
bank or a three-phase transformer. 
Either operating above name plate or 
operating with excess capacity in the 
vault will require added ventilation. 
Natural ventilation may be improved, 
or forced ventilation controlled by a ther¬ 
mostat may be required. Considerable 
reduction in ambient temperatures with a 
corresponding capacity increase may be 
obtained by ventilation improvement. 

Improvement of vault ventilation and 
subway-transformer cooling has been 
investigated by the Boston Edison Com¬ 
pany . The maximum safe operating cop¬ 
per temperature is established as 100 de¬ 
grees centigrade at 100 per cent load, 
which results in a top oil temperature of 
approximately 80 degrees centigrade. 
During the summer of 1938 the problem 
of excess temperature on subway trans¬ 
formers became critical and was tem¬ 
porarily solved by flooding the vaults 
with water from the city mains. This 
method of cooling was entirely satis¬ 
factory as an emergency expedient, but a 
more permanent method of correction was 
necessary. 

A fabricated steel grating was designed 
and used to replace the four-foot-two- 
inch-by-three-foot-two-inch solid rec¬ 
tangular covers in the roof of the vault. 



Figure 3. Conductor temperature rise above 
ambient 

Laboratory test data 

Three-conductor 350,000-circular-mi! 13-kv 
belted paper and lead cable 
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This resulted in a reduction of 14 degrees 
in the manhole ambient temperature, 
although the differential between the top 
oil temperature and the manhole ambient 
temperature remained at 22 degrees centi¬ 
grade. A net capacity increase of 16 
per cent resulted from the reduced man¬ 
hole ambient temperature provided by 
the open grating. 

The transformer loading was so high 
that this reduction was insufficient to 
reduce the hot-spot tempe'rature to 100 
degrees centigrade. Experiments were 
then conducted with supplementary ex¬ 
ternal radiators installed’ on the trans¬ 
formers. Two cast-iron radiators of 
26Va 'square feet of rated radiation each 
were used on a 100-kva three-phase cast- 
iron-tank transformer. One of two trans¬ 
formers in a vault with the open grating 
was equipped with these radiators and a 
ten-day heat run made on each trans¬ 
former.' This resulted in an indicated in¬ 
crease in capacity of 21 per cent for the 
transformer equipped with radiators 
when installed in a vault with the venti¬ 
lating grating. 

These tests showed that the combina¬ 
tion of an open grating and external radia¬ 
tors on the transformer is equivalent in 
its cooling effect to flooding the manhole 
with water, and results in a more per¬ 
manent remedy. 

Insulation Limitations 

The problem of cable loading cannot 
be separated from duct and manhole 
design. In order to determine the rating 
of any cable, the number and arrange¬ 
ment of ducts, the other load in the duct 
bank, the length of the duct run between 
manholes, the depth of the duct run, the 
length of the manhole, and the offset in 
the manhole must be known. Other 
factors involved are the soil conditions, 
the earth temperature, and local heating 
due to steam mains or other subsurface 
facilities. 

Valuable work on the over-all problem 
has been done by the Commonwealth 
Edison Company and the results of these 
investigations presented by Halperin 
in 1939. 4 Investigations of safe operat¬ 
ing temperatures and of the economics 
of duct loading have been made by the 
Consolidated Edison Comp an y of New 
York and reported by Franklin and 
Thomas in, 1939. B ’ 8 The over-all prob¬ 
lem should receive greater attention both 
in the field and in the laboratory. Pres¬ 
ent conditions will give a large amount of 
field experience, and adequate data should 
be collected. This will supply information 
for the operation of the system at its 
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maximum capacity and indicate critical 
conditions which can be corrected before 
they become serious. It will also add 
much to our present knowledge of how 
far we can safely increase ratings of cable 
and duct. In order to do this with the 
greatest benefit to the industry, an agree¬ 
ment should be reached on definitions and 
basic information to be collected. 

The great majority of the cable which 
is in service in the classification being dis¬ 
cussed is solid-type paper-insulated cable. 
Only this type of cable will be considered, 
although some of the factors may be ap¬ 
plied in modified form to other types of 
insulation. 

The maximum allowable copper tem¬ 
perature for solid impregnated paper-in¬ 
sulated cable under the AIEE rule is 90 
degrees centigrade minus the rated volt¬ 
age in kilovolts, but not more than 85 
degrees or less than 60 degrees. This 
rule covers normal operation of the cable. 
Most users have developed certain work¬ 
ing rules for emergency conditions. In 
some cases, these do not cause any mate¬ 
rial temperature rise above the basic 
rule but depend on the heat-storage ca¬ 
pacity of the cable and duct. In other 
cases, the temperature is permitted to go 
substantially above the recommended 
level for short times at infrequent inter¬ 
vals. "Emergency operation” is defined 
in the Association of Edison Illuminating 
Companies Specification for Impregnated 
Paper-Insulated Lead-Covered Cable, 
Solid-Type (July 1941) as operation at 
temperatures approaching the maximum 
allowable emergency temperature for one 
period per year on the average and not 
for more than four periods in any one 



Figure 4. Conductor temperature rise above 
ambient 

Interpolated from laboratory test data 
Three-conductor 350,000-circular-mil 13-kv 
belted paper and lead cable 

Transactions 109 











twelve consecutive months, each period 
being not more than 24 hours. The 
maximum temperatures permitted are 
115 degrees centigrade for cables operat¬ 
ing up to 1 kv, 102 degrees centigrade for 
cables operating up to 5 kv and 96 de¬ 
grees centigrade for cables operating up 
to 15 kv. These temperatures are being 
exceeded in some cases, at least one com¬ 
pany using 110 degrees centigrade for 
cables up to 5 kv. Cables up to 15 kv are 
generally being operated at a maximum 
emergency temperature of 90 degrees cen¬ 
tigrade, although some experimental work 
has been done at higher temperatures. 4 ’ 5 

Duct Limitations 

9 

From the above rules, ratings can be de¬ 
veloped for cable in various types of ducts, 
duct formations, soil conditions, and duct 
occupancy. Complete empty-duct tem¬ 
perature surveys are the most satisfac¬ 
tory method of determining the ratings 
which should be applied to the cables in 
any duct bank. In applying the tem¬ 
perature rule literally the hot spot must 
be used, since no part of the cable should 
rise above the recommended temperature. 

Duct banks have a definite thermal 
limitation so that many of the old 16-, 
20- or larger-duct lines may be thermally 
loaded, even though there are vacant 
ducts available. Figure 1 illustrates a 
typical summary of the analysis of test 
data for a survey made in Philadelphia 
on a 20-duct bank containing 13 cables. 
The survey consists of taking daily tem¬ 
peratures by thermocouples installed in 
empty ducts and hourly load readings for 
all cables in the duct bank. The average 
readings for three consecutive days are 
used. 

The analysis considers the existing ac¬ 
tual load factors of the cables in the duct 
bank. The load factor probably will not 
change sufficiently in a year to materially 
change the results. 

This chart is predicated on the fact that 
the upper limit of duct bank temperature 
(empty-duct air temperature) is deter¬ 
mined by the rise of copper above empty- 
duct temperature for a selected rating of 
the cable. The cable involved is a 
three-conductor 350,000-circular-mil 13- 
kv belted paper and lead cable. At the 
normal rating of 265 amperes it has a tem¬ 
perature rise of copper over adjacent 
empty-duct air of 27 degrees centigrade 
as determined by calculation and con¬ 
firmed by test. With a maximum allow¬ 
able normal copper temperature of 77 de¬ 
grees centigrade for this class of cable, we 
must limit the empty-duct air tempera¬ 
ture to 50 degrees centigrade. This 
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Figure 5. Heating time of cable in terra cotta 
duct (for all loads) 

Three-conductor 350,000-circular-mil 13-kv 
belted paper and lead cable 

agrees with the findings of Church, 10 Hal- 
perin 4 and others on the recommended 
maximum duct-bank temperature. 

Similar charts are used to determine 
the need for additional duct lines and 
have been made for many of the critical 
locations. 

Sheath Limitations 

Insulation deterioration is not a serious 
problem with modem distribution cables 
operated at temperatures well above the 
AIEE temperature rule. 4-8 It is esti¬ 
mated that the sheath life is from one half 
to two thirds of the insulation life if 
recommended temperatures are observed. 
Temperature variation rather than tem¬ 
perature level causes the major damage to 
the cable by causing sheath deterioration. 
The absolute sheath temperature does not 
materially change the lead characteristics 
at temperatures below 70 degrees centi¬ 
grade. Research to extend sheath life 
is being carried on in the laboratory, but 
field experience and investigation must 
come from the cable users to supplement 
the laboratory information. 

Manhole size and design have a very 
definite relation to cable loading. Inves¬ 
tigations have been made and reported, 4 
and additional investigations are in 
progress. The majority of older man¬ 
holes are too small from the standpoint 
of cable movement, and inadequate pro¬ 
tection is provided at duct mouths. 
Modem practice provides for a longer 
and wider manhole and for fewer ducts 
with improved protection for the cable 
at the duct mouth. Badly congested 
manholes in critical locations can be 
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materially improved by a program of re¬ 
building to more modem standards, 
which should result in a material reduc¬ 
tion in failures due to sheath breaks. 
Such a rebuilding program would permit 
higher cable ratings on the rebuilt por¬ 
tion and require very little critical mate¬ 
rial. Present information is incomplete, 
but generous manhole construction should 
be provided wherever the space is avail¬ 
able. Halperin 4 has recommended a mini¬ 
mum manhole of 10 by 6 feet for three- 
conductor 500,000-circular-mil 13-kv 
cable, and 8 by 4Vj feet for three-conduc¬ 
tor 5-kv cable of 375,000 circular mils or 
less. 

Small cables have less cable movement 
for the same temperature variation than 
large cables. Cable conditions can be ma¬ 
terially improved by using three single¬ 
conductor cables of the same copper cross 
section in place of one three-conductor 
cable. This will result in a substantial 
reduction in the sheath damage without 
any decrease in the rated loading of the 
cable. One objection on certain applica¬ 
tions is that the cable impedance will be 
increased approximately ten per cent 
so that such a cable cannot be operated in 
parallel with an existing three-conductor 
cable. However, on radial feeders a sub¬ 
stantial increase of the cable rating will 
result from the use of single-conductor 
cables. 

Cable movement has been related to 
temperature variation. 4 Cable move¬ 
ment has been related to sheath damage 
to show that increased movement results 
in increased damage although present in¬ 
formation is incomplete. Factors to be 
considered include the size of cable, thick¬ 
ness of lead, type of lead, frequency of 
movement, size of duct, length of manhole, 
and man-hole offset. Halperin has shown 
that a long length of cable will have pro¬ 
portionately less movement than a short 
length for equal temperature variations. 4 
More recent information has indicated 
that up to a variation of 25 degrees centi¬ 
grade, the movement at the duct mouth 
for 800- to 900-foot lengths is the same 
as for 300- to 400-foot lengths. Long 
lengths of transmission cable have been 
installed in Chicago, Cincinnati, and 
Newark. The experience with these 
cables will be valuable for future installa¬ 
tions. 

. Temperature variation is dependent 
upon load factor, since, if the load does not 
change, the only temperature variation is 
due to the duct-bank temperature change. 
Figure 2 shows the peak load plotted 
against the daily load factor for various 
temperature ranges. The range is the 
same for a 6,500-kva peak at 95 per cent 
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factor as for a 3,000-kva peak at 73 
cent load factor. These values are 
puted but field investigation indicates 
, are conservative. Sheath damage 
-unction of cable movement which in 
is a function of temperature varia- 
A high load factor will reduce the 
th damage and, therefore, permit 
- r loading of the cable, 
vo customers in Philadelphia illus- 
the variation that may be expected, 
s an oil refinery with a load factor of 
^ fhsn 95 per cent. The second is an 
- ic furnace with a load factor of less 
60 per cent. The latter is full load 
>proximately three hours and no load 
>proximately two hours, then repeat. 
Lormal rating assigned to these cables 
e same for both customers. No 
h. damage is expected from the first 
n extreme amount from the second, 
"tunately, the experience has been 
-°rt to be of any value. 

•gency Ratings 

:iugs have been applied to 13-kv 
•insulated three-conductor belted, 
'O-circular-mil cable in Philadelphia 
wn in Table II. 

se calculations are based on six 
per duct bank with a 75 per cent 
actor, 20 degrees centigrade earth 
rature, and result in a normal-load 
* temperature of 77 degrees centi- 
The emergency ratings are based 
ious time-temperature tests to give 
:imum copper temperature of 90 
s centigrade. Figure 3 shows labo- 
test data and Figure 4 shows vari- 
tings interpolated from the labora- 
est data. The laboratory setup 
ranged to simulate field conditions 
as later checked in the field and 
-to be quite accurate. Figure 5 
the per cent of maximum tempera- 
otted against time for all loads, 
nteresting example of the punish- 
irhich can be taken by cable is the 
ure-Richmond 13-kv tie line in 
slphia. This consists of six cables 
n two generating stations. Origi- 
x 1926 it was given a rating of 265 
;s per cable, which, due to duct con- 
, is about ten per cent above that 
ted by the AIEE rule. This was 
:d at or above its rating for a num- 
rears, and then in 1936 for station 
y reasons the rating was in¬ 
to 289 amperes. The failure 
libled following this increase, and 
it was reduced to the original rat- 
lie average failure rate during the 
of service has been 28.5 per 100 
vhich is a high rate but, neverthe¬ 


less, would result in an average cable life 
of 29 years. Cable-failure rates of thi? 
order are extreme and cannot be con¬ 
sidered good practice. However, in spite 
of this high failure rate, the life is so long 
that obsolescence and system changes 
have to be given equal weight with serv¬ 
ice failures. In the fifteen years of 
operation there have been 95 failures, 28 
in the first 10 years and 67 in the last five 
years. This latter period includes the 
period of increased rating. During the 
past 2Va years, accurate failure records 
have been kept and show that 80 per cent 
of the failures can be attributed to cable 
movement. Manholes in this entire duct 
run are small and severely congested, 
and much of the damage is attributed to 
this. More modem manholes with ade¬ 
quate space would result in a very sub¬ 
stantial reduction in the failure rate. 
Cable can be punished severely year after 
year and continue to operate. The eco¬ 
nomics of this case indicate that it has 
been good business to operate the cables 
this way.® 

Cable rating must be distinguished 
from cable loading in the operation of a 
system. The practice in some companies 
is to establish a rating for the cable but 
permit the loading to reach only 85 per 
cent or 90 per cent of the rating. If the 
system of rating is reliable, the forecasted 
load should be permitted to equal the 
rating. In one case 8 the cable rating for 
50 cables was raised to a basis of 100 de¬ 
grees centigrade copper temperature, but 
later records showed that cable loading 
had been very little higher than under the 
old rating. However load growth will 
gradually change this so that additional 
capacity' will result. Capacity will be 
made available by working the cable load¬ 
ing right up to the rating. This should 
be on the basis of average loading and not 
on short-time swing peaks. 

t 

Conclusions 

Past investigations and recommenda¬ 
tions have been based on restricted ex¬ 
perience obtained in the laboratory or on 
relatively small test installations in the 
field. There is every reason to believe 


Table II. Emergency Ratings—13-Kv Three- 
Conductor 350,000-Circular-Mil Belted 
Cable—Amperes 

Norma l-r-265 Amperes 

After Normal After Less Than 
Load V* Normal Load 

Vi-hour emergency.... 460.. 520 

2 -hour emergency.365.. 396 

4-hour emergency...330.!] 360 


that the period we are now going through 
will result in creating a giant laboratory 
out of our present systems. Our first re¬ 
sponsibility is to continue to carry the 
load and all load which is added. To do 
this we must search out and eliminate the 
“hotspots” and “bottlenecks.” Material 
must be used where it will give the great¬ 
est return. Secondly, we should get the 
greatest possible return from this condi¬ 
tion to use in future design to build bet¬ 
ter and more economical systems. An 
investigation of the folio-wing conditions 
will permit us to do both of these intelli¬ 
gently: 

1. Earth temperatures in the vicinity of 
duct lines. 

2. Duct-bank temperatures—studies of 
various types of duct banks with respect to 
construction and environment. 

3. Cable-sheath temperatures—correlation 
of cable-sheath, occupied-duct, and empty- 
duct temperatures. 

4. Cable loading—hourly load readings 
with special consideration to emergency 
and abnormal conditions. This should be 
related to above surveys. 

5. Cable movement—the relation of cable 
movement, load changes, section lengths, 
and load factor. 

6. Cable operating performance—careful 
analysis of cable failures and sheath breaks. 
Particular attention should be given to fail¬ 
ures due to expansion and contraction and 
to thermal insulation failure. 
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Summary 

1. Provide all reasonable safeguards for the 
system. 

2. Prepare for emergencies and rapid res¬ 
toration of service. 

3. Provide adequate emergency stocks of 
cables and accessories. 

4. Maintain an adequate inspection and 
maintenance program, 

5. Maintain complete records for use in 
determining present ratings and future re¬ 
visions. 

6. Review ratings of all cables and permit 
load to reach rating. 

7. Rearrange load connected to cable to 
improve load factor. 

8. Provide adequate reliability to all load 
by alternate routes. 
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Power Supply to Distribution Sub¬ 
stations in Wartime 
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1. Introduction 


T HE purposes of this symposium in 
relating distribution engineering to 
the present war emergency have been 
fully introduced and set forth in the open¬ 
ing paper so that further elaboration will 
be unnecessary here. As indicated by 
the title, the discussion in this paper will 
be confined principally to transmission 
substations and subtransmission lines, all 
as a means of supplying distribution sub¬ 
stations. An attempt will be made to 
explore ways and means by which more 
capacity can be obtained from a given 
amount of material and labor, both in 
existing facilities as well as in the design 
and construction of new facilities. 

2. Transmission Substations 

It might be said that transmission sub¬ 
stations are the beginning of distribution, 
since such substations furnish the supply 
to subtransmission lines, which in turn 
supply the distribution substations. The 
importance of transmission substations in 
relation to the present war-emergency 
program is very great. With the excep¬ 
tion of generating facilities, the possi¬ 
bilities of their becoming bottlenecks on 
the system may be more acute than al¬ 
most any other system element, because 
of the larger size and more or less special 
design of equipment required for each 
particular substation. For this reason 
it is particularly desirable to explore the 
possibilities of getting more capacity 


from existing equipment, and to design 
new substations in such a way as to use 
material and labor most efficiently. 

Transformer Capacity 

While the problem of obtaining larger 
capacity from transformers is, in many 
respects, the same, whether these trans¬ 
formers are in a transmission substation 
or a distribution substation, there are 
some essential differences. For example, 
the transmission substation transformers 
are usually of much larger capacity and 
more or less “tailored” to fit a particular 
job, and, hence, there is less possibility of 
sh ufflin g them around from one substa¬ 
tion to another, as is often done to ad- 
vantagewith distribution-substation trans¬ 
formers. Also, because of the greater 
dependence placed upon such units in 
supplying not one, but a considerable 
number of distribution substations, rela¬ 
tively greater care in maintenance and 
in any procedure used in overloading such 
capacity should be exercised. 

Several possibilities for getting in¬ 
creased capacity from transformers, some 
of which will also be discussed in a com¬ 
panion paper dealing with distribution 
substations, will be suggested below. 

On existing self-cooled transformers it 
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on power transmission and distribution for pres¬ 
entation at the AIEE winter convention, New 
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printing December 17, 1941. 
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is possible in practically all cases to obtain 
an increase of 25 per cent to 33 1 /s per cent 
in capacity by the application of fans or 
blowers for forced-air cooling. Where 
the transformers were originally designed 
for such cooling, such a procedure would, 
undoubtedly, be adopted forthwith when 
increased capacity is needed, and no 
particular problem would be involved. 
Permanent blower or fan equipment 
should be obtainable within a few weeks. 

On self-cooled transformers not origi¬ 
nally designed for it, the application of 
forced-air cooling must include a check on 
the current-carrying capacity of leads, 
bushings, and so on, with a possible 
change, if necessary, in some of these to 
make sure that all parts of the circuit are 
adequate for the larger transformer out-, 
put. In extreme emergencies,, any type 
of fan, even a large portable fan, could be 
used to obtain a quick capacity increase. 

In the case of self-cooled transformers 
already equipped with forced-air cooling, 
and for water-cooled transformers, an in¬ 
crease in capacity can be obtained by 
forced oil circulation with external coolers 
or radiators. % These radiators can be air¬ 
cooled, or in extreme cases could be cooled 
by refrigeration. 

It should be noted that to get the full 
cooling effect and resulting maximum 
capacity out of water-cooled transform¬ 
ers, the cooling coils must be maintained 
in good condition and free from internal 
scale or deposit. A thorough cleaning of 
cooling coils has often resulted in a sub¬ 
stantial capacity increase. 

The use of external water spray may be 
found of value in certain emergencies, 
particularly during hot weather. While 
this method does not offer a large increase 
in capacity, at the same time it is inex¬ 
pensive where water is readily obtainable, 
and can be applied very quickly when 
needed. 

Referring again to a companion paper 
on distribution substations, mention is 
made of the possibility of loading trans¬ 
formers on a temperature basis to values 
well beyond name-plate ratings, and 
references are made to material published 
on this subject. The basis of all of this, 
of course, is the fact that most trans¬ 
formers possess a certain amount of in¬ 
herent overload capacity, varying with 
the load factor and ambient temperature 
conditions under which the transformers 
operate. Since we may be forced to use 
this overload capacity whether we choose 
to do so or not, it may be possible to do it 
more safely and intelligently in the light 
of quantitative analyses as to the effect 
•of overloading on the over-all life of typi¬ 
cal transformers, and from these, arrive at 
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Figure 1. Typical assumed load curve for substation trans¬ 
formers 


tures 


Load factor 67.5 per cent 
Assumed peak load 130 per cent 

some measure of the amount of overload¬ 
ing which can be reasonably tolerated. 

As an example of the type of analysis 
which can be made, Figure 1 gives a 
typical assumed load curve in which the 
peak load is 25 per cent above the trans¬ 
former rating. Based upon this loading, 
Figure 2 has been prepared showing the 
loss or consumption of life in this trans¬ 
former for various levels of ambient 
temperature. This analysis has been 
made on the basis of data published by 
Nichols and others 1 ' 2 and obtained from 
exhaustive tests on the effect of tempera¬ 
ture on the life of insulating materials in 
oil. It is obvious from Figure 2 that a 
lowering of the ambient temperature by 
only a few degrees very greatly reduces 
the effect of a given overload in consuming 
the useful life of the transformer. 

Actually the data used in the above 
analysis are believed to be well on the 
conservative side. For one thing, the 
ratio between copper and pore losses has 
been taken as 2.75, which is considerably 
higher than average practice. A lower 
ratio would obviously mean a smaller in¬ 
crease in heating on overload. This and 
other margins of safety in the figures 
used, along with results of field experience, 
tend to support the conclusion that actual 
transformer life would be considerably 
better than indicated by the analysis. 

A particular instance where it may be 
considered entirely permissible to make 
rather liberal use of the inherent overload 
capacity of transformers would be in the 
case of an outage of one unit where two 
units are normally operated in parallel. 
While it should be done only on the basis 
of some knowledge or analysis as to the 
oss of life involved, nevertheless, a much 


higher rate of consumption of life could 
be allowed in this case as against the cost 
and, particularly during the present 
emergency, the availability of full spare 
capacity to carry the entire load. As a 
matter of fact, this practice, at least to a 
degree, would be sound economics during 
normal times. 

Portable Car-Mounted Transformers 

As pointed out above, the transformers 
used in transmission stations are usually 
fairly large and more or less “tailored” to 
fit a particular job, as compared with dis¬ 
tribution station transformers. For both 
of these reasons, there results the possi¬ 
bility of a serious bottleneck to the supply 
of power in case of 

1. A serious transformer failure. 

2. A sudden demand for increased power, 
either at an existing location or at a new 
location for which it may not be possible to 
obtain new transformers within the available 
time. 

To take care of such emergencies, pri¬ 
marily on transmission substations, there 


65.5 Ml. 397.S00 CM A.C.S.R. 




J 3 ^- 9 Ml. T 32.6 Ml 

397,500 CM A.CS.R V 397,500 CM A.C.S.R, 

Y wXw 1500 KVA-36 
y /w\ & 


^ ♦ «— 

APPROX 
0.7 Ml. 

1 

' . 4-KV 


n 




'rmt y 


LOAD 

/.27-KV UNE 
♦ (25 Ml.TO SOURCE) 

Figure 3. Small-capacity transformer tappe 
to 132-kv transmission line with minimu 
protection 


have been designed and constructed for 
one system, the system with which the 
author is associated, portable emergency 
transformers permanently mounted on 
specially designed railroad cars and ar¬ 
ranged with a considerable number of 
voltage, tap, and phasing combinations 
to cover practically all of the transmis¬ 
sion-substation requirements on the sys¬ 
tem. The capacity of these transformers 
was made as large as railroad clearances 
and other limitations would permit, and 
the entire equipment includes lightning 
arresters and all necessary auxiliaries 
mounted on the cars. With the exception 
that lightning arresters must be dis¬ 
mantled during transportation, the entire 
transformer is carried complete with 
bushings and oil in place ready to operate 
as soon as it reaches its destination. 

Because of the extreme range of re¬ 
quirements to be covered by such trans¬ 
formers, two complementary units of 
approximately equal capacity and physi¬ 
cal size were used. One of these, with a 
three-phase capacity of 15,000 kva, was 
designed for stepping down from 132 kv 
and 110 kv to any of the lower voltages 
down to and including 11 kv. Trans¬ 
formations from 132 kv to 110, 88, and 65 
kv were obtained by autotransformer 
connections, while other voltages were 
obtained by two-winding combinations. 

The other unit, having a three-phase 
capacity of 17,000 kva, was designed to 
cover the intermediate step-down ratios 
from 88 kv, 66 kv, and 44 kv down to 
lower voltages from 44 kv to and including 
11 kv. 

The size and weight of these trans¬ 
formers, approximately 85 tons each, re¬ 
quires each unit to be permanently 
mounted on a special 100-ton, drop-frame- 
type railroad car, which is designed, how¬ 
ever, to meet all the requirements of the 
Interstate Commerce Commission and 
the Association of American Railroads. 
The cars are registered with the latter 



Figure A. Medium-capacity three-phase trans¬ 
formers tapped to transmission line with auto¬ 
matic air-break switches 
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Figure 5. Large-capacity transformer bank 
tapped to transmission line with automatic line 
sectionalizing 


and subject to the same obligations and 
privileges as any other railroad freight 
car. 

Inasmuch as railroad sidings are not or 
cannot be made available at all of the 
transmission substations or other possible 
locations where it might be necessary to 
use these portable “universal” transform¬ 
ers, it will be necessary at such locations 
to unload a transformer from its car and 
transport it over highways, using special 
highway trailers owned by local contrac¬ 
tors. For this purpose the weight can be 
materially reduced by removing the oil 
and some other equipment from the 
transformer. 

Switching Equipment 

As in the case of distribution stations 
themselves, as pointed out in a companion 
paper, the rapid expansion of electric sys¬ 
tems now taking place, and which will un¬ 
doubtedly continue to a large extent dur¬ 
ing the war emergency, creates a serious 
problem in connection with the interrupt¬ 
ing capacity of circuit breakers at trans¬ 
mission stations. In many cases the 
growth of systems far in advance of expec¬ 
tations has brought about circuit-breaker 
duties in excess of capacity at stations 
fairly recently built, or where circuit 
breakers have recently been modernized. 
A number of procedures may be suggested 
for taking care - of this circuit-breaker 
problem. 

Probably the most economical solution, 
where it is applicable, is the rebuilding or 
modernizing of circuit breakers to increase 
their interrupting capacity: this, of course, 
can only be done in certain cases where 
the breakers are of older design, and 
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where an increase in capacity can be 
brought about in the rebuilding process. 
Such a program should result in a sub¬ 
stantial saving in material and labor and 
generally also in cost over the complete 
replacement of the circuit breakers. 

A second solution, which, in many 
cases, may permit the necessary expansion 
of the station and, at the same time, hold 
down the interrupting duty on the circuit 
breakers to avoid the necessity of replace¬ 
ment, will be to split the bus into two or 
more sections, either with or without re¬ 
actors to tie the sections together. Unless 
the system is designed on a well-balanced 
basis for operating independent bus sec¬ 
tions, it will probably be necessary to use 
reactors to tie the sections together. In 
some cases it may be necessary to employ 
both of these procedures, that is, to sec- 
tionalize the bus and to rebuild the circuit 
breakers as well. 

The third, and perhaps final alternative, 
will be to install new and higher-capacity 
breakers where the existing breakers are 
hopelessly inadequate. This, of course, 
does not save either cost or material, ex¬ 
cept where it may be possible to make use 
of the existing breakers at other locations 
for which new breakers otherwise would 
have to be purchased. This “shuffling” 
of breakers, with the purchase of only 
larger sizes wherever possible, and the 
shifting of smaller breakers to lesser loca¬ 
tions, is sound practice from an engineer¬ 
ing and economic standpoint, not only 
during emergencies but during normal 
times as well. 

Disconnecting switches and air-break 
switches should not ordinarily present a 
problem in connection with increased 
loading on transmission substations but 
should be carefully checked and main¬ 
tained, along with other equipment in the 
station, to be sure that adequate carrying 
capacity is available. Overheating of 
such switches will lead to progressive 
weakness and eventual failure if not taken 
care of. 

3. Tapping Transmission Lines 
With Low-Cost Transmission 
Substation 

It has been generally believed in the 
past that important transmission lines 
should be used only to carry relatively 
large blocks of power between generating 
sources and major transmission stations, 
and that such lines should not be tapped 
to supply relatively small loads, because 
of the additional hazard imposed on the 
transmission lines. However, the econo¬ 
mies made possible by occasionally tap¬ 
ping transmission lines with a relatively 


inexpensive step-down transformation 
have been so great that more and more 
installations have been made. Experi¬ 
ences with these installations, and the de¬ 
velopment of methods for installing and 
protecting such equipment, as well as the 
transmission lines themselves, have 
brought this practice to the point where it 
is now considered a very practical and 
successful means of providing service at 
many suitable locations. If a transmis¬ 
sion line is available near the desired loca¬ 
tion, a tap on the line may be the logical 
and economical means of supplying loads 
directly, or reinforcing the supply to an 
overloaded subtransmission system. The 
alternative means of supplying a load by 
extending and reinforcing the subtrans¬ 
mission system may be much more expen¬ 
sive both in material and labor. 

Many such installations have been 
made on the systems with which the 
author is associated, particularly for step¬ 
ping down from 132,000 volts to various 
voltages all the way from 66,000 to as low 
as 4,000 volts. These transformer in¬ 
stallations vary from the very small ones 
as low as 1,500 kva in capacity for serving 
a 4,000-volt load, to as high as 18,000 kva 
for reinforcing a 66,000-volt subtransmis¬ 
sion system. The smaller installations, 
for obvious economic reasons, are made as 
simple as possible with a minimum of pro¬ 
tective equipment. For this reason it may 
not be feasible to provide for clearing the 
transformer in case of fault in the trans¬ 
former, so that it is necessary in this case 
to take the risk of transformer damage. 
Experience for a number of years, how¬ 
ever, has been quite satisfactory in this re¬ 
gard. Figure 3 shows a typical installation 
of a smalll,500-kvathree-phasetransform- 
er tapped to a 132-kv transmission line. 

For larger stations and loads, more 
elaborate protective equipment is justi¬ 
fied, although not the expense of high- 
voltage circuit breakers. Figure 4 shows a 
typical medium-capacity station with 
automatic air-break switch protection for 
the high side and with a differential-relay 
scheme for clearing the transformers in 
case of trouble. The two main functions 
of the protective equipment in this case 
are as follows: 

1. For a transmission-line fault, the trans¬ 
former is disconnected by means of its low- 
voltage circuit breaker from the subtrans¬ 
mission system, which would, otherwise, 
feed into the transmission-line fault through 
the transformer. To provide positive re¬ 
laying of the transformer switch in case of 
line-to-ground fault on the transmission 
line, it is necessary that the transformer be 
wye-connected on the high side with neutral 
grounded. 

2. For a fault in the transformer itself, the 
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transmission line is opened by its own relay¬ 
ing and the transformer disconnected from 
the low-voltage side by its own differential 
relays. Immediately thereafter, during an 
interval of approximately one minute while 
the transmission line remains de-energized, 
the transformer high-voltage air-break 
switch is opened up automatically from the 
operation of the differential relays. Fol¬ 
lowing this the transmission line is restored 
to service. 

The desirability of providing a 
grounded wye-connection on the high side 
of such a transformer may add slightly to 
the cost of installation: 

1. By necessitating a delta-winding on the 
transformer if it results in a wye-wye 
connection. 

2. By requiring the installation of a 
grounding transformer for the low-voltage 
bus if it results in a wye-delta connection, 
and it is also desired to establish a neutral 
ground at that point for the low-voltage 
system. 

This additional cost, however, is usually 
considered well-justified to obtain the 
more complete relay protection which it 
affords. 

■While carrier-current relaying is actu¬ 
ally employed on the transmission linpg to 
which this station is connected, its use is 
not essential to the carrying out of the 
protective functions described above, ex¬ 
cept with regard to the ultrahigh-speed 
reclosing on the transmission lines. The 
operation of the transformer-differential 
relays provides a carrier impulse which 
stops the line from reclosing in 0 f a 
transformer fault; otherwise, the line 
would reclose on the transformer fault the 
same as for a fault on the line itself. 

A still larger station with the most com¬ 
plete automatic protection obtainable 
without using high-voltage circuit break¬ 
ers is shown in Figure 5. Here the trans¬ 
former installation is large enough to jus¬ 
tify the use of three single-phase units 
with a fourth as a spare. The manner in 
which transformer-differential protection, 
as well as transmission-line sectionalizing, 
is accomplished in this station, using auto¬ 
matic air-break switches only, is described 
as follows: 

1. For a permanent transmission-line fault 
on either side of the station, the entire line is 
cleared, along with the low-voltage trans¬ 
former breaker, and remains open for an 
interval of approximately one minute during 
which the two line-sectionalizing air-break 
switches are opened. Following this, both 
line sections redose, the good one remaining 
closed, and the faulted one tripping and 
locking out. The sectionalizing air-break 
switch, on the line which remains energized, 
then recloses, restoring service to the trans¬ 
former bank. The final step is the reclos- 
ing of the 66-kv circuit breaker on the low 
side of the transformer bank. 

2. For a fault in the transformer bank, 
both the line and the transformer low- 


voltage breaker are cleared, but, in this 
case, the differential relays act to open up 
the transformer high-voltage air-break 
switch instead of the line-sectionalizing 
switches, after which the line redoses and 
the transformer bank remains de-energized. 
As in the station of Figure 4, carrier-current 
relaying and ultrahigh-speed redosing are 
used on the transmission line, and, for a 
differential-relay operation on the trans¬ 
former bank, a carrier impulse is sent out to 
prevent the instantaneous reclosure of the 
line into a transformer fault. 
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Figure 7. First step to Increase capacity of 
lines to serve 40,000-kw load 


The satisfactory operation of these sta¬ 
tions; and of many others of which they 
are typical, has fully established the 
soundness of this method of supplying 
power directly from transmission lines at 
relatively low cost. The use of this device 
wherever favorable opportunities are pre¬ 
sented offers one possibility for supplying 
power to distribution substations, and, in 
some cases, to distribution loads directly, 
with the most efficient use of equipm ent 
and labor. 

4. Subtransmission Lines, Existing 
and Proposed 


The term "subtransmission lines,” as 
used in this paper, refers to the inter¬ 
mediate voltage systems, such as 22 kv 
up to and including 66 kv, which are 
generally used to supply distribution sub¬ 
stations. Such lines, of course, may be 
supplied either from transmission sub¬ 
stations or direct from generating plants. 
The rapid growth of load brought about 
by the present war emergency has posed 
the problem of getting more capacity out 
of existing lines, or of providing increased 
capacity in one way or another with a 
minimum expenditure of material and 
labor. While a most favorable solution of 
the problem will, of course, depend upon 
the particular factors and limitations in 
each situation, an attempt will be made to 
suggest methods of obtaining increased 
capacity in a number of typical situations 
that may come up. 

Short Lines—Thermal Limits 
Controlling 

For lines that are relatively short with 
respect to the amount of power and volt¬ 
age, the capacity limitation may be al¬ 
most entirely a matter of the thermal 
limits of the conductors themselves, rather 
than limitations due to voltage regulation. 
In many cases, however, both of these 
limitations must be taken into account. 
Typical ways of obtaining capacity in¬ 
creases in situations of this kind may be 
suggested as follows: 

1. Where several circuits with conductors 
of moderate or small size are already oper¬ 


ated in parallel, the most economical and 
efficient method of obtaining an increase in 
capacity may be the rebuilding of such cir¬ 
cuits with a considerably larger conductor, 
on the assumption, of course, that the ex¬ 
isting conductor can be salvaged for needed 
use elsewhere. This method offers certain 
substantial savings in that 

1. No additional terminal switching is required. 

2. No additional right-of-way Is required. 

3. In the case of wood-pole lines in good condition 
few if any structures will have to be replaced. 

If the use of larger conductors alone is in¬ 
sufficient to provide the necessary increase 
in line capacity, it may become necessary to 
construct additional circuits which, because 
of right-of-way difficulties, will usually be 
at least as long if not longer than the existing 
circuits. In such an event, the use of a 
larger conductor on the new circuit will be 
of little advantage, unless the conductors on 
the original circuits are enlarged at the same 
time. In other words, if the existing cir¬ 
cuits are not changed, any attempts to load 
up the new circuits in proportion to their 
larger conductor capacity would result only 
in exceeding the thermal limits of the exist¬ 
ing circuits. 

As an illustration. Figure 6 shows a typical 
case of three parallel 22-kv lines serving a 
24,000-kw steel-mill load. The reactors in 
these feeder circuits were originally installed 
to limit the interrupting duty imposed on 
the feeder circuit breakers. Two steps of 
increased capacity were required, first about 
a 60 per cent increase to a load of 36,000 kw, 
and later an increase to more than double, or 
approximately 70,000 kw. In carrying out 
these steps, the procedure outlined above 
was actually reversed because of the pres¬ 
ence of the reactors in the original feeder 
circuits. Figure 7, therefore, shows the 
&*st step, which consisted of building a new 
circuit of 360,000 circular mil of copper to 
operate without any reactor and in parallel 
with the three existing circuits. As a result 
of this arrangement, the new circuit, both 
from the standpoint of thermal limit as well 
as actual impedance, had a capacity of 
approximately IV* times that of the old 
circuits, and thus provided the necessary 60 
per cent increase in over-all capacity. 
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Figure 8. Final layout to serve 70,000-kw 
load 
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Figure 9. Unequal impedances of lines in 
parallel—-resulting in bottleneck 


The final arrangement of the setup, to in¬ 
crease the capacity to approximately 70,000 
kw, was then obtained as shown in Figure 8. 
Here the reactors in the original three cir¬ 
cuits were removed, new circuit breakers of 
adequate interrupting capacity were in¬ 
stalled, and the existing number 4/0 copper 
line conductors were replaced with 400,000 
circular mil of copper. Both the breakers 
and line conductors removed in this process 
were used elsewhere. 

In this case at least three new circuits of the 
same capacity as the original circuits would 
have been required to handle the final load 
increase so that the method of changing 
conductor size resulted in a net saving of 
two circuits with all the terminal equip¬ 
ment, line construction, and so on, pertain¬ 
ing thereto. At the same time, voltage 
regulation under the final setup was quite 
satisfactory. 

2. In other cases of relatively short heavily 
loaded lines, it may not be feasible to change 
existing conductors; for example, where 
steel tower lines are already carrying the 
maximum physical load. Such a situation 
may be further aggravated by the necessity 
of taking a longer route for new circuits. 

Figure 9 shows a typical instance where one 
number 2/0-copper double-circuited line 
constituted a bottleneck when operated in 
parallel with other circuits of larger conduc¬ 
tor size. Here the installation of a reactor 
in the number 2/0 copper circuits eliminated 
the bottleneck and allowed all of the circuits 
to carry load commensurate with their ac¬ 
tual thermal limitations. At the same 
time, with the fairly short lines involved, 
no voltage regulation problem was intro¬ 
duced by the use of the reactor.. 

Medium Length Lines—Both Thermal 
Limits and Voltage Regulation 
Involved 


standpoint of the number of circuits in¬ 
volved. 

For a typical situation of this kind, 
shown in Figure 10, it was desired to con¬ 
struct two new circuits of relatively high 
capacity to operate in parallel with four 
existing circuits of medium capacity, but 
right-of-way conditions necessitated a 
longer route for the new circuits. A solu¬ 
tion was found in the use of a series 
booster transformer of simple design con¬ 
nected in each of the two new circuits and 
operated as part of the line. Using a 60- 
degree series voltage, obtained from an 
adjacent phase of a wye-connected trans¬ 
former as in the zigzag transformer con¬ 
nection, these transformers introduced 
both a voltage boost and a phase-angle 
shif t to force the line to carry a heavier 
share of both kilowatts and reactive kilo¬ 
volt-amperes. The desired results in load¬ 
ing, as shown by Figure 10, were obtained 
with only 2 1 /t degrees angle shift and the 
corresponding voltage boost of about 2 1 /2 
per cent, which required a series winding 
of only five per cent. Such an installation, 
even allowing for a maximum angle of 
five degrees for future contingencies, can 
be made relatively inexpensively, as it 
does not require additional switching 
facilities or a transformer designed for 
changing taps under load. Taps, of course, 
should be provided, but can be changed by 
momentarily de-energizing one circuit at a 
time. The amount of phase angle re¬ 
quired is so small that it should not be 
necessary to remove it under light load 
conditions. 

Longer Subtransmission Lines— 

Voltage Regulation Controlling 

In some situations, the length of lines 
and loading is such that voltage regula¬ 
tion rather than thermal limitations is the 
determining factor. If the system is laid 
out with sufficient circuits to give reliable 
loop service, the u§e of some means for 
voltage regulation is probably the most 


efficient and economical way of increas¬ 
ing system capacity. If not too many sta¬ 
tions axe involved, individual regulation 
such as load-ratio-control transformers 
might be used. Where the need for regula¬ 
tion is quite extensive, it may be more 
economical and otherwise more advan¬ 
tageous to install one or more synchronous 
condensers for power factor and voltage 
control. The beneficial effect of syn¬ 
chronous-condenser operation, particu¬ 
larly if installed at the proper load point 
on the system, extends over the entire 
system and even permeates all the way 
back through the transmission and gen¬ 
erating systems. The increase in capacity 
provided thereby is usually greater than 
that obtainable from other types of volt¬ 
age-regulating devices. 

If systems such as these are traversed 
by high-voltage transmission lines, trans¬ 
former installations tapping directly to 
the transmission lines may offer the most 
economical means of increasing the sys¬ 
tem capacity and at the same time solv¬ 
ing the voltage-regulation problem. Even 
with a synchronous condenser installation, 
the problem remains of providing the 
necessary transformer capacity at the 
transmission substations or other points 
of supply for the particular system in¬ 
volved. 

Increase in Capacity by Revised 
Concepts in Operating Practice 

In addition to the ways and means dis¬ 
cussed above for obtaining increased ca¬ 
pacity in subtransmission systems by 
actual physical changes in these systems, 
there is also the possibility of getting more 
out of existing systems merely by a change 
in prevailing conceptions as to what con¬ 
stitutes feasible operating practice. In 
other words, during the present emergency 
situation, it may become necessary to re¬ 
vise existing standards as to the combined 
requirements of service continuity and 
voltage regulation. For example, in cases 


In some situations, it may be necessary 
to increase the capacity of an existing 
system, consisting of a number of circuits 
of medium or small conductor size; which 
cannot readily be changed for physical 
andeconomicreasons. Because of increas¬ 
ing right-of-way difficulties, as in the 
cases mentioned above, it is often neces¬ 
sary that any new circuits constructed to 
relieve the old circuits be of longer length 
which immediately defeats the purpose 
of using larger conductor size or even the 
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where thermal capacities have not been 
reached but where voltage regulation is 
the limiting factor, it may be quite proper 
to dispense with the common criterion of 
being able to handle the peak load within 
prescribed regulation limits with one line 
out of service, and rather to load all of the 
lines to the point of permissible regulation 
and accept an emergency reduced voltage 
if one line goes out. This, of course, can¬ 
not be carried to an' extreme such as 
where the load is supplied by only two 
lines, since the loss of one such line would 
result in practically no service at all. It 
should be feasible, however, where three 
or four circuits are operating in parallel. 
Such a situation, of course, is not the most 
desirable and should be avoided if possible 
but it may be a necessary sacrifice during 
the emergency to dispense with the luxury 
of perfect voltage regulation under all ex¬ 
pected line-outage conditions. 

In other cases, where thermal capacity 
limits do enter into the problem, it may 
be necessary to allow an appreciable en¬ 
croachment on the normal thermal limits 
on a short-time basis during the outage of 
one line, so that a larger loading can be 
carried with all of the lines in service. 
In defense of such loading, it may be 
pointed out that line outages of long dura¬ 
tion are relatively infrequent and, fur¬ 
thermore, the simultaneous occurrence of 
a long-time outage during both a high 
ambient temperature and a low wind- 
velocity condition would be relatively im¬ 
probable. 

5. Conclusion 

It is realized that only a few of the 
many possibilities that exist for more effi¬ 
cient handling of the problems of power 
supply to distribution substations have 
been touched upon in this paper. It is 
obvious that for such ideas to be utilized 
at their fullest potentialities, a substantial 
background of system planning and stud¬ 
ies is needed. But even in such cases 
knowledge of possibly new but tried meth¬ 
ods of approach should help. 

It is hoped that the suggestions and ex¬ 
amples which have been given in this pa¬ 
per will be of value not only as direct sug¬ 
gestions but also indirectly as an incen¬ 
tive to further thought and discussion on 
this important subject. 

References 

1. Effect of Overloads on Transformer Life, 

L. C. Nichols. AIEE Transactions, volume 53, 
1034, December section, pages 1618-21.' > 

2- Loading Transformers by Temperature, 

V. M. Montsinger. AIEE Transactions, volume 
49, 1930, page 776. 

March 1942 , Vol. 61 


Distribution Substations and Wartime 

Necessities 


F. C. POAGE M. W. REID 

MEMBER AIEE NONMEMBER AIEE 


Synopsis: Requirements of war will im¬ 
pose unprecedented demands upon many 
distribution substations. Equipment will 
be overloaded before extensions can be 
built, if at all. New construction must be 
simplified to the bare essentials. Substitute 
materials must be used. Protection and 
maintenance must be intensified and operat¬ 
ing personnel must be educated to new re¬ 
sponsibilities and skills. These are dis¬ 
cussed and means are suggested to meet 
these needs. 


L IMITED to that very important part 
of the whole power system indicated 
by the title, that is, the “distribution sub¬ 
station,” it is the purpose of this paper to 
make suggestions, to stimulate thought, 
and to invite discussion of means avail¬ 
able under wartime conditions to serve 
increased loads, to preserve , and protect 
existing equipment, to provide for res¬ 
toration of service when outages occur, 
and to employ the available materials, 
equipment and man power economically 
in the necessary extensions to existing 
substations and in the construction of 
necessary new substations. 

The authors do not here presume that 
they have exhaustively treated the sub¬ 
ject, and they confidently expect that in 
addition to their suggestions many other 
means will occur to engineers and operat¬ 
ing men and will be developed from time 
to time under the varying requirements of 
individual situations. 

More Intensive Use of Existing 
Equipment 

The three principal functions for which 
distribution substations are established 
are*, transformation, voltage regulation, 
and switching. Usually, apparatus for 
all these three, together with accessories 
such as line entrances, potheads, cables, 
lightning arresters, busses, instruments, 
meters, and control equipment are 
grouped together in assemblies of varying 
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capacity and complexity, depending upon 
local needs and the preferences of design¬ 
ers and users. 

Bottlenecks limiting the load which 
may be carried from a given substation 
may appear in many items of the equip¬ 
ment mentioned. Their correction or re¬ 
moval often can unlock substantial incre¬ 
ments of vitally needed capacity. 

Transformers 

In general, power companies do not 
load main power transformer banks to the 
limit of their capabilities. However, as 
loads continue to increase during this 
emergency, in advance of the possibility 
of obtaining equipment, many trans¬ 
formers will have to operate far above 
manufacturer’s rating. 

The idea that a transformer name¬ 
plate rating is a limit beyond which load 
must never go dies hard. Transformers 
may be operated without distress at loads 
well above kilovolt-ampere ratings upon 
the basis of temperature. There is con¬ 
siderable material published on this sub¬ 
ject which can be re-examined with profit 
at this time. 1 ” 4 To carry load on trans¬ 
formers beyond the limit fixed by tem¬ 
perature under self-cooling, some form of 
artificial cooling must be used. For this 
purpose, artificial air circulation and 
water jets are most common. Under 
emergency conditions, almost any form of 
fan will circulate the moderate volume of 
air required if there is a sufficient number 
of these fans properly disposed to reach 
the greater proportion of radiating surface 
of the transformer. The use of water 
jets is more effective than air circulation 
but is, of course, confined to those loca¬ 
tions where supply of water can be made 
available. Forced circulation of the in¬ 
sulating oil through separately-mounted 
radiators or water-cooled heat exchangers 
is also possible. This scheme is particu¬ 
larly adaptable to indoor installations. 
By use of these methods of cooling, load¬ 
ings may be increased, often 50 to 200 per 
cent over name-plate kilovolt-ampere rat¬ 
ing, depending upon the daily load cycle, 
prevailing ambient temperatures, the 
scheme of artificial cooling adopted, and 
liberalness of design of the transformers 
themselves. 
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Voltage Regulators 

Voltage-regulator loadings may be in¬ 
creased in precisely the same manner as 
transformer loadings, except that in step- 
type regulators, the tap-changing switch¬ 
ing equipment must be considered. In 
some instances, induction-type regulators 
having series parallel windings can be 
doubled in current capacity by connecting 
windings in parallel but at a sacrifice of 
half the range of regulation obtainable 
when operated in series. It has been too 
often observed that the “bucking” half 
of the available regulating range is un¬ 
used. In such cases, this reduction of 
range will entail no hardship if the bus 
voltage is adjusted on a scheduled cycle. 
Booster transformers may be installed in 
conjunction with regulators connected in 
this manner to maintain voltage at loca¬ 
tions where its level at peak otherwise 
would be objectionably low. 6 

Circuit Breakers 

Increases in current-carrying capacities 
of circuit breakers can be obtained in some 
instances through silver-plating of con¬ 
tacts and bushing studs, and by frequent 
careful inspection and adjustment to 
assure maintenance of contact pressure. 
Switching arrangements can be adopted 
which place two circuit breakers in 
parallel, but care must be exercised that 
the impedances of parallel leads are equal, 
lest the resulting current unbalance over¬ 
heat contacts and other current-carrying 
parts of one of the breakers. 

When adding to transformer kilovolt¬ 
ampere capacity, either by replacement of 
an existing bank with larger units or in¬ 
stallation of additional units, the increase > 
of transformer capacity. may increase 
fault current sufficiently to exceed the in¬ 
terrupting capacity of the circuit break¬ 
ers. In such a case, if the substation has 
two or more transformer banks installed, 
the main bus may be separated into two 
or more sections, thereby limiting fault 
current to a value within the capability of 
the circuit breakers. This method intro- 
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Figure 1. One-line diagram of a double-bus 
substation 


duces an element of inflexibility into the 
operation of the substation and to that 
extent may be objectionable, but it may 
be the only practical solution to meet the 
situation at hand. Another solution is to 
arrange to trip one or more of the trans¬ 
former breakers or a bus-sectionalizing 
breaker a few cycles ahead of the feeder 
breakers in cases of high-current faults, 
thereby reducing the current to be inter¬ 
rupted by the feeder breakers. 

Reactors may be inserted between bus 
sections normally fed from different trans¬ 
former banks. A method of limiting 
short-circuit current applicable where bus 
sectionalizing is not possible is the inser¬ 
tion of series reactors in the supply cir¬ 
cuits. Such reactors will introduce addi¬ 
tional regulation and losses into the sup¬ 
ply circuits. This effect, where objec¬ 
tionable, may be overcome by normally 
short-circuiting the reactors through a 
breaker or fuses co-ordinated with the 
time characteristics and interrupting 
capabilities of the feeder breakers. 6 
Series reactors may, in emergencies, be 
“homemade” and constructed from ma¬ 
terials that are stock items, that is, bare 
copper cable and concrete. 

If a circuit breaker of adequate current- 
' carrying and interrupting capacity is 
available, it may be used with appropriate 
relaying as a group breaker to open a 
group of feeder circuits when fault current 
exceeds the interrupting capacity of indi¬ 
vidual feeder breakers. The analysis of 
individual situations will often indicate 
that the,impedance of only a few hundred 
feet of overhead line is required to reduce 
the fault current to a value which can be 
safely interrupted by the feeder breaker. 
By carefully adjusting relay settings, un¬ 
necessary operations of the group breaker 
can be held to a minimum and conse- 


Figures 1-3. Suggestions for release of 
needed substation equipment 



Figure 2. One-line diagram of double-bus 
substation, converted to main- and inspection- 
bus arrangement releasing four oil circuit 
breakers and four sets of disconnecting 
switches 


quently only a very small percentage of 
the total tripouts will involve interrup¬ 
tions on feeders in the group which are 
not in trouble. 

Finally, in some cases, the risk will 
have to be assumed that such faults as 
do occur will not be of maximum magni¬ 
tude, and hence breakers will continue to 
be used at locations where their interrupt¬ 
ing ratings are exceeded. This forced 
decision will unquestionably be reached 
frequently in the days ahead. 

It seems hardly necessary to point out 
the increased need for thorough and fre¬ 
quent inspection of circuit breakers during 
this emergency and of keeping them in 
even higher state of operating efficiency 
than has been the practice in the past. 
When apparatus so necessary for protec¬ 
tion of vital equipment becomes difficult, 
if not impossible, to replace, its preserva¬ 
tion assumes great importance and rea¬ 
sonable added expense to assure that pres¬ 
ervation is warranted. 

Other Switching Equipment 

Air-break switches and disconnecting 
switches, particularly those of earlier 
manufacture, may have capacities in¬ 
creased through the silvering of contact 
areas and increase of contact pressure. 
In some cases, this may involve the use of 
clamps installed over the jaws of contacts. 
However, it is fortunate that this appa¬ 
ratus as installed is generally of liberal 
current rating and is seldom a bottleneck 
in the system. 

Cables and Duct Lines 

Forced ventilation of cable tunnels, 
manholes, and duct lines may be required 
to reduce ambient temperatures and in¬ 
crease capacity of cable circuits. Such 
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Figure 3. One-line diagram of single-bus 
substation showing portion of distribution cir¬ 
cuits to illustrate sectionalizing and cross¬ 
connecting of these circuits to give advantages 
of inspection bus 


Parallel facilities together with such sectional¬ 
izing facilities as are usual and desirable for 
transfer of load and isolation of faulted sections 
are provided at points A, B, and C 
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ventilation must be directed so that, in 
case of failures, fires will not be spread to 
other parts of the substation or operators 
driven away from their posts of duty. 

Busses and Connections 

Drastic restrictions in use of copper 
have been imposed by the Office of Pro¬ 
duction Management. Copper as a con¬ 
ductor of electricity is recognized as 
necessary, and power companies undoubt¬ 
edly will continue to obtain the metal, but 
in reduced quantities and after much de¬ 
lay. This delay may even become the 
equivalent of no deliveries at all in the 
cases of special sizes and shapes of bars 
and fittings. 

Busses and equipment leads are usually 
of ample current-canying capacity with¬ 
out exceeding the usually accepted tem¬ 
perature rise of 30 degrees centigrade. 
This rise, however, may be materially ex¬ 
ceeded without deleterious effects on 
buses, leads or equipment attached to 
them. Increase of current in the bus of 
the order of 20 per cent above the limit 
fixed by present standards seldom will 
raise bus temperature more than an addi¬ 
tional 10 degrees centigrade, if there is 
reasonably adequate opportunity for 
dissipation of heat. Higher operating 
temperatures may require additional pro¬ 
vision for expansion, some contact sur¬ 
faces may require silver-plating to reduce 
local heating, and soldered joints may 
need to be replaced by brazed or welded 
joints. Forced ventilation may be re¬ 
quired to protect adjacent apparatus and 
cables from heat generated within en¬ 
closed bus structures. In special cases, 
temperature of bus bars may be lowered 
where one section of the bus carries all or a 
large proportion of the total current, 
through rearrangement of incoming arid 
outgoing circuits to reduce the current 
carried in any one section. 

Obtaining Additional Circuits and 
Releasing Switching Equipment 

Many substations are in operation 
which have duplicate equipment not 
essential to normal operation. Some of 
this may have to be “borrowed” for more 
active duty elsewhere. This often can be 
accomplished without introducing serious 
operating handicaps. Figure 1 and Fig¬ 
ure 2 illustrate one example of this pro¬ 
cedure. Figure 3 shows how, in some in¬ 
stances, this may be carried further, still 
retaining reasonable operating flexibility. 

Where duplicate bus and switching 
facilities are used primarily to permit 
regular maintenance work on the usual 40- 
hour-week basis, the rescheduling of this 
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Figure 4. Suggestions for doubling number of 
circuits and transformer capacity with no ad¬ 
ditional switching equipment 

One-line diagram of double-bus substation of 
Figure 1 converted to a dual single-bus sub¬ 
station with doubled transformer capacity and 
•number of circuits 

Parallel facilities similar to those shown in 
Figure 3 are provided at point D 
Interrupting duty on oil circuit breakers, is not 
increased by this increase in capacity 

work on a three-shift 24-hour-day basis 
will often permit these changes and sim¬ 
plifications. 

Figure 4 illustrates a means of doubling 
the number of circuits and the transformer 
capacity of the substation of Figure 1 
without either increasing the number of 
breaker positions or the interrupting duty 
on the breakers. 

Automatic high-speed reclosing has 
been advanced in recent years as a work¬ 
ing substitute for duplicate service. 
Where this would result in saving new 
construction in the distribution system, 
the rebuilding of older low-speed breakers 
may be avoided in substations arranged 
as in Figure 1 and Figure 2 by the follow¬ 
ing relay scheme, reference being made to 
Figure 2. To effect this operation, an 
auxiliary relay is connected to the trip 
circuit and auxiliary switches of breaker 
A, such that completion of the opening 
cycle of breaker A energizes the closing 
circuit of breaker B a . With disconnect¬ 
ing switches Oi, C &2 and Oj and bi, b 2) bg and 
h closed, tripping of breaker A will then 
automatically close breaker B 2 and re- 
, energize feeder A . 

Static Capacitors 

Where static capacitors are installed on 
distribution systems, consideration should 
be given to their proper location on feeder 
circuits for relief of substation equipment 
and apparatus that may be severely over¬ 
loaded. 

Installation of capacitors at substa- 
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tions, although not usually as productive 
of over-all system economies as when in¬ 
stalled near the load centers on feeders, 
may still relieve overloaded condensers, 
transformers, subtransmission circuits, 
and system generating equipment. 
Switching groups of capacitors to control 
the reactive load and bus voltage can 
effectively take the place of synchronous 
condensers or extend the regulating 
range of existing synchronous condensers. 

Customer Co-operation 

The co-operation of power customers in 
scheduling as much of their operations to 
off-peak periods as practicable offers 
possibilities for releasing capacity in all 
current-carrying facilities. There are 
many industries and commercial enter¬ 
prises where this off-peak use of power 
can be effected without difficulty and 
others where it may be accomplished 
after careful study and planning. It 
seems likely, in the emergency, that such 
co-operation will not be too difficult to 
obtain where off-peak operation is at all 
practicable. Co-ordination of the main¬ 
tenance schedules of customers and 
power companies should be developed to 
minimize interference with wartime 
production and the burden on reserve 
facilities. 

Equipment Capabilities 

Operating men will lie able to meet load 
changes and utilize the maximum capa¬ 
bilities of equipment only by keeping 
themselves more than ever intimately in ¬ 
formed of load conditions and the actual 
capabilities of equipment available, and 
by using utmost ingenuity in applying 
that knowledge. Transformers, regu¬ 
lators, circuit breakers or other equip¬ 
ment may become heavily loaded at one 
substation, and replacement by larger 
more lightly loaded units from another 
substation may be indicated. However, 
only through a thorough knowledge of the 
equipment itself and what it may be ex¬ 
pected to do, can the operating man 
know whether or not the transfer is justi¬ 
fiable. By keeping information up to 
date, the need for rearrangement may be 
anticipated, planned in advance, and 
changes effected with a minimum of de¬ 
lay. 

Equipment and materials in stores 
should be inspected and, if necessary, re¬ 
conditioned for immediate use. There¬ 
after, these should be maintained in 
readiness in the same manner as those al¬ 
ready in service. Many units of equip¬ 
ment and items of material that in more 
normal times would be looked upon as 
obsolete or unsuitable for further use can 
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be reused, either by the company, a sister 
company, or a customer. It is a reason¬ 
able prediction that reserve equipment 
will be depleted and older equipment 
outmoded or formerly considered inade¬ 
quate will be found highly useful in the 
days ahead. 

Intercompany Co-operation 

Consideration should be given to the 
exchange of information among power 
companies as to the availability of equip¬ 
ment that may no longer be needed for 
use by the one, but invaluable perhaps for 
service by another. There should also be 
merit in a tool-lending and exchange serv¬ 
ice, similar to that which is understood 
to be in operation among some of the 
Canadian utility companies, and in ex¬ 
pansion of such service to include replace¬ 
able equipment and materials. 

Power companies, in the past, have co¬ 
operated fully in times of need, and in this 
emergency period the utmost co-operation 
is required that all may together better 
perform a difficult job. 

Economies and Conservation in 
New Work 

Planning and Design 

In the design of substations to serve 
wartime loads, a very large “factor of 
ignorance” must be dealt with in the pre¬ 
liminary stages. Experience has indi¬ 
cated that actual demands may vary up 
to several hundred per cent from pre¬ 
liminary figures. 

As scarcity and priority restrictions 
both operate to make materials and equip¬ 
ment difficult to obtain, initial orders 
should cover the full requirements of the 
work. To run short of materials needed 
to finish construction may seriously post¬ 
pone operation of the facilities. To in¬ 
sure against omission of materials re¬ 
quired for complete construction, plans 
must be prepared in greater detail than 
heretofore considered necessary. This 
greater detail will also assist erection in 
view of the lesser skill and experience of 
the available labor. Extreme' care should 
be exercised in obtaining accurate mate¬ 
rial lists from the plans. Construction 
work must be carried out with fidelity to 
plans, as small changes may call for ma¬ 
terials not on order and procurable at best 
only after long delay. 

The scarcity of competent men applies 
with double force in the engineering and 
drafting groups, where the detailed plan¬ 
ning of new work is done. Simplification 
of layout, use of standard or semistandard 
groups of equipment, and elimination of 
“special” items are all essential to keep 
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down the burden of detail and to prevent 
mistakes. 

Structures 

Structural steel is, at the time of writing 
this paper, a shortage material, and its 
conservation is imperative. This may be 
accomplished through use of substation 
structures of greater flexibility and lighter 
weight, simplification of bus layouts and 
the substitution of wood. 

In the design of steel substations, it has 
been more recent practice to provide 
rigid structures. This rigidity could be 
relaxed materially in distribution sub¬ 
stations by providing for only slack-span 
attachments of lines to structures without 
sacrifice of needed strength or safety. 
There are many earlier structures of this 
lighter design in service throughout the 
country which continue to stand as evi¬ 
dence that these lighter, more flexible 
structures are adequate. 

Wood can be substituted for steel in the 
majority of jobs. Where insulation is 
equal to that which would be used on 
steel structures, and where hardware is 
thoroughly bonded and grounded, wood 
structures are electrically equal to steel. 
Many wood structures long have been in 
every-day operation. There is no ques¬ 
tion but that they can be built to operate 
satisfactorily for all usual voltages, will 
last through the war period, and will con¬ 
serve materials sorely needed elsewhere. 

Bus and Circuit Arrangement 

Many of the plants recently established 
for producing war material provide for 
power supply to at least half of the 
load from each of two sources, including 
separate substations. The practice of 
providing transfer-bus, inspection-bus, or 
other duplicate-bus arrangements for new 
distribution substations should be aban¬ 
doned for the duration of the conflict in 
the interest of conserving needed materi¬ 
als and equipment. To serve loads for 
which separate feeds are already provided, 
this practice is inexcusable. To serve 
loads not vital to prosecuting the war, in 
view of the impelling needs of the times, 
the omission is amply justified. Sub¬ 
stations, if expected to be permanent, 
may well be designed to permit future 
elaboration and installation of additional 
facilities when conditions will permit. 

For high-voltage moderate-current bus 
bars and connections, structural steel 
shapes or steel pipe may be substituted 
for copper tubing or bar so long as copper 
continues to be a shortage material and 
more difficult to obtain than steel. It 
may be necessary to use copper cable as 
bus in Heu of copper tubing or bar, as it 
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seems likely that copper in such form will 
be more readily obtainable and requires 
less labor for production and installation. 
Busses maybe reduced in cross section at a 
saving of material through design to oper¬ 
ate at higher current density and through 
reducing bus current by locating the 
supply transformer connections as closely 
as possible to the load center of the sub¬ 
station bus. 

Fuses in Lieu of Breakers 

Fuses caii be substituted for high-side 
breakers in substations of simple layout. 
One precaution may be needed, that is, 
phase-failure relays may be needed to 
open the low-side breakers to prevent 
damage to customers’ polyphase equip¬ 
ment in case the supply to the high-volt¬ 
age side is single-phase due to blowing of 
one fuse. With this precaution and with 
proper fuse co-ordination, the installation 
of high-side breakers may be eliminated, 
and indeed has been eliminated under 
normal practice in many situations with 
satisfactory results. 

Insulation Levels 

Insulation levels and insulation co¬ 
ordination should not be sacrificed in the 
case of simplified substation layouts. 
The cost of protecting service by provid¬ 
ing adequate insulation strength is very 
little compared with that of duplicate 
facilities, throw-over switches and other 
provisions, which are usually installed to 
permit continued service in case of appa¬ 
ratus failure. In one case, the cost of the 
next higher level of impulse insulation in 
an important unit of substation equip¬ 
ment accounted for only five per cent in 
the cost of that one item. This might 
well be considered as representing the in¬ 
surance necessary to permit elimination 
of permanently installed duplicate or 
spare equipment with accompanying 
switches, bus, and cables. 

Transformers 

The power companies which in the past 
made a consistent effort to standardize 
transformer voltages and taps are in posi¬ 
tion to reap large benefits from this past 
effort during the present emergency. 
One of the advantages of this standardi¬ 
zation is, of course, that such companies 
are in position to “play checkers” with 
their transformers, moving them about 
between substations to meet the shifting 
demands. In this connection, it would be 
well to emphasize the economy of buying 
new transformers only in the larger sizes 
in current use' by such a company and in¬ 
stalling these at locations where smaller 
transformers are overloaded so that they 
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in turn can be released for installation in 
new substations. 

The three-phase transformer is more 
economical than three single-phase units 
of equal rating from the standpoints of 
material and labor that enter into its 
manufacture. It requires a single foun¬ 
dation of lesser volume, shorter and more 
simple bus connections, and fewer man¬ 
hours of labor to install. The modern 
three-phase transformer is reliable in 
operation and its use in substations of 
moderate capacity should be c ar efully 
considered as a measure of material and 
labor conservation. 

New substation transformers, whether 
single-phase or three-phase units, should 
be obtained with blowers or at least with 
provision for their addition later. Addi¬ 
tional capacity may be obtained in this 
way at a very small cost per kilovolt¬ 
ampere, and the economics of losses a nd 
regulation can well be neglected “for the 
duration.” 

Unix Substations 

The limit to which substation capacity 
may or should be expanded at a given 
site should be very carefully considered 
with respect to the cost in dollars, ma¬ 
terials and man power of transmission 
and distribution facilities immediately 
associated with it. The development of 
the factory-built single-unit-type sub¬ 
station consisting of transformer, regu¬ 
lator, circuit breaker, and auxiliaries in a 
single case offers a very attractive means 
of increasing capacity to serve a given 
area without adding to either feeder ca¬ 
pacities or substation capacities at an 
existing site. These unit substations are 
particularly adapted to installations where 
it is necessary to reinforce feeder circuits 
by installing such units close to the load 
and breaking up heavily loaded feeders to 
keep load within the capacity of existing 
substations and their outgoing circuits. 
The fact that such unit substations may be 
installed quickly and moved quickly to new 
locations is a decided advantage in meet¬ 
ing unexpected shifts or additions to loads. 

Unit substations are economical in ma¬ 
terial and labor required in manufacture 
and require less material and labor of 
erection for foundations, structures, and 
bus work than equivalent conventional 
substations. Their use is of advantage 
also in that labor required for installation 
may be largely of lesser skill. 

During the trying days ahead, the use 
of unit substations may prove to be worth 
while even in instances where such use in 
more normal times might not be consid¬ 
ered economical. Many of the substa¬ 
tions erected to serve war loads or loads 
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incidental to war activities will be idle 
after peace returns. Salvage, of a con¬ 
ventional substation involves a consider¬ 
able write-off, whereas the salvage value 
of a unit substation is high, there being 
little unrecoverable material and equip¬ 
ment, and a minimum of labor is required 
to move it to another point of use and to 
place it in operation there. 

Restoration of Service 

Reserve Equipment 

Difficulty of obtaining priorities for 
additional equipment and the continuing 
growth of load will inevitably bring about 
active use of much of the reserve equip¬ 
ment of power companies. Restoration 
of service after equipment failure will 
then present a different problem than 
when spare facilities were more plentiful. 
It has been rather general practice to pro¬ 
vide a spare transformer at every impor¬ 
tant substation. With increasing need 
for transformer capacity to carry the 
growing load, and the impossibility of ob¬ 
taining new transformers in any reason¬ 
able time, it is likely that more of this re¬ 
serve equipment will be placed in opera¬ 
tion. It may then be that one trans¬ 
former will have to serve as a spare for 
several transformer banks, probably at 
substations located some distance apart. 
Such a spare unit should be centrally 
located with respect to the substations 
where it may be required for service and 
kept in readiness for transporting and 
placing in service in minimum time. 
Skids should be in place and. the unit 
cribbed to a convenient height for loading 
on the transporting vehicle. Flexible 
leads connected to the bushing studs and 
provided with clamps at the free end will 
save time in placing such a transformer 
in operation promptly. Other heavy 
equipment reserved for use as spares 
should be similarly prepared. 

Transportation facilities for moving a 
spare transformer are, of course, necessary 
but there seems to be little justification 
generally for permanent, mounting of 
spare transformers on special trailers. 
Transformers of modem design are relia¬ 
ble, and it does not appear that the delay 
occasioned in loading will justify the cost 
of transportation equipment that would 
be reserved for a single service and would 
remain idle over extended periods of firm* 

In these times, we must recast our notions 
of what is necessary and what may be 
only desirable. 

Portable Substations 

In this period of emergency, portable 
substations in general do not seem to offer 
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outstanding advantages as compared 
with separate units of spare equipment. 
Portable substations must be used as an 
entity and cannot be separated so that 
each component part can operate apart 
from the others. With spare equipment 
at a premium, it would seem to be the 
better policy to have spare units of equip¬ 
ment so that these units can be used at 
different locations as needed. For exam¬ 
ple, a spare transformer can be used in one 
substation and at the same time, a spare 
circuit breaker used for emergency service 
at a second substation. There may be 
certain systems where portable substa¬ 
tions will have advantages over separate 
units of equipment, but in the majority of 
instances during the present emergency 
at least, spare units of reserve equipment 
offer a greater degree of protection to 
service in having a wider diversity of use, 
although the time element for restoring 
service may, in some cases, be slightly in 
favor of the portable substation. 

Storage op Reserve Materials 

Spare parts and materials held as re¬ 
serves against substation outages may in 
some instances be stored at the substation 
of probable use or they may be stored in a 
central location. In the first case, the 
number of spare parts and quantities of 
materials required will be greater than 
would be necessary if centrally located. 
Central storage is preferable in offering 
the maximum availability of minimum 
quantities of reserve materials and in 
many cases permitting better mainte¬ 
nance and care. With either plan, spare 
equipment should be covered by careful 
up-to-date inventories both as to specifi¬ 
cations and locations. 

Protection and Preservation of 
Equipment 

Inspection and Maintenance 

Greater attention must be given to the 
operating equipment to observe or antici¬ 
pate distress and thereby forestall failures 
in service. Equipment should be in¬ 
spected more frequently and maintained 
at a higher degree of precise operating 
condition than has in many cases hereto¬ 
fore been considered adequate. More¬ 
over, when inspection reveals the need for 
even minor adjustments, repairs, or re¬ 
placements, they should receive appropri¬ 
ate attention at once. Failure to act in 
these minor instances does not necessarily 
mean that the equipment will fail to con¬ 
tinue to operate satisfactorily, but it may 
and certainly will in some instances 
shorten the period before major replace¬ 
ments will be required. It should be kept 
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in mind that an ounce of preventive 
maintenance is worth a ton of replace¬ 
ment, especially when replacement is be¬ 
set with present uncertainties. 

Fire Protection 

With the prospect of continuing inten¬ 
sive operation of equipment, it is not only 
vital to preserve that which we have but 
to protect it from loss. Fires are not 
frequent but when they occur in a sub¬ 
station, the damage to the equipment 
where the fire originates is all too often 
extensive. Moreover, except as precau¬ 
tions have previously been taken, damage 
to adjacent equipment is the rule. Any 
fire, even though it does no major dam¬ 
age, diverts man power from the primary 
function of operation and absorbs ma¬ 
terials needed elsewhere. Often the in¬ 
cidental damage to other equipment and 
the interruptions to service necessary to 
clean up and make final repairs are of 
greater consequence than those involved 
in the immediate failure. Consequently, 
careful consideration should be given to 
protection against fire hazards. 

Probably the most economical and 
effective protection available at this time 
against fires resulting from oil ignition in 
outdoor substations is obtained from 
water spray apparatus. Its use is, of 
course, limited in application to those 
locations where water may be made 
available. Transformers installed at im¬ 
portant substations where water can be 
obtained may be protected by fixed or 
portable spray nozzles or by a combina¬ 
tion of the two. Perhaps the most 
satisfactory over-all method is the com¬ 
bination of the fixed and portable appa¬ 
ratus. A moderate number of fixed 
nozzles properly installed will tend to 
prevent the spread of fire and reduce its 
intensity until such time as portable ap¬ 
paratus can be brought into action by 
trained men. 

Where water is not available, dry- 
compound apparatus is quite satisfactory 
as are carbon-dioxide extinguishing de¬ 
vices, although at present the latter are 
costly and not always effective for outdoor 
use. Carbon-dioxide apparatus has its 
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widest application indoors and for this use 
is most satisfactory in that there can be no 
deterioration of equipment resulting from 
its use. 

Foam is effective for extinguishing oil 
fires under some circumstances but its use 
around electrical equipment is open to 
objection because of the work required to 
remove the caked foam after the fire is 
out. 

Arrangements should be made for co¬ 
operation with local fire departments in 
the study of fire-fighting problems, in co¬ 
ordinating power company fire-fighting 
equipment with the department appa¬ 
ratus, and in joint drills and rehearsals. 
The most important element in minimiz¬ 
ing damage is the adequate training and 
drilling of personnel in the proper use and 
limitations of use of whatever apparatus 
may be brought into action. 

Lightning Protection 

There is considerable divergence of 
opinion as to the need for lightning ar¬ 
resters, particularly for voltages above 66 
kv. Experience of many operating com¬ 
panies in numerous widely separated 
parts of this country and Canada, under 
diverse operating and climatic conditions, 
has established the value of spill-gap pro¬ 
tection for substation apparatus. 7 The 
valve action of the lightning arrester, by 
limiting the time and magnitude of power- 
follow current, reduces the number of in¬ 
terruptions from lightning surges, but 
evidence is lacking that the lightning 
arrester protects substation equipment 
more effectively than the spill gap. Con¬ 
servation of material and labor dictates 
that serious considerations be given to the 
use of spill gaps in place of arrester instal¬ 
lations at new substations or where re¬ 
placement of arresters may be necessary. 

Personnel Training 

Of equal importance to protective 
equipment in the protection of property is 
a trained staff of operating men who in 
case of trouble or incipient trouble know 
what to do, how to do it, and can act 
promptly as a well-co-ordinated team. 
The time taken and money spent to edu¬ 
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cate and continue the education of these 
men in this important function will be 
amply justified. In view of conditions 
that confront the industry, each one 
should be induced to feel the added re¬ 
sponsibility resting upon him. He should 
be instilled with an enthusiastic desire to 
do his full part in providing and main¬ 
taining the power supply for war and 
should be thoroughly trained to do that 
part well. 

Conclusion 

Difficult problems will arise in the days 
ahead due to scarcity of materials, equip¬ 
ment, and suitable man power, which prob¬ 
lems must be solved by the engineer and 
operator in the struggle to serve the 
rapidly expanding war loads. The man¬ 
ner in which these men meet their more 
unusual problems will be of interest to all 
who have similar problems to solve. It 
will be of benefit if these solutions are 
passed on to the industry as a whole 
through publication currently in the 
technical press. 

Experience may indicate that some of 
the needful practices of rigid conservation 
established during the present emergency 
will earn recognition as standard practices 
in the peaceful days that are to come. 
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Synopsis: An overhead electrical system 
makes use of large quantities of materials 
which are also very vital to the nation’s 
wartime program. This paper seeks to 
point out the most practical ways of con¬ 
serving these vital materials, thereby 
releasing them in greater quantities for use 
in wartime production. In general, this 
can best be accomplished by keeping to a 
minimum the quantities used to make the 
line extensions and system reinforcements 
which will be required to supply electric 
service to the new industries and military 
establishments, and to the increased housing 
facilities which must accompany them A 
number of effective tools are available which 
may- be utilized to reduce the quantities of 
conductor material required to give satis¬ 
factory service. There are also possibilities 
of rearrangement of existing facilities so as 
to use them more effectively. 

Critical Materials Involved 

T HE critical materials which are used 
to the greatest extent in the construc¬ 
tion of overhead distribution lines are 
copper, aluminum, steel, and zinc. Of 
these copper is by far the most important. 
Aluminum has been making considerable 
headway in recent years as a conductor 
material when provided with a steel rein¬ 
forcement, but, while it has many good 
features to recommend its use, particu¬ 
larly for long span rural lines, competing 
materials of copper-steel composite have 
been made available which can be used to 
build these lines. The fact that alumi¬ 
num has been practically unobtainable 
for some time was not a serious handicap 
as long as we were still able to get copper- 
steel composites. These materials, how¬ 
ever, are now being greatly restricted in 
their availability, and the problem, so far 
as copper is concerned, is, therefore, to 
find ways to minimize its use, since no 
substitute material other than aluminum 
is available. Various possibilities of 
accomplishing this purpose will be dis¬ 
cussed later. 

Steel is used in considerable quantities 
in overhead-distribution-line construc¬ 
tion, principally for line hardware and fit¬ 
tings. It would be difficult to find a 
substitute material which would be nearly 
so suitable for such important items as 
bolts and nuts. For certain uses, how¬ 
ever, such as insulator-pins, crossarm- 
braces, platforms, and other fixtures re- 
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quiring a considerable proportion of the 
steel tonnage used in overhead-lines 
construction, wood is quite a satisfactory 
substitute. 

Zinc is important in overhead-lines 
work, mainly as a coating for steel to pre¬ 
vent rust. The tonnage used for galva¬ 
nizing of line hardware is not very great, 
however, and it is to be hoped that its 
use, particularly for bolts, nuts, and so 
forth, may be continued. On the ma¬ 
terials of larger size it will be possible to 
use coatings composed of less vital ma¬ 
terials which, while less permanent, will 
be effective through the present emer¬ 
gency and can later be replaced with more 
lasting materials. 

The need for materials, other than 
metals, used in the construction of dis¬ 
tribution lines is not immediately critical 
but there is a good chance that it may be 
unless their consumption is curtailed. 
Poles and crossarms are the most im¬ 
portant of these items. Due to increased 
consumption of these materials in connec¬ 
tion with military and emergency housing, 
stocks of seasoned material have been 
seriously depleted, and it is reported that 
unfavorable weather conditions in pole- 
producing areas have resulted in a sub¬ 
normal output of new poles, especially in 
the larger sizes. Conservation in the use 
of poles and the avoidance of large stocks 
not immediately required will help keep 
to a minimum the amount of substandard 
materials used in the construction of 
lines which will need early replacement. 

Means of Conserving Materials 

In general, the conservation of vital 
materials can best be accomplished in 
four ways: 

1. By using the minimum possible amount 
of material on all new line extensions. 

2. By using the minimum amount of vital 
material for bolstering up existing lines 
when overloaded or under-voltage conditions 
result from increased loads. 


Paper 42-45, recommended by the AIEE committee 
on power transmission and distribution for pres¬ 
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York, N. Y., January 26-80, 1942. Manuscript 
submitted December 1, 1941; made available for 
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3. By rearranging existing facilities so as to 
use them more effectively. 

4. By salvaging needed materials from 
existing lines where they are not immedi¬ 
ately required to give adequate service. 

New Line Construction 

The most effective way to save ma¬ 
terial is, of course, not to use it. To the 
extent, therefore, that restrictions are 
applied to the extension of lines to serve 
potential consumers, there will be an al¬ 
most proportionate reduction in the 
amount of material used for overhead-line 
construction. This is for the reason that 
in periods of expansion the greater pro¬ 
portion of material used goes into the 
construction of lines to serve new areas. 
Unless a real effort is made to concen¬ 
trate housing facilities in compact groups, 
this will still be the case. It is not within 
the scope of this paper to discuss the 
restrictions to be placed on new line con¬ 
struction by those in control of the alloca¬ 
tion of material. Of one thing we are 
certain, and that is that extensions will 
be made to serve new projects vital to 
the emergency effort. It would seem 
almost equally imperative that the 
necessary extensions be made to serve 
new housing facilities which are, in a great 
many cases, essential to the war effort. 

In the building of such new lines as are 
permitted, every effort should be made 
to keep the material used to a minimu m. 
The most obviously beneficial expedient 
is to use the least possible amount of 
copper. The size of the wire used should 
be the minimum to give reasonably satis¬ 
factory service to the initial customers, 
unless increased loads are known to be 
coming in the immediate future. For 
most distribution engineers this will be a 
reversion to obsolete practices, since it is 
the way things were done before the adop¬ 
tion of system-planning methods. We 
can well remember the frequent and costly 
reconstruction, replacement, and re¬ 
vamping of lines which were necessary in 
those days. It must be admitted, how¬ 
ever, that building to an ideal ultimate 
plan sometimes results in the installation 
of line capacities which are much more 
than adequate for a large part of their 
useful life when load growth is slow. In 
the light of present shortages, we would 
be justified in returning to the old- 
fashioned method of using the smallest 
size of wire which would do the initial job, 
even if, in some instances, it may require 
changing to a larger size in a year or two. 

It may also be possible to justify some 
modifications of the pole layout so as to 
conserve material. Tempcarary short-cut 
routings of line extensions may be re¬ 
sorted to in some cases to reduce the 
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length of line required. The use of longer 
spans in the initial stages of residential 
development will conserve poles, cross- 
arms, hardware, and insulators. The 
ultimate spacing of poles in residential 
areas is invariably fairly close, because of 
the necessity of keeping customers’ service 
drops reasonably short, but, if poles can 
be so spaced that the later installation of 
intermediate poles as the area builds up 
results in a good layout, an initial saving 
in material can be made. In many 
cases, where the building-up process is 
not rapid, an over-all saving in investment 
results. The use of bare primary wire, if 
permissible, will favor the adoption of this 
'‘double-span” construction. 

Increased Loading of Existing 

Facilities 

The second objective of the conserva¬ 
tion program, namely, the devising of 
ways and means of carrying increased 
load on existing lines and equipment with 
the minimum use of vital material offers 
the greatest opportunity to the distribu¬ 
tion engineer for contributing to the war 
effort. As loads increase on the electrical 
distribution system, two limitations oper¬ 
ate to cause need for increased capacity in 
lines or equipment. These are: 

(а) Excessive heating which may cause dam¬ 
age or possibly failure. 

(б) Excessive voltage drop which may result 
in decreased efficiency of utilization equip¬ 
ment and even make its operation impossi¬ 
ble. 

The current-carrying ability of wires 
and line devices is affected by many 
widely variable factors, and, in general, 
the commonly accepted current ratings 
are arbitrarily conservative. In arriving 
at these ratings, a combination of condi¬ 
tions is selected which very rarely occurs 
in practice, and tests made under actual 
field conditions show that loads consider¬ 
ably in excess of these ratings may be 
carried for long periods without resulting 
in any appreciable damage to overhead 
lines and associated equipment. 

Limitations to Wire Loading. The 
heating of overhead conductors, for exam¬ 
ple, is greatly affected by air movement, 
and yet the limiting ratings are often 
based on temperature rises in still air with 
high ambient temperatures. As there is 
practically always some air movement 
past conductors in overheadrline con¬ 
struction, the effect is to very materially 
reduce the actual temperature rise. 
Furthermore, even at the assumed limit¬ 
ing temperature, the effect on the wire or 
equipment would be serious only if con¬ 
tinued for long periods of time. Very 
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seldom will a condition hazardous to 
service or persons result. 

Limitations to Transformer Loading. 
The loading of distribution transformers 
is a good example of the ability of equip¬ 
ment to successfully carry so-called over¬ 
loads. This subject has been discussed at 
considerable length in recent technical 
publications* and will be treated only 
briefly here. The factors which make it 
possible to carry peak loads greatly in ex¬ 
cess of the name-plate rating are: 

1. The thermal capacity of the iron core, 
the insulating oil, and the tank, absorb heat 
from the windings and greatly reduce the re¬ 
sulting temperature rise on short-time peaks. 

2. The loads of highest peak values and 
longest duration usually occur in winter 
when ambient temperatures are low and the 
resulting temperature in the windings is 
correspondingly reduced. 

3. The limi ting temperatures assumed in 
the rating would cause failure of the trans¬ 
former only after continuous operation over 
a period of years. 

The greatest problem in the proper 
loading of distribution transformers, of 
course, is to know what the character of 
the loads is on individual transformers, 
both as to yearly peak value and as to the 
shape of the. load curve throughout the 
year. However, the general character¬ 
istics of residential loads are sufficiently 
well established that, with any one of 
several methods of determining trans¬ 
former peak loads, it will be conservative 
to allow estimated winter peaks of the 
order of 150 per cent of name-plate rating. 
Under this procedure, experience shows 
that transformer life should be reduced 
very little, if any, over that which would 
be obtained by more conservative loading. 
However, before proceeding to materially 
increase transformer loading beyond this 
point, it is particularly important to have 
adequate information on load character¬ 
istics and values, since a large number of 
damaged transformers on a system would 
be a serious detriment to good service in 
later years. 

Limitations to Voltage Regulation. 
Excessive voltage drop, causing wide 
variation in voltage regulation to cus¬ 
tomers, will probably be a more frequent 
cause for system reinforcement than cur¬ 
rent limitations. Here, again, it would 
seem that present accepted good practice 
could be modified somewhat during the 
emergency. Fairly narrow ranges of 
voltage regulation may be largely justi¬ 
fied by economic considerations in normal 
times, although by the same consideration 
we cannot afford to maintain as high 
standards on rural lines as in thickly 

* See list of references at close of paper. 
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Settled urban districts. When, in the 
face of serious material shortages, eco¬ 
nomics is no longer the ruling considera¬ 
tion, it would seem that standards of 
voltage regulation which apparently are 
giving satisfactory service to the farmers 
should not be too poor for the city dweller 
to put up with for the period of the 
emergency. This should apply, not only to 
the long-time variations, but tothesudden 
fluctuations commonly knownas"flicker.” 

' Improvement of Power Factor. In 
spite of increased current ratings and 
more liberal voltage limitations, the time 
will be reached, as loads increase, when 
something will have to be done to bolster 
up the supply. But, this need not always 
take the form of adding new facilities or 
replacing old ones with like kind of larger 
capacity. One of the most promising 
expedients which is available, not only to 
improve voltage regulation on overhead 
lines but to decrease the line current 
capacity for the same load, is the use of 
shunt capacitors to improve the power 
factor of the load. An extensive use of 
this device has been justified under the 
normal economic conditions of the past 
few years, and it offers a very effective 
mpanc i of conserving vital material under 
present conditions. It is true that 
capacitors require for their construction 
an appreciable amount of aluminum foil, 
but the amount of copper which could be 
saved by their intelligent use should rec¬ 
ommend them very highly to the authori¬ 
ties having to do with the allocation of all 
of these materials. 

The use of shunt capacitors will find its 
best application in the densely loaded 
parts of our systems, where the reduction 
of current will often be as important as 
the reduction of voltage drop in the cir¬ 
cuit. In rural areas where conductors 
are small, loads are light, and power fac¬ 
tors high, shunt capacitors are not quite 
so effective a remedy, although they may 
still be justified in many cases. The 
effect of the capacitors is to cause a con¬ 
stant voltage rise in the circuit which will, 
if too many capacitors are installed, cause 
too high voltage at light-load periods 
unless provisions are made to cut out 
portions of the capacitance. So far, no 
economical method has been devised for 
this purpose which is applicable to small 
installations. 

Series capacitors should also be useful 
devices for improving the capacity of 
long lines serving individual customers, 
although they will not have as wide an 
application as shunt capacitors by reason of 
the lack of flexibility in their application. 

Voltage Regulation and Boosters. 
Another very economical expedient avail- 
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able to improve the regulation of long 
rural circuits is the use of line-type voltage 
regulators or step-voltage boosters. These 
are now manufactured in a wide range 
of sizes and steps of voltage change. The 
simpler forms of step-voltage boosters are 
quite satisfactory for rural or suburbanline 
regulation, and their use produces an im¬ 
provement of voltage regulation which 
would require many times the amount of 
material in conductors to produce like 
results. 

Standard distribution transformers, if 
they have the proper turn ratio, may be 
used very effectively as a booster to pro¬ 
duce a better range of voltage in a circuit 
at a very low cost. A small amount of 
fixed voltage boost at a point fairly well 
out on the circuit will result in a consider¬ 
able improvement in peak load voltage to 
the customers on the tag ends without 
causing too high voltage at off-peak 
periods. Booster-transformers connected 
to give a larger amount of voltage boost, 
used in connection wilh automatic regu¬ 
lators to permit the better use of the full 
range of the regulator, will also prove to 
be a useful expedient where conditions are 
favorable. For a slight increase in cost, 
standard transformers may be purchased 
with increased secondary-to-ground insu¬ 
lation which will insure their satisfactory 
operation as booster transformers. 

Rearrangement of Existing Facilities 

In any well engineered electrical-dis¬ 
tribution system there will always be an 
appreciable amount of wire and equip¬ 
ment which will be capable of carrying 
much greater loads than they are at the 
time called upon to carry without exceed¬ 
ing either current or voltage limitations, 
This is partly the result of the planning of 
system development to follow a layout of 
facilities which will be adequate to serve 
an area after it has become completely 
built up without too much replacement 
and rearrangement of the initially in¬ 
stalled material. A critical shortage of 
materials, however, may make it desirable 
to do a certain amount of rearrangement 
of these materials at this time, so as to use 
them more effectively and thus reduce the 
amount of new materials required. T.lnp 
wire and transformers are the items of 
overhead-line construction which offer the 
best possibilities of such treatment. 

Removal or Replacement of Wire 

Expedients to conserve the use of con¬ 
ductor material which should be given 
most consideration are as follows : 

I- Replacement of the larger sizes of wire 
with smaller in locations where the load has 
not yet developed or has been greatly re- 
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duced by system rearrangements, and the 
transfer of the larger wire to locations where 
the load is increasing rapidly. This will in 
turn release, for the relief of other circuits, 
an amount of wire nearly equal to that 
originally used, if proper salvage methods 
are used to prevent the scrapping of any 
large part of the material in the process. 

2. Building new sections of line which will 
shorten feeds to increasing loads rather than 
replace or add wire on existing routes. This 
will frequently be practical in suburban or 
rural areas where piecemeal extensions often 
result in a poor layout. In many cases, 
when this is done, sections of line of lengths 
equal to that installed can be salvaged. 

3. Removal of wire which is not required to 
maintain service except in case of the failure 
of some other source of supply. Throwover 
connections, ring feeds, stand-by lines are 
frequently installed to improve reliability of 
service to customers. Perhaps, if material 
shortage becomes really critical, a lowering 
of service reliability standards would be 
justified, and some of these facilities could 
be removed in situations where no con¬ 
sideration of public safety is involved. 

Since most of these expedients will re¬ 
lease more material than they will require, 
it is hoped that some method will be found 
to make it possible either to secure blanket 
approval of their use or to set up some 
very informal means of securing approval 
of individual projects. Otherwise, the 
volume of paper work and the delays en¬ 
tailed in securing approval may be so 
great as to seriously discourage any at¬ 
tempt to adopt them. This is particu¬ 
larly true in the case of overhead-lines 
work where individual projects are small 
and their number very large. The vol¬ 
ume of paper work necessary for specific 
approvals could easily become so great as 
to seriously interfere with more important 
projects. 

Conservation of Transformer 
Capacity 

In parts of many overhead-distribution 
systems, the ratio of demand on a circuit 
to the total installed transformer capacity 
on the circuit will be found to be low. 
This would seem to indicate a large sur¬ 
plus of transformer capacity, which it 
should be possible to utilize to serve new 
loads, and reduce, if not eliminate, the 
necessity of purchasing new transformers 
for some time. Actually, the possibilities 
of doing anything very helpful with this 
situation are not very good. In rural or 
suburban areas, one of the locations where 
this ratio of circuit demand to installed 
capacity is very low, the widespread use 
of electric ranges, refrigerators and other 
types of appliances causes high short- 
time load demands which make it neces- 
saiy to provide larger transformers than 
would otherwise be required, in order to 
give satisfactory voltage conditions. 
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Also, the demands on the individual 
transformers are not coincidental, and, 
because of this diversity, the demand on 
the circuit is much less than the sum of 
the demands on the individual transform¬ 
ers. The ratio of the circuit demand to 
the total installed capacity is, therefore, 
not a proper measure of the loading of the 
individual transformer and the surplus 
canacity is more apparent than real. 

In urban areas also, during the initial 
stages of development, this ratio of circuit 
demand to transformer capacity is low. 
It might be thought that, in this case, an 
increased spacing of transformers would 
reduce the number required with no in¬ 
crease in initial size, but very few liberties 
may be taken with the spacing of trans¬ 
formers without producing intolerable 
voltage conditions. Larger secondary 
wire would be of very little help in this 
connection and its use would only in¬ 
crease the use of vital material. It would 
also be unwise to go too heavily into the 
use of very small transformers for the 
initial stages of urban area development. 
The reduction in vital material would 
not be anywhere near the ratio of 
the reduction in size, and, in the future, it 
would probably be impossible to find 
economical use for them anywhere on the 
system. Indeed, many of us, with the 
extensive development of rural lines in our 
territories, are already having difficulties 
in finding use for the smaller transformers 
removed from the farm lines by reason of 
increased demands of customers on these 
lines requiring replacement with trans¬ 
formers of larger capacity. 

It should be possible to utilize some of 
the surplus transformer capacity already 
installed by making interchanges of trans¬ 
formers as some become loaded up and 
others do not. This will be particularly 
true if full advantage has not already been 
taken of the possibilities of loading 
transformers to the limit of their thermal 
ability. By this means it should be 
possible to reduce appreciably the total 
kilovolt-amperes of transformer capac¬ 
ity required on the system. It will still 
be necessary to buy new transformers if 
extensions are inade to new areas since, 
for the. reasons given above, it will be 
difficult to release any large number of 
transformer units from existing lines. 

Salvaging Operations 

In addition to conserving new materials 
for line construction, a great deal can be 
done toward the same end by the maxi¬ 
mum use of material removed from the 
lines, of which there is usually a consider¬ 
able amount in any large organization. 

Transactions 125 



Variable-Speed Drive for United States 
Army Air Corps Wind Tunnel at 
Wright Field/ Dayton, Ohio 

A. D. DICKEY C. M. LAFFOON L. A. KILGORE 

NONMEMBER AIEE MEMBER AIEE MEMBER Al EE 


Highly profitable salvage operations have 
already been organized in a number of 
companies for this purpose, and in the 
present emergency it is imperative that 
this practice be adopted by all operating 
utilities. 

Salvage operations which are most 
productive in the conservation of line 
materials are the following: 

1. Cleaning, straightening, and splicing 
together into standard lengths all wire suit¬ 
able for reinstallation. 

2. Removing weatherproof covering from 
wires not suitable for reinstallation, and 
splicing in lengths suitable for recovering or 
use as bare wire. 

3. Cutting up very short lengths for use as 
tie wires, ground-rod pigtails, and so forth. 

4. Reconditioning hardware, fuse carriers, 
lightning arresters, and all articles of line 
equipment not hopelessly obsolete. 

5. Cutting off rotted sections of poles and 
retreating them for use as shorter poles or 
guy stubs. 

Conclusions 

It is to be hoped, of course, that some 
of the expedients suggested in this paper 
will not be necessary as they involve bur¬ 
densome operating costs and much addi¬ 
tional labor. In some localities now, and 
probably generally later on, labor will be 
difficult to obtain. Other expedients in¬ 
volve a lowering of standards of service 
to our customers and should be adopted 
only in moderation unless the situation 
becomes quite critical, and then only with 
the approval of the authorities charged 
with regulation of service standards. 
Failure, however, to adopt some of the 
practices, which are in the interest of the 
conservation of materials and are at the 
same time favorable to the economical 
design and operation of the electrical 
system, would be called unprogressive at 
any time. In the present national emer¬ 
gency, it should be considered unpatriotic. 
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T HE machinery manufacturers are be¬ 
ing required to solve many design and 
production problems in connection with 
our national-defense program. All elec¬ 
trical manufacturing companies are ex¬ 
erting maximum effort to produce gener¬ 
ators, motors, conversion apparatus, and 
other electrical equipment which are 
needed in meeting the requirements of a 
large and rapidly expanding industrial 
activity. There is a further need for 
machines of greater capacity, new com¬ 
binations of apparatus and control de¬ 
vices, and more information on machine 
characteristics to accomplish new and 
difficult objectives. 

The new wind tunnel of the United 
States Army Air Corps at Dayton, Ohio, 
which is scheduled for operation in the 
early part of 1942 is an example of this 
type of problem. Wind velocities of 400 
miles per hour and greater are to be ob¬ 
tained for testing large size airplane parts 
and models. The air is to be circulated 
by two propeller assemblies mounted on a 
common shaft and operated in series to 
produce the necessary high pressure. 
The propeller assembly is driven by a 
40,000-horsepower, variable-speed, wound- 
rotor-type induction motor, which has a 
top rotational speed of 300 rpm (327 rpm 
. synchronous speed) and is the largest unit 
of this type built to date. It is essential 
in this application to obtain close speed 
regulation over a wide speed range. 
This paper discusses the problem associ¬ 
ated with the design and operation of the 
equipment required to meet wind-tunnel 
specifications. The role which the wind 
tunnel will play in the race for air suprem¬ 
acy in the present world war is a subject 
of great interest and national importance, 
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but it will only be discussed briefly in. this 
paper as an introduction to the require¬ 
ments of wind-tunnel drives. 

Wind Tunnels 

The principles of aerodynamics and 
hydrodynamics are neither sufficiently 
well-known nor subject to sufficiently 
exact mathematical analysis to permit the 
accurate calculation of the performance of 
a body moving through the fluid at high 
velocities, except for simple cases. It has 
been the practice of designers for many 
years to obtain performance characteristic 
data on equipment and apparatus such as 
ducts, channels, blowers, waterwheel 
runners, ship-propeller screws, and ships 
from the performance of models operated 
under controlled conditions in laborato¬ 
ries. The same condition is true to an 
even greater extent in the case of air¬ 
planes due to the fact that the plane 
velocities are extremely high, and ma¬ 
terials and structural members must be 
worked nearer the ultimate limits in 
order to reduce weights and increase the 
power per unit of weight. During the 
early development of the airplane, the 
Wright brothers used low-power wind tun¬ 
nels to check plane models rather than 
resort to the more dangerous and costly 
method of full-scale flight tests. This 
condition exists at the present time, and a 
vast amount of large-scale experimental 
work will be required to obtain the 
essential data so that still higher efficiency 
and flight speed can be reached. 

Model tests are quite reliable at low 
speeds due to the fact that the air-flow 
lines produced by the full-size unit are 
similar to those existing in the model test. 
In some cases, the effects of air viscosity 
can be determined by varying the density 
of the air in the tunnel. In other cases, 
it is necessary to make empirical correc¬ 
tions in extrapolating from the model to 
the full-size unit. For plane speeds at 
400 miles per hour, the air velocity 
around different parts of the plane may 
approach the speed of sound. This intro¬ 
duces effects of both the mass and elas- 
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tidty of the air. In the present state of 
the art, large-scale models and full-size 
parts must be checked in wind tunnels 
at full speed to get reliable data for build¬ 
ing high-power superspeed planes. For¬ 
tunately, it is not necessary to use full- 
size planes, due to the fact that basic data 
can be obtained for large or full-size parts 
and the constants for the. parts combined 
for application to the entire plane. It is 
interesting to note, in connection with 
wind-tunnel operation, that the power re¬ 
quired to circulate the necessary large 
volume of air around a complete wind tun¬ 
nel is several times greater than the power 
required to drive the model through the 
air at the same speed. Since the power 
required to circulate the air varies as the 
cube of the speed, it is not surprising to 
find that a 40,000-horsepower motor rat¬ 
ing is required for the largest high-speed 
wind tunnel. 

Wright Field Wind Tunnel 

The Wright Field wind tunnel is de¬ 
signed with a cross section sufficiently 
large to accommodate full-size plane sec¬ 
tions or parts, and large-size complete 
models, with wind velocities of 400 miles 
per hour or greater. Since the output 
from the motor is eventually absorbed by 
the circulating air, it is obvious that the 
temperature of the air would continue to 
rise until the rate of heat loss dissipated 
by the tunnel became equal to the rate of 
input to the air, if complete recirculation 
were used. When operating under full- 
speed conditions with 40,000-horsepower 
motor output, the air temperatures would 
become excessive, and it is thus necessary 
to resort to partial circulation. Suffi¬ 
ciently large inlet and outlet openings are 
provided at appropriate sections of the 
tunnel so that approximately 30 per cent 
make-up air is provided and the gas 
temperature kept down to tolerable 
values. Each of the two stage propellers 
which circulate the air have 16 wooden 
blades, which are approximately 40 feet 



in diameter at the tips. The propeller 
assemblies, including rotating blades, 
supporting hubs, and stationary guide 
vanes, were designed by the Air Corps 
engineers at Wright Field. The general 
arrangement of the tunnel and propelling 
equipment is as shown in Figure 1. 

Driving Equipment 

The largest wiud tunnel in operation at 
the time the Wright Field wind tunnel 
was originally planned, had two 4,000- 
horsepower driving motors (8,000 horse¬ 
power total). A wind tunnel requiring 
five times as much driving power was a 
large step forward. It was also desired 
to use a single driving motor in order to 
avoid possible difficulties in assembly and 
complications in the operation of the 
equipment. Although a 40,000-horse¬ 
power wound-rotor induction motor had 
not been heretofore contemplated, the 
electrical manufacturers had no misgiv¬ 
ings in regard to the feasibility of building 
it, on account of the fact that synchronous 
motors on much greater capacity had 
been built for both 300 and 600 rpm. 
The motor characteristics—power factor, 
starting kilovolt-amperes, and speed con- 


Figure 1. Plan view of wind tunnel and driv¬ 
ing apparatus 

trol—were influenced to an appreciable 
degree by conditions associated with and 
requirements of the main power-supply 
system. In order to maintain speed 
practically constant at any value over a 
wide speed range with minimum energy 
requirements, a speed-control system was 
chosen which provided for returning the 
power from the rotor of the main induc¬ 
tion motor to the a-c supply system. 
The main rotating auxiliary equipment 
required to accomplish this result is 
shown in Figure 2 and consists of two 
motor-generator sets. The a-c ele¬ 
ments of both sets are salient-pole syn¬ 
chronous units with d-c excitation. 

In one set, the a-c motor receives its 
power supply from the rotor of the main 
drive motor, and operates as a synchro¬ 
nous machine at the slip frequency over 
the entire speed range of the main motor. 
The second set has the a-c generator 
electrically connected to the 60-cycle 
main supply system, and operates at con¬ 
stant synchronous speed. Table I shows 
the speed and frequency for the main 
motor and auxiliary sets. 

A qualitative interpretation of how the 


Table I 


_ Main Driving Motor _ 

Supply Rotor Rotor Frequency 
Frequency Speed % Cycles 


Variable-Speed Motor- 
_Generator Set 


Stator 

Supply 

Frequency 


Rotor Speed 
% RPM 


Constant-Speed Motor- 
Generator Set 

Frequency Rotor Speed 
Cycles % RPM 


327 ... 0 
*297 ... 9.25 
262 ... 20 
196 ... 40 
131 ... 60 
88 ... 80 
** 37.5... 89.55 
0 ...100 


• • • 

. 0 . 

. 0 

.. 0 



. 6.55. 

. 5.55... 

.. 9.25. 

.. 47.5.... 

• • • 

.12 . 

.12 ... 

..20 

•.103 .... 

• • • 

.24 . 

.24 ... 

..40 

..205 .... 


.36 . 

.86 ... 

..60 

..308 .... 


.48 . 

.48 ... 

..80 

..411 .... 


.53.8 . 

• 63•8 • • • 

.. 89.55. 

..460 .... 


.60 . 

.60 ... 

..100 . 

-.514 .... 


...60. 
.. .60. 
...60. 
...60. 


.100_600 

.100_600 

-.100-600 

.100-600 


...60.......100.... 600 

• •. 60..100.... 600 

...60.100....600 

...60.100... .600 


♦Maximum running speed of main driving motor. **Minimum running speed of main driving motor. 


main and auxiliary equipment perform 
can be readily obtained by analyzing the 
power, voltage, current, torque, and 
speed relation that exist under given 
operating conditions. 

Starting and Operation of Equipment 

It is apparent by reference to Figure 2 
that the unit can be started either from 
the main driving motor or from the a-c 
element of the constant-speed motor- 
generator set. When starting from the 
main motor, no excitation is to be pro- 
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motor. If excitation is applied to the 
field of the a-c element of the variable- 
speed set, it will pull into synchronism 
with the rotor of the main motor. The 
constant-speed set can then be started 
from either the d-c or the a-c end. If 
started from the d-c end, it will be neces¬ 
sary to synchronize the a-c end with the 
main power supply. When the constant- 
speed set is started from the a-c end, it is 
necessary to adjust the excitation of the 
d-c elements of both sets, so that there 
will be no appreciable interchange of d-c 
power. When starting the main drive 
from the a-c end of the constant-speed 
set, the stator of the main motor should be 
left on open circuit, the connections for 
the remainder of the equipment should be 
normal, and the excitation of the two d-c 
units adjusted so that the d-c element of 
the constant-speed set delivers power as a 
generator to drive the d-c element of the 
variable-speed set as a motor. Both sets 
are then brought up to full synchronous 
speed in the conventional maimer. The 
rotor of the main motor remains at stand¬ 
still, and the voltage induced in the stator 
has the same frequency as that supplied 
to the rotor. The excitation of the a-c 
and d-c elements of the variable-speed set 
are then adjusted so that the voltages of 
the main-motor stator are in synchronism, 
with the voltage of the supply system. 


When the voltages have the same mag¬ 
nitude, frequency, and have approxi¬ 
mately correct phase position, the main- 
motor supply switch can be closed with¬ 
out the interchange of an appreciable 
amount of power between the main 
motor and the supply system. 

There is thus no flow of power between 
the rotor of the main motor and the 
stator of the a-c element of the variable- 
speed set, and hence no torque is produced 
to accelerate the rotor. By increasing 
the excitation of the d-c end of the varia¬ 
ble-speed set, its speed will tend to de¬ 
crease and its voltage increase so that it 
functions as a generator and supplies 
power to the d-c end of the constant- 
speed set. This power is then returned 
to the supply system by the a-c element of 
the constant-speed set. At the instant 
the speed of the variable-speed set starts 
to drop, the initial angular displacement 
between its voltage and the voltage of 
the main-motor rotor winding produces a 
secondary current which reacts with the 
magnetizing flux to produce a motor 
torque to turn and accelerate the rotor. 
As the speed of the variable-speed set 
decreases, the speed of the main rotor 
increases and both elements maintain 
synchronism at the slip frequency of the 
main motor. 

Either of the two methods of 'starting 


are practical and satisfactory. The 
method of starting from the relatively 
small constant-speed set was adopted due 
to the fact that less complication is in¬ 
volved in the starting equipment and less 
shock to the supply system occurs. 

It is apparent from the above discussion 
and through a knowledge of the character¬ 
istics of a-c and d-c motors and generators 
that the amount of electric power sup¬ 
plied by the rotor of the main motor and 
its slip frequency can be determined and 
controlled by varying the excitation of 
the d-c elements of the two motor-gener¬ 
ator sets and controlling the flow of 
power between them. The amount of 
wattless power returned to the supply 
system can be controlled by varying the 
excitation of the a-c generator element of 
the constant-speed set. The amount of 
wattless kilovolt-amperes supplied to the 
main motor can be controlled by varying 
the excitation of the a-c element of the 
variable-speed set. The curves in Figure 
3 show the slip, mechanical-power output, 
and rotor-electrical-power output for the 
main driving motor, and the d-c voltage 
and current of the auxiliary sets as a 
function of the speed of the main motor. 

The elementary power relations in any 
induction machine are best understood 
by first considering an ideal machine 
without loss. In this machine the same 
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torque is developed on the stator and the 
rotor by the fundamental flux and 'cur¬ 
rent. The product of this torque and the 
rotor speed represents mechanical power 
output (Pm). The product of the torque 
and synchronous speed represents power 
input (Pi), and the secondary power at 
the slip rings (P s ) is represented by the 
product of torque and slip speed. 

Expressing the slip as a decimal fraction 
(s) of the synchronous speed, the second- 
ary power can be written in terms of the 
mechanical power as P s =P m [s/(l-s)\. 
Eor a fixed propeller and a given air 
density, the power P m varies as the cube 
of the speed, which gives a maximum 
secondary power at 5 = Vs- 

The accurate power relations are ob¬ 
tained by adding the friction and windage 
losses to the mechanical power (P m ) and 
subtracting the secondary PR from the 
secondary power P s to obtain the net 
power at the slip rings. To trace the 
power flow from the slip rings through the 
auxiliary machines back to supply line, it 
is necessary only to subtract the losses of 
the variousauxiliarymachinesateach step. 

The variable-speed set operating from 
the slip rings of the induction motor will 
have a speed proportional to slip. Neg¬ 
lecting the losses, the variable-speed set 
must handle the secondary power (P s ) 
which is then equal to the product of its 
speed and torque. The torque could be 
written as P»/s—PrJ(\—s), and from 
the curves of Figure 3 it will be seen that 
although the secondary power is 
maximum at\s = 1 / 3 , the maximum torque 
will be at minimum slip. The product of 
this maximum torque of the variable- 
speed set and its synchronous speed is ap¬ 
proximately equal to the full rating of the 
main motor, and this determines the size 
of the variable-speed set. The fact that 
the maximum current is required only at 
the minimum speed is of advantage in de- 
signingthed-c generatorsforlargecapacity. 

The constant-speed set must handle the 
same maximum d-c voltage and current as 
the variable-speed set, but the maximum 
voltage occurs at about four times as high 
a speed requiring a correspondingly 
smaller machine for the d-c motors. The 
a-c generator feeding the power back into 
the line must handle only the maximum 
secondary power minus the auxiliary 
machine losses. While the total capacity 
of the auxiliary sets is great, the speed can 
be kept high and the physical size is not so 
large as might be expected. 

With the power-speed relations in 
mind, it becomes apparent that it is de¬ 
sirable to keep full field on the d-c gener¬ 
ators over the upper range of speed where 
the torque is high, and to control the 
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speed by the field of the d-c motors. In 
the lower range of speed the d-c voltage is 
held constant and the flux reduced in the 
generator. The rheostats for the motors 
and generators are mounted on one shaft, 
but arranged so that they are changed one 
at a time. 

New Problems 

In addition to the problems in designing 
the largest induction motor yet built, 
there were a number of other problems 
which had to be solved in the application 
of this system of speed control. These 
problems included the steady-state sta¬ 
bility, and the dynamic stability or the 
reaction of the system to oscillating 
torques either impressed by the propeller 
or self-excited. 

The usual induction-motor criterion of 
stability that the torque should increase 
with increased slip is readily met since, 
even with fair regulation of the d-c ma¬ 
chines, the secondary power taken by the 
variable-speed set, with fixed fields, would 
increase much faster than the slip fre¬ 
quency. The synchronous motor which 
is fed from the secondary of the induction 
motor, must stay in synchronism with the 
slip frequency, and this presents a stability 
problem with new conditions. However, 
it can be shown that the induction motor 
can be treated as a high reactance trans¬ 
former with high magnetizing current so 
that the problem is resolved into the con¬ 
ventional two-machine synchronous-sta¬ 
bility problem. 

The possibility of self-excited torsional 
oscillations mentioned above arises from 


Figure 4. View of main induction motor look¬ 
ing through the stator of the synchronous motor 
for the Yariable-speed set 

the fact that at low slip frequencies, the 
reactance-resistance ratio is much lower 
than in large machines of normal fre¬ 
quency. This tendency to oscillate is the 
same general phenomenon of hunting 
encountered in small synchronous ma¬ 
chines but is complicated by the addition 
of the induction motor in circuit. This 
tendency to establish self-excited oscilla¬ 
tions has been termed negative damping, 
since it is due to a torque in phase with 
the velocity, or opposite in sign to the 
usual damping torque. Negative damp¬ 
ing may exist in this system for relative 
angular motion between the induction 
and synchronous motors. Fortunately, 
the synchronous-motor damper winding 
and the speed-torque characteristics of 
the d-c machines, as well as the fan load, 
all contribute to the positive damping of 
the system, so that by proper attention to 
these factors it is possible to get a net 
positive damping. Hence it is possible 
to avoid any tendency to hunt. Methods 
of analysis of this problem have been 
written up and proposed for presentation 
at the winter convention. 

A model system was set up using a 100- 
horsepower wound-rotor motor with two 
synchronous d-c motor-generator sets. 
The propeller was represented by a d-c 
generator with an added flywheel. The 
starting and control features were tested 
and the tendency to hunt at low-slip 
values investigated. With small ma¬ 
chines, it was not possible to represent the 
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large units exactly, but the test did serve 
to prove that the methods of analysis 
were adequate. 

Since there are torsional impulses on the 
propeller resulting from slight irregulari¬ 
ties in the air flow caused by guide vanes, 
it was necessary to determine their effects 
on the entire system. The fan, the main 
induction motor, and the various auxiliary 
machines, all represent inertias tied to¬ 
gether either by shafts or electrical ties. 
This complicated system has many 
modes of vibration and many natural 
frequencies. These were solved by set¬ 
ting up a complete equivalent circuit re¬ 
presenting the electrical analogue of the 
mechanical system, along the well-known 
principles of representing torques by 
voltages, velocities by currents, inertia by 
inductance, torsional flexibility by a 
capacity, and damping by a resistance. 
Solving for the natural frequencies of this 
electrical analogue was difficult due to its 
many branches. The a-c calculating 
board was used to represent the system 
and the approximate frequencies found 
which could then be checked by direct 
calculations in complex numbers. The 
torsional impulses are low, and the net 
damping is found to be adequate to keep 
any oscillations low. 

The same electrical analogue was found 
to be very useful in calculating the sta¬ 
bility of the speed-regulating system. 
Since the speed variations must be 
measured on the motor and the correc¬ 
tions applied through the d-c auxiliary 
machine fields, the regulating problem is 
not simple, and careful consideration had 
to be given to the amplification and anti¬ 
hunting features of the speed regulator. 

Conclusions 

The type of drive adopted for this larg¬ 
est wind-tunnel application is found to be 
very efficient to give low starting currents. 
Also this system lends itself to full auto¬ 
matic control and accurate speed adjust¬ 
ment. 

The solution of the many problems 
associated with this drive have led to some 
advances in the analysis of machines and 
in the design of very large motors. This 
knowledge should prove valuable in the 
future, on other variable-speed drives, on 
ship drives and other applications involv¬ 
ing systems of machines. 
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D URING the last eight years, as the re¬ 
sult of development of the Diesel en¬ 
gine, Diesel-electric locomotives have 
come into wide use for heavy switching, 
passenger, and freight service. There has 
also been a rapid development in the elec¬ 
trical equipment going back about 15 
years. 

The primary function of the electrical 
equipment is to transmit the power from 
the Diesel engine to the rail, and also 
change the relation of engine to locomo¬ 
tive speed. In modem high-speed equip¬ 
ments, the weight of electrical equipment 
somewhat exceeds the weight of the Diesel 
engine with radiators, and so forth, and is 
of the order of 20 per cent to 25 per cent 
of the locomotive weight. This may ap¬ 
pear to be out of proportion, but it must 
be realized that the propulsion output of 
the Diesel engine is all converted to elec¬ 
trical energy and then converted back to 
mechanical output at the rail over a very 
wide range of speed. 

Modem high-speed passenger and 
freight locomotives operate under the 
widest range of conditions. They traverse 
the plains, rolling country, and moun¬ 
tainous ranges. 

Definitions 

In order to understand clearly the 
operating conditions affecting equipment 
design, it is well to define several items: 

1. Maximum Test Speed. This is the speed 
in rpm defined by the rules of the A.S.A. 
for a stand test of the motor for two minutes 
and is 120 per cent of the rpm correspond¬ 
ing to: 

2. Maximum Safe Service Speed. This is 
the highest locomotive speed permitted in 
service with minimum size wheels (worn 
wheels) on down grades. 

3. Balancing Speed on Straight, Level Track. 
With normal trains, this is generally some- 
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what less than the maximum safe service 
speed, and is of interest chiefly for compara¬ 
tive purposes since stretches of straight, 
level track long enough to permit reaching 
balancing speeds are not frequently en¬ 
countered. 

4. Balancing Speed on Prevailing up Grades. 
In rolling country, these grades may be of the 
order of 0.2 per cent to 0.4 per cent. In hilly 
country, they may be in the neighborhood 
of one per cent. In mountainous country, 
long grades of 1.8 to 2.2 are common and 
helper grades up to 3.5 exist 

5. Unloading Speed. This is the speed 
above which the full power of the Diesel 
engine is not utilized. It should be suffi¬ 
ciently high so that the full power of the 
Diesel engine can be used on the prevailing 
up grades in each district. 

6. Continuous Rated Speed. This is the 
lowest speed which can Ije maintained with 
full engine power for prolonged periods with 
unworn , wheels without exceeding the tem¬ 
perature limits of the motors and generators, 
and should closely correspond to the speed 
with maximum train weight on the ruling 
and helper grades unless the time spent on 
these grades is fairly short and is preceded 
by a run at light load or a very definite 
and effective cooling period. 

7. Maximum Tractive Effort. This is the 
maximum tractive effort which can be de¬ 
veloped for short periods during accelera¬ 
tions. In high-speed passenger locomotives 
it may be limited by the commutating ca¬ 
pacity of the generator, otherwise by the 
slipping point of the driving wheels. In 
very powerful freight locomotives, driver 
slippage is the usual limit, but the strength 
of freight car draft gear may make the 
practical limit lower than the slipping point. 

8. Maximum Weight Per Driving Axle at 
Rail. This is the weight as limited by 
stress in rail and depends on the minimum 
(worrf) wheel size and maximum safe 
service speed. 

Chronology 

Prior to 1927, standard 600-volt self- 
ventilated railway trolley-type motors, 
designed for suburban and subway serv¬ 
ice, were used. About 1928, motors de¬ 
signed primarily for operation from 
limited power supply were introduced. 
These power plants were of 300- to 400’- 
horsepower capacity, with one generator 
and two motors. In 1932, 600-horse¬ 
power equipments were introduced using 
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semiforced ventilated motors, class B in¬ 
sulation; with multiple windings and four 
brush holders instead of the conventional 
two-circuit winding and two brush hold- 
•ers; with wedges on the core, non¬ 
magnetic bands on the end windings and 
with roller bearings. In 1936 a further in¬ 
crease to 900-engine horsepowerwasmade. 
At present, motors are available which 
•can use 1,600-engine horsepower per pair 
of motors. These motors are only 17 per 
cent heavier than the motors used with a 
400-horsepower engine in 1928. 

Motors 

Design 

This increase in capacity has resulted 
from improvements which may be listed: 

1. Increased peripheral speed of armature. 
The armature peripheral speed has been in¬ 
creased from 8,600 to 12,600 feet per 
minute. This has been the result of im¬ 
proved methods of insulating and wedging 
the coils in the armature slots and better 
methods of banding the end windings with 
predetermined band tension and multi¬ 
layer nonmagnetic bands of high-tensile 
strength. 

■2- Increased peripheral speed of commu¬ 
tator; from 7,000 to 10,000 feet per’ minu te. 
This has resulted from the more detailed 
study of stresses in the commutator copper 
=and steel parts and of the characteristics of 
mica, the use of an increased number of 
brush holders to keep down the over-all 
length, the seasoning of the commutator 
••and the use of better grades of carbon 
brushes. 

•3. Forced ventilation. A definite supply 
of ventilating air from a source relatively 
free from snow, water, oil, brake-shoe dust 
•and dirt of all kinds is provided. 

4. Better insulation and processes in ap¬ 
plying the insulation. Mica tapes and 
wrappers with a lower per cent of combus¬ 
tible material, glass, and asbestos are used. 
•Coils pressed to exact size exclude air pud 
give high percentage of copper in the coil 
with good heat conducting characteristics 
•and avoid shrinkage and consequent loosen¬ 
ing in service. Also improved sealing com¬ 
pounds exclude oil, moisture and air, thus 
permitting higher temperatures. It is also 
good practice to connect all motor and gen- 
•erator field coils on the negative side to 
reduce the voltage stress in the field coils. 

-6. Micarta wedges which are capable of 
standing higher temperatures. 

*6. Nonmagnetic high-strength multilayer 
bands on the end windings. In addition to 
permitting higher peripheral speeds, the 
elimination of magnetic bands on the arma¬ 


ture core and end windings reduces the 
commutating voltage materially. 

7. Multiple armature windings permit 
higher speeds with low commutating volt¬ 
age. 

8. Armature coils are designed to reduce 
eddy current loss. 

9. Roller bearings. 

10. Better gearing. 

Overload and Commutating Capacity 

With the increase in capacity, the loss 
in per cent of input is lower; however, 
with better ventilation the loss in watts 
per motor is increased. Since the motor 
weight has not materially increased, the 
thermal capacity in proportion to motor 
capacity has materially decreased. Hence 
much greater care must be used in apply¬ 
ing motors to a given service to avoid 
overloads that produce high tempera¬ 
tures, which by forcing expansion and con¬ 
traction will damage insulation. This is 
particularly true of armature windings 
which are much less free than field wind¬ 
ings to expand and contract. When the 
motor is operating at its highest ampere 
load, the speed is low and also the com¬ 
mutating voltage is low. Its overload 
capacity is determined by heating. When 
the motor is operating on weakest field 
with full engine power and highest volt¬ 
age, its commutating voltage is highest. 

Generators 

Main 

The capacity and speed of the main 
generators is determined by the capacity 
and speed of the engine. The generator 
differs from the motor in its speed, mount¬ 
ing and overload capacity. When the; 
generator is operating at its highest am¬ 
pere load, full speed is obtained, hence its 
maximum capacity is determined by its 
ability to commutate heavy ampere loads 
as well as by heating. Compensating 
windings, often used on high-capacity 
generators, are not generally used on 
railway Diesel-engine generators. This 
is due to the space taken and the higher 
resistance of such windings. The main- 
pole air gap is tapered to reduce the 
m a xim u m volts between bars and also 
to reduce the load core loss. 

Mechanical connection of the genera¬ 
tor armature direct to the engine shaft 
gives a substantial rigid connection using 
the weight of the generator armature in 


place of an engine flywheel. The genera¬ 
tor stator is also usually direct connected 
to the engine frame. 

Auxiliary 

It has become general practice to drive 
auxiliary machines such as compressors, 
radiator fans and main motor fans, and so 
on, from the engine. An auxiliary genera¬ 
tor need be of only small capacity, suffi¬ 
cient to charge battery and supply power 
for headlights, cab lights and miscellane¬ 
ous small auxiliaries. 

Control 

The differential exciter of special de¬ 
sign has been developed to give full engine 
loading over a wide range of locomotive 
speed under usual conditions. To pro¬ 
vide for unusual conditions and to secure 
the very maximum utilization of engine 
power, the field of the exciter is put under 
control of the engine governor. When 
fuel rack exceeds a predetermined setting, 
the exciter field is decreased, and when 
the fuel rack goes below this setting the 
field is returned to its normal maximum 
value. This avoids overload on the en¬ 
gine and keeps the fuel rack at full load 
without sacrificing the inherent advan¬ 
tages of the simple differential exciter. 
By operating on the exciter field, the phys¬ 
ical size of the device is kept low. Since 
the time constant of the exciter field is 
much more rapid than that of the main 
generator field, this does not slow up the 
operation. 

Conclusion 

For present high-speed passenger loco¬ 
motives, electrical equipment is available 
with a weight between 20 and 21 pounds 
per engine horsepower, with continuous 
rated speed 33 per cent of maximum serv¬ 
ice speed of above 100 miles per hour and 
with sufficient maximum tractive effort to 
slip wheels at 33 per cent adhesion. For 
freight locomotives with double the num¬ 
ber of motors per power plant, the weight 
is between 30 and 31 pounds per engine 
horsepower, and the continuous rated 
speed 16 per cent of maximum rated speed. 
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Distribution-Type Lightning-Arrester 
Performance Characteristics 

AIEE COMMITTEE ON PROTECTIVE DEVICES 
Lightning Arrester Subcommittee* 


T HIS report presents the results of 
work by the lightning arrester sub¬ 
committee to bring up to date and make 
available to the industry the performance 
characteristics of present day valve-type 
distribution arresters having a maximum 
rating of 3 kv to 15 kv. Distribution ar¬ 
rester characteristics were given in a re¬ 
port by the lightning arrester subcom¬ 
mittee in Electrical Engineering, vol¬ 
ume 56, May 1937, page 576. Since 
that date there have been changes in the 
arrester. The subcommittee felt it de- 



MAMMUM ARRESTER RATING KILOVOLTS RMS 


Figure 1. Arrester impulse-gap breakdown, 
AIEE wave 



Figure 2. Arrester impulse-gap breakdown 
(average values) 


sirable to present up-to-date values and 
also to include values at higher discharge 
currents than those previously given. 

Table I includes the arrester gap break¬ 
down values—maximum, average, and 
minimum—from tests on the arresters us¬ 
ing the rates of voltage rise specified in 
the Lightning Arrester Standards Bul¬ 
letin 28, ASA Standard C-62. Table I 
also shows maximum, average, and mini¬ 
mum IR discharge voltages for all ar¬ 
resters at discharge currents of 1,500, 
3,000, 5,000, 10,000, and 20,000 amperes, 
all on a 10x20 current wave. 

To enable rapid interpretation, the 
data have been plotted in curve form. 

Figure 1 shows the relationship of ar¬ 
rester gap breakdown for the AIEE rate 
of voltage rise versus arrester maximum 
rating, with maximum, average, and mini¬ 
mum values. 

Figure 2 shows arrester gap breakdown 
for other rates of voltage rise as well as 
for the AIEE standard rates. The 
breakdown values cover a range of 0.25 
microsecond to 6 microseconds. 

Figure 3 shows the spread found in IR 
discharge voltage values for a discharge 
current of 1,500 amperes, for the several 
voltage ratings. 

Figure 4 shows average IR discharge 
voltage for the different discharge cur- 
rents from 1,500 amperes to 20,000 am- 
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peres and the different voltage ratings 3 
to 15 kv. 

Four lightning-arrester manufacturers 
supplied the data from which the char¬ 
acteristics in the report were tabulated 
and plotted. The values are for arrest¬ 
ers of present day manufacture and do 
not necessarily apply for older types. 

While the total spread for all manu¬ 
facturers is of the order of plus or minus 
40 per cent, the tolerance permitted by 
any one manufacturer does not exceed 
plus or minus 25 per cent for arrester 
gap breakdown voltage, or plus or minus 
20 per cent for arrester IR discharge 
voltage from the average performance 
values which are published in his litera¬ 
ture. 

The 60-cycle spark potential of the 
arresters referred to in this report will not 
be less than 150 per cent of the arrester 
maximum line-to-ground rating. 

By comparing the volt-time character¬ 
istics of the insulation to be protected 
with the volt-time characteristics of the 
arrester, an evaluation can be made of 
the margin of protection. 



Figure 3. Arrester discharge voltage at 1,500 
amperes 
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Figure 4. Arrester discharge voltage on 10x 
20 current wave (average values) 


Table I. Performance Characteristics Distribution-Type Arresters (3-15 Kv) 
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...54.9... 

..69.... 

.43.5. 

...62 ... 

. .77 

15,,.,. 

.49 . 

• i .69.1.86... 

.31.5... .49:5.., 

..63.... 

.35.6.... 56.4... 

.71.8.. 

. .39.2. 

...61 .77.... 

.45 . 

...69 ... 

• .85,« 

.53 . 

...78.6... 

..99 


tThe AIEE wave is 50 kv per microsecond for arresters rated 3 and 6 kv and 100 kv per microsecond for arresters rated 9, 12, and 15 kv. 
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Hot-Spot Winding Temperatures in 
Self-Cooled Oil-Insulated Transformers 


F. J. VOGEL PAUL NARBUTOVSKIH 

MEMBER AIEE ASSOCIATE AIEE 


I N recent years operators have wanted 
to know how much overload a trans¬ 
former would carry for a given length of 
time without exceeding a safe tempera¬ 
ture. This knowledge would enable them 
to obtain the most from available equip¬ 
ment or to install equipment which would 
provide reasonable overload capacity in 
case of emergency. In order to do this, it 
is necessary to be able to calculate the 
temperatures within windings, and to 
know safe operating temperatures. 

It is not easy to calculate the tempera¬ 
tures within windings, and rough rules 
which are extremely conservative have 
been used. For example, it was recognized 
that- there were places in the windings 
hotter than the average temperature, and 
an arbitrary 10-degree hot-spot allowance 
was made. 

It is shown in this paper, that the hot¬ 
spot allowance for many transformers is 
less than five or six degrees centigrade, 
and that the gradients do hot increase as 
fast as previously supposed, due to the 
effect of decreased oil viscosity at higher 
oil temperatures. This makes it possible 
to recommend much higher emergency 
overloads than in the past. In an example 
it is shown that 200 per cent load could be 
carried for one hour, without exceeding 
what appears to be a conservative tem¬ 
perature limit, as against previous recom¬ 
mendations of 138 per cent load for the 
same duration of time. 

Variation of Temperature With Load 

In presenting this subject, it is thought 
that it will be easier to follow if we taVp 
a specific transformer as an example and 
carry through calculations for a given 
overload. Comparison of the calculations 
and actual test results will show whether 
the method is accurate or not. 
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ary 20—30,1042. Manuscript submitted November 
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Test Data 

Full-load heat run, 2,000-kva single¬ 
phase transformer, 44,000 high voltage, 
2,300 low voltage, 60 cycles. 

Actual copper loss... 9,450 watts 

Iron loss. 5,200 watts 

Total losses.14,650 watts 

Ambient temperature.-... .27.5 C 

Rise by resistance, 

High voltage, winding.34.8 C 

Low voltage, winding.33.8 C 

Top oil rise.30 C 

An overload run was made at 135 per 
cent load. The copper losses at the 100 
per cent run were at an average copper 
temperature of approximately 34 degrees 
centigrade rise, plus 27‘A degrees centi¬ 
grade ambient, or 61V 2 degrees centigrade. 
If the winding on the 135 per cent run 
was at about 75 degrees centigrade, the 
copper losses would be: 

9.450X 1.35 2 X (234.5+75) 

234.5+61.6 -18,000 watts 

The total losses would then be 18,000+ 
5,200 or 23,200 watts. If the oil rise at 
full load was 30 degrees, the oil rise at 
135 per cent load should be 30X (23,200-i- 
14,650) 0 * 8 or 43.4. This is based on the 
assumption that the hot oil rise above ani- 
bient^varies as the 0.8 power of the total 
losses. The gradient between the high- 
voltage average copper and the hottest 


oil is 4.8 degrees centigrade, at full load. 
If the gradient varies as the 0.8 power of 
the copper losses, the new gradient should 
be 4.8X (18,000/9,450) 0 - 8 or 8 degrees 
centigrade. This would give an average 
copper rise of 43.4+8 or 51.4 degrees 
centigrade. 

The actual temperatures at 135 per cent 
load were 43 degrees centigrade oil rise, 
and 46.6 degrees centigrade copper rise, 
compared to 43.4 degrees and 51.4 degrees 
centigrade, respectively for calculated 
values. 

In order to check this further, several 
transformer test records were examined 
where overload runs had been made, and 
the results are tabulated in Table I, 
below. 

The interesting part of this tabulation 
is found in the fact that the oil rises seem 
to follow, within a few degrees, the values 
obtained by calculation, but it will be 
noted that there is a considerable dis¬ 
crepancy in the gradients. In general, 
they change much less than might be ex¬ 
pected. It will 1>e noted that so far as the 
temperature rises at overloads are con¬ 
cerned, values calculated in this way from 
full-load data are apt to be higher than 
those obtained in actual runs. 

There are several reasons why these 
approximate methods give the results they 
do. The laws of convection and radiation 
of heat losses from the tank surface and 
radiators seem to be well established, and 
the average temperature rise above am¬ 
bient air varies very closely as the 0.8 
power of the losses. This would apply 
with a small error to both the hottest and 
the average oil, if the difference between 
top and average oil is not great. 

For example, suppose we have an aver¬ 
age-oil rise of 26 degrees centigrade, and 
a top-oil temperature rise of 30 degrees 
centigrade, at full load. We can refer 


Table f. Overload Heat-Run Data 


Trans¬ 
former Copper 

Test Load Losses 


Total 

Losses 


Copper 
Rise by 
Resistance 


Top 

Oil Rise 


Gradients 
Average Copper 
to Top Oil 


Actual 


Calculated 


H.V. L.V. Actual Calculated H.V. L.V. H.V. L.V 


A l 100 - 

.1135. 

( 100 . 

B .-h25. 

(135. 

( 100 . 

C..-h25. 

(135. 

( 100 . 

D .-h25. 

(135. 

( 100 . 

E. . <125 .. 

(135. . 


9,450.. 

..14,050. 

..34.8. 

.33.8.. 

..30 ... 


. . 4.8. 

. 3.8 

18,000.. 

..23,200. 

..46.8. 

.48.1.. 

..43 ... 

...43.4... 

. . 3.6. 

. 6 . 1 .. 

5,300.. 

.. 7,5(15. 

..25 . 

.25.5., 

..20 ... 


.. 5 . 

. 5.6 

8,550.. 

..10,815. 

..31.9. 

.34.9.. 

..26.5... 

...26.7... 

.. 5.4. 

. 8.4. , 

10,180.. 

..12,445. 

..36 . 

.40 .. 

..32 ... 

.. .29.8. .. 

.. 4 

. 8. . 

7,120.. 

..10,404. 

..31.3. 

.34.6. . 

..20 ... 


.. 5.3. 

. 8.6 

11,400.. 

..14,684. 

.40 . 

.41.9. . 

. .33.3, .. 

.. .34.2. .. 

.. 0.7. 

. 8.0. , 

13,530.. 

..10,714. 

.43.9. 

.44 

..37.5... 

... 38 ... 

.. 0.4. 

. 6.5. 

10,800.. 

..14,508. 

.31.5. 

.33.8. . 

..25 ... 


.. 6.5. 

. 8,3 

17,620. . 

..20,840. 

.41.5. 

.43.3. . 

. .34.5. .. 

...33.4... 

.. 7 . 

, 8 . 8 . 

20,450.. 

..23,670. 

.47.2. 

.47.9.. 

..39 ... 

...37 ... 


. 8.9.. 

6,650.. 

.. 9,350.' 

.30 . 

.16.5. . 

..22.5... 


.. 7.6. 

.— 7.5 

10,520.. 

..13,220. 

.40.7. 

.28.4. . 

..29 ... 

...29.6... 

. .11.7. 

. -— 0 . G - . 

12,900.. 

..15,000. 

.45 . 

.34.7.. 

..34 ... 

...34 ... 

.11 . 

.+0.7.. 


7.8. 
8.4. 

7.7. 

8 . 9 . 

9.0. 

,. 10 . 8 . 

. 10 . 8 . 


. 0.4 

. 8.1 

. 9.3 

.12.4 

.14.2 

.12.3 

.13.8 

* 

* 


*Not calculated because of apparent “negative” gradient. 
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back to the first example given. The cal¬ 
culated top-oil temperature rise using the 
0.8-power rule at 135 per cent load is 
43.4 degrees centigrade, and actually was 
43 degrees centigrade. If the same rule is 
applied to the average-oil rise, which is 26 
degrees centigrade, at full load, the cal¬ 
culated value would be 37.6 degrees at 135 
per cent load. The difference between the 
top-oil and average- or effective-oil tem¬ 
perature is assumed to be 4 degrees at full 
load. Suppose it varied anywhere from 
4 to 6 degrees at the overload. The cal¬ 
culated top-oil temperature rise would 
range from 41.6 to 43.6 degrees versus 43 
degrees test. This indicates that where 
the difference between top oil and average 
oil is not great, both of these rises may be 
assumed to vary as the 0.8 power of the 
losses. 

If we follow along this reasoning, the 
difference between the average copper and 
average oil adjacent to the coils will be 
8.8 degrees centigrade at full load, and 

14.7 degrees centigrade at 135 per cent 
load. This assumes that the gradient, 
copper to oil, varies as the 0.8 power of the 
losses. The difference between the top 
oil and average copper might then be, at 
135 per cent load, 14.7—6.0 degrees or 

8.7 degrees centigrade, compared to 3.6 
degrees centigrade measured. This 
indicates that there are other factors than 
those considered, or that the factors used 
are in error. These factors are oil flow 
or convection, and the effect of changes in 
oil temperature on the gradients between 
the copper and oil. 

Effect of Convection Currents 

The convection currents within wind¬ 
ings and in the radiators are not easily 
estimated from the dimensions, and no 
effort to provide methods for such calcu¬ 
lations is to be made in this discussion. 
However, it is possible to consider the 
variation of convection currents and then- 
effect on temperature rise. Table I con¬ 
tains some interesting material. For ex¬ 
ample, there are variations in the test 
gradients of the low-voltage and high- 
voltage windings at different overloads 
which do not look consistent. Part of this 
may be due to experimental error. The 
corrections for “time to shut down” were 
made according to AIEE test standards. 
The largest factors in these variations are 
undoubtedly the difference in length and 
area of the oil paths through different 
windings and the variation in the watts 
loss per-unit area in the windings. This is 
particularly true in the case of the last 
unit. The low-voltage winding has a rela¬ 
tively large area of ducts, and a very low 
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£ ^1 
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Figure 1. Sketch showing main convection 
current in transformer and equivalent circuit, 
with oil temperatures at various points 


value of watts per square inch, com¬ 
pared to the high-voltage winding. The 
result is that the oil flows more easily 
through the low-voltage winding and is 
relatively cooler when it leaves the low- 
voltage coils than the oil leaving the high- 
voltage winding. If the watts per square 
inch of coil surface on both windings were 
the same and the length and area of the 
oil paths were the same, then both wind¬ 
ings would behave more nearly alike. 

If both windings are about alike, it is 
possible to replace them thermally with a 
heating and cooling circuit as shown in 
Figure 1. 


The density of the oil at 4= D t]l = 

1 


(1+0.00074 At) 


D t0 


The pressure of the liquid in column 1 will 
be 


( D ‘c V 
1 \1+0.00074 Ai/**" 


D t 


1 + 0 , 


3«_\ 

1.00074 At ) 


7 


and in column 2 


( D ■ Dt c \ 

( * c 1+0.00074 A* 1 

2 \ 2 - 7 


+li Dt, 


The difference between these quantities 
represents the “head” available to cause 
oil flow, or 


llDi ° 2l (l+0.00074 Ai) H 

/ l+0.00074 Al — 1 \ 
\ 1+0.00074 A t / 


H=hD t 
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Figure 2. Variation of kinematic viscosity of 
transformer oil with temperature 


The conclusion can be drawn that the 
pressure head causing thermosyphon flow 
is practically proportional to the difference 
between the hot and cold oil temperatures. 
Although this is derived for a specific 
case, it is generally true as long as the 
temperature gradients in each leg remain 
proportional. 

If the flow is slow enough, and is stream¬ 
line in character, not turbulent, the rate 
of flow is proportional to the head, and 
inversely proportional to the viscosity. 
This can be expressed as— 

At 

Rate of flow= K — 
v 

Also the losses which are dissipated are 
equal to the rate of flow times the specific 
heat (S.H.) times the temperature differ¬ 
ence— 

Rate of flowXA»X (S.H.)X(A/) =losses 
At 

Losses—IT — X^X (S.H.) X At 
v 

.*. ( At) =Kz -\/losses X viscosity 

Figure 2 shows the relationship be¬ 
tween oil temperature, in degrees centi¬ 
grade, and the kinematic viscosity of a 
transformer oil. In order to show the 
effect of these factors, a transformer was 
tested at overload, and top and bottom 
temperatures noted, as shown in Table II. 

Table II 

Transformer Rating—1,667-Kva Single-Phase 
60-Cycle, 13.2 to 2.3 Kv. Copper Loss at 
75 Degrees Centigrade—11,308 Watts. Iron 
Loss 3,850 Watts 



80% 

Load 

100% 

Load 

120% 

Load 

High-voltage rise... 

...42.1. 

.56.7., 

.68.5 

Low-voltage rise.... 

...42.4. 

.56.9., 

.69.8 

Ambient. 

...27 . 

.31 .. 

.29.5 

Top-oil rise.... 

...36.5. 

.49 ., 

.60 

Top of radiator, 

rise.. 

...34 . 

.45 .. 

.56.5 

Bottom of radi- 

ator, rise. 

...22 . 

.34 ., 

-43.5 

Difference in radi¬ 
ator tempera- 

tures. 

...12 . 

.11 .. 

.13 

Bottom-oil 

temperature. 

,49°. 

..65°. 

....73° 

Viscosity. 

. 0.070 

... 0.045 

.. 0.036 

Copper losses. 

. 7,100 

...11,750 

.. 17,600 

Total losses.. 

.10,950 

.. .15,600 

..21,350 

VLosses X Viscosity 27.7 

... 26.5 

.. 27.6 


The following conclusion may be 
reached: 

The difference between the top oil and 
average oil does not change greatly with 
load at constant ambient temperature, due 
to the nature of the oil flow and viscosity 
changes. If the velocity is sufficient to 
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Table HI 


cause turbulence, there is the possibility 
that some increase in temperature differ¬ 
ence will occur. 

Effect of Oil Temperature on 
Gradient Between Copper and Oil 

Tests have been made on circular cnils 
wound with 0.009 thickness of paper in¬ 
sulation at various oil temperatures, both 
in a vertical and horizontal position. In 
the case of the vertical coils, the oil tem¬ 
perature and copper temperature were 
measured at the top of the coil. In the 
case of the horizontal coils, the oil tem- 



0.2 03 OA 0.5 07 1.0 1.5 2. 3 4 

WATTS PER SQ IN. OF COIL SURFACE 

Figure 3. Gradients between oil and copper 
for model transformer coils—coils in vertical 
plane 

peratures were measured both 2 inches 
from the coil horizontally, and also, in the 
duct between the coils and the tube inside 
the assembly. The oil temperature was 
found to be essentially the same in both 
places. The results of these tests are 
shown on Figures 3 and 4. It is of inter¬ 
est that the gradient for the vertical coils 
varies very closely to the 0.8 power of 
the watts per square inch for a given oil 
temperature, and that the gradient is 
higher for lower oil temperatures. It 
will be noted that low oil temperatures 
affect the gradient for horizontal coils 
very much, but at 80 degrees, the curves 
for both horizontal and vertical coils are 
substantially the same. This is very 
reasonable, as the viscosity of the oil at 
80 degrees centigrade is very low, and per¬ 
mits nearly as easy flow into the hori¬ 
zontal ducts as in the vertical ducts. 

There is one interesting fact that can be 
derived from Figure 4. If a transformer 
had an average of one watt per square 
inch dissipated on the coil, surface at 60 
degrees centigrade, the gradient would be 
15 degrees. At 80 degrees centigrade, the 
watts per square inch would be increased 
to be approximately (234.5+95)/(234.5+ 
75) X1, or 329.5/309.5 equals 1.07. With 
80 degrees centigrade oil, the gradient 


would be about 12 degrees. A change in 
ambient temperature of 20 degrees centi¬ 
grade, therefore, would make the tempera¬ 
ture rise 3 degrees centigrade less. This 
effect is less pronounced for transformers 
with vertical coils. 

Temperature Rises Under 
Transient Conditions 

In order to determine how the tempera¬ 
tures varied during short-time overloads, 
a test was made at varying loads for dif¬ 
ferent lengths of time on a 600-kva, three- 
phase transformer. The hottest spot tem¬ 
peratures were also measured by thermo¬ 
couples in the second coil from the top. 

Figure 5 shows the transient conditions 
between the oil and the copper, and since 
this is a fairly representative case, shows 
that this transient for most transformers 
will be completed in fifteen minutes, more 


■■■iiimisa 




■MHIlSHlBaaMH 



u -4 0.3 0.4 0.5 0.7 1.0 1.5 2 34 

WATTS PER SQ IN. OF COIL SURFACE 

Figure 4. Gradients between oil and copper 
for model transformer coils—coils in hori¬ 
zontal plane 

or less, depending on the design and the 
current density in the copper. After this 
transient has ended, the determination of 
the hottest spot would be reduced to 
determining the difference between the 
average and top oil, and the gradient be¬ 
tween the top oil and the hottest copper. 

Since the top oil and the average oil 
have the same difference, or gradient, be¬ 
tween them on overloads of long duration, 
it would follow that this might also be 
true on shorter-time overloads. To satisfy 
tins condition, the difference between the 
average rise by resistance and the hottest 
copper rise should also be constant, since 
the gradient between the copper and oil, 
adjacent to it at any place in the column 
of coils, should be substantially a con¬ 
stant. This would not be true if the con¬ 
ductor insulation, ventilation, and so 
forth, were not the same for the top coils 
as for the body coils. Figure 6 shows the 
temperature gradients found between the 


Time—Hours 


Hot-Spot Temperature- 
Degrees Centigrade 


top oil and both the hottest copper and 
the average copper. On the average, the 
difference between the hottest copper and 
the average copper was 8 degrees. The 
variation is within the limits of reason¬ 
able experimental error, and indicates 
that there would be no serious error in 
calculating hottest-spot temperatures us¬ 
ing this assumption. 

Application of Calculated Hot-Spot 
Temperatures 

The data obtained above are of interest 
because they can be applied to practical 
transformer design and operation. The 
most interesting application is in the 
determination of safe sliort-tiine overloads 
for transformers. In order to do this, a 



TIME — HOURS 

Figure 5. Transient temperatures in 600-kva 
transformer at 300 per cent load, starting cold 

table of safe temperatures must be estab¬ 
lished. To illustrate the point, assume the 
temperature-time table, Table III. 

The values for hot-spot temperature 
and the times associated with them are a 
matter of judgment, and are based on tests 
of insulation under oil at various tempera¬ 
tures. 1 These values are very conserva¬ 
tive, and higher values probably could be 
used when the present operating recom¬ 
mendations are revised. If we are to 
make a general application of these values, 
it is next necessary to establish average 
transformer characteristics. Such a study 
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Figure 7. Emergency 
overloads for various 
times 


Figure 6. Variation of gradients, top oil to 
hottest copper, and to average copper 

has led to the tabulation for power trans¬ 
formers shown in Table IV. 

From other authors, 2 the approximate 
formula for transient oil rises has been 
derived as follows: 

r.-ZX l-"e ,/B ) 

where 

* 

Tf** Final temperature rise 
4=Time, hours 

7 1 y /*• 

B =Time constant=—-— 

Li 

C=Heat capacity 
L —Losses 


( 1 ) 


Table IV 


Ratio of losses, copper to iron, full-load. .2:1 

Time constant .. 4 

Temperature riser-copper*.55 degrees 

Hot-oil rise*... 50 degrees 

♦Maximum allowed, not average values. Gradi¬ 
ents of 6 degrees between copper and hot-oil rises 
are common. 


The formula 1 can be shown to hold for 
any abrupt change in loading, so that if 
the transformer is fully loaded and at a 
steady state, a sudden increase in load 
will result in a transient determined by the 
difference between the final condition, 
under the overload, and the full load con¬ 
dition. 

It appears that for many transformers 
the actual hottest-spot temperatures are 
in the order of 6 degrees or less above the 
average copper temperature. In this case, 
the actual hottest spot should not exceed 
61 degrees. Also, the average oil rise will 



Power Transformers 
A—Following no load 
B—Following full load 


Assumptions at Rated Load 
Ratio of losses—2 to 1 
Time constant “4 
Oil rise -50° 

Hotspot *61° 


Time 

in _ 

Hours Full-Load 


Times Rated Load 
Current Following: 


No-Load 


Hot-Spot Tempera¬ 
ture in 30° Ambient 


‘/«... 

.2.35... 

_3.00. 

..140 

V*.. 

...2.10... 

....2.60. 

..135 

1.. 

...1.90... 

....2.25. 

..130 

2.. 

...1.71... 

....1.9 . 

..125 

4.. 

.-..1.45... 

....1.55. 

..120 

8.. 

...1.33... 

....1.33. 

..115 

24.. 

...1.2 ... 

-1.2 -- 

..110 


be 50—6 degrees or 44 degrees centigrade. 
It is now possible to calculate the overloads 
which can be applied for the times and 
temperatures given. As an example, let 
us pick one hour, and 130 degrees centi¬ 
grade. Cut and try methods are simplest, 
and we will assume the load to be 200 per 
cent. 

At full load the total losses are equal to 
3X, where X equals the iron loss. 

At 200 per cent load the copper loss 
will be 8X, not correcting for tempera¬ 
ture change. Correcting for copper tem¬ 
perature change, assumed to be 124 de¬ 
grees centigrade, it would be 8XX 
(234.5+124)/(234.5+85) = 9X. The total 
losses would be 10AT. An ambient of 
30 degrees centigrade is assumed. 

Since the average oil rise is 44 degrees 
at 100 per cent load, at 200 per cent load, 
and with losses at 124 degrees centigrade, 
the ultimate rise would be (10/3) 0,8 X44, 
or 115.0 degrees centigrade. 

If the original rise was 44 degrees centi¬ 
grade, the change in temperature rise is 
115—44 or 71 degrees centigrade. 

In one hour, the oil rise will be: 

71(1—71X0.223 = 16.9 degrees cen¬ 
tigrade 

The actual top-oil temperature will be 
15.9+50+30=95.9 degrees centigrade. 

If no allowance for the reduced oil 
viscosity is made, the winding gradient is 
obtained by multiplying the gradient at 
100 per cent load (=11 degrees centi¬ 
grade) by the ratio (9/2) °* 8 , which takes 
in account the increased losses, due to the 
change in copper temperature. There is 
an appreciable change in oil temperature, 
however, and Figure 4 and the previous 
discussion indicate that it should be safe 


to assume that the increase in resistance 
loss at higher temperatures is compen¬ 
sated for by the reduction in gradient, due 
to reduced oil viscosity. On this basis, 
the computed gradient for this case will 
be (8/2)°* 8 Xl 1=33.3 degrees centi¬ 
grade. 

The total rise is then 95.9 plus 33.3, 
equals 129.2 degrees centigrade, which 
indicates that 200 per cent load for one 
hour following full load will meet the 
temperature limits. 

By using similar methods, all of the 
values can be calculated. Figure 7 shows 
such a table and curve, giving values of 
overload slightly below the computed t 
values. Comparison of this with Figure 
17, Proposed Recommended Practices of 
the American Standards Association, 
page 86, indicates the conservatism of the 
older table. 


Table V. Table of Safe Emergency Loads for 
Different Times After Full Load 


Time—Hours 

Times Rated Load Current 

Values From 
Figure 7 

Values From 
ASA, 
Figure 17 

*/i. 

.2.10. 


1. 

.1.90. 

.1.38 

2. 

.1.71. 



Summary 

A more accurate method than previ¬ 
ously used for calculating temperature 
rises in transformers has been derived, 
and applied both to steady and transient 
conditions. This latter application, along 
with the recognition that newer trans¬ 
formers have both lower gradients and 
better oil protection, give the possibility 
of recommending much higher emergency 
loads than previously given to such ap¬ 
paratus. 
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Electropneumatic Brakes for High-Speed 
Trains With Particular Reference to Their 

Electrical Features 

JOSEPH C. McCUNE 

NONMEMBER AIEE 


pLECTROPNEUMATIC braises for 
» main-line high-speed passenger trains 
are a recent innovation. Electropneu- 
aiatic brakes'have, however, been known 
and used for many years. The first 
steam road tests were made in 1887. 
The results were quite gratifying, but 
improvements in the pneumatic appara¬ 
tus resulted in such satisfactory perform¬ 
ance that the added expense and com¬ 
plication of electropneumatic control was 
clearly not warranted. Electropneumatic 
brakes have been used, however, in sub¬ 
way and elevated service, and in consider¬ 
able quantity, for more than 30 years. 

To understand why electropneumatic 
brakes have so generally been adopted for 
modem high-speed trains requires some 
comprehension of the limitations of a 
strictly pneumatic system and some grasp 
°f part played by the brake in modem 
transportation. The importance of the 
brake, as a factor in the expeditious move¬ 
ment of trains, is not generally appreci¬ 
ated. The brake system suffers, in a con¬ 
sideration of its influence upon the main¬ 
tenance of high schedule speed, because 
its work seems entirely negative. That 
is, the purpose of the brake is to retard or 
stop trains, a result which can be attained, 
after a fashion, without any brake at all. 
Since the brake appears to be only assist¬ 
ing in an event which would take place 
anyway, its potentiality as a means to 
move trains faster over the road is not ap¬ 
parent at first glance. In fact, it seems 
anomalous to assert that a brake, which 
stops a train, has anything to do with 
covering ground, which obviously implies 
motion, but that this is actually the case 
will become apparent later. 

Because the work done by the brake is 
of a negative character, it frequently hap¬ 
pens that the technical difficulties in¬ 
volved in producing a satisfactory brake 
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and the power embodied in it are not fully 
visualized by those who are not directly 
in contact with the braking situation. 
Many engineers are confronted with the 
problem of transferring heat energy into 
mechanical energy, as in steam or gas en¬ 
gines. Electrical, engineers change, in 
motors, electrical energy into mechanical 
energy. Engineers, in general, are mainly 
preoccupied with obtaining mechanical 
energy from some other form of energy, 
whereas brake engineers, as a very special 
group, deal with the transformation of 
mechanical energy into heat. Although 
this transformation is the reverse of that 
ordinarily encountered, it is evident that 
many technical problems must be met 
with, a consideration of which is not per¬ 
tinent to this paper. 

It is believed, however, that some men¬ 
tion should be made of the power re¬ 
quirements of the modern brake. Neg¬ 
lecting friction, wind resistance, and so 
forth, it is obvious that, measured at the 
rail, the motor torque and the brake 
torque must be equal if a train is to be ac¬ 
celerated or decelerated at the same rate. 
But in actual practice, the brake torque is 
greater than the motor torque since the 
rate of deceleration exceeds the rate of 
acceleration. Furthermore, this higher 
brake torque is produced at the highest 
speeds. Consequently, since horsepower 
is proportional to the product of torque 
and velocity, the horsepower involved in 
deceleration is many times as great as 
the horsepower involved in acceleration. 
Thus, to decelerate a 1,000-ton train, at 
100 miles per hour, at the rate of 2.2 
miles per hour per second, involves t he 
dissipation of 53,500 horsepower. 

Horsepower may be used to indicate 
the rate at which a brake dissipates en- 
ergy, since it is a less cumbersome expres¬ 
sion than foot-pounds or Btu’s per second 
and is also a concept familiar to engineers. 
But it should be noted that, from the heat 
viewpoint, the horsepower of a motor is a 
very different thing from the horsepower 
of a brake. The heating of the motor, 
caused by PR loss, friction, and so on, has 
a low value, expressed as horsepower, 


since it is but a small percentage of the 
output horsepower. The entire output 
of the brake, on the other hand, is beat. 
When expressing the energy dissipated 
by a brake in terms of horsepower, there¬ 
fore, it must be remembered that the 
quantity of heat involved is many times 
the heat found in a motor of similar horse¬ 
power. 

It is clear that in braking trains, me¬ 
chanical energy is transformed into heat 
at a very rapid rate and that very quickly 
tremendous quantities of heat are gener¬ 
ated. Fortunately, since a brake can be 
installed at each wheel, this heat does 
not have to be dissipated in some local¬ 
ized area, but instead can be dissipated at 
each wheel in the train. The problem of 
heat dissipation is thereby made much 
easier of solution. In addition, a brake 
at each wheel makes possible the shortest 
stop, because it enables the maximum re¬ 
tarding force to act upon the train. It is 
evident that since a brake has to be pro¬ 
vided at each wheel, both in order to 
handle heat satisfactorily and to produce 
the necessary retardation, the air brake 
must provide for remote control of all 
these brakes from the head end. 

Electrical engineers will recognize a 
certain similarity between a multiple-unit 
control system and an air-brake control 
system. In the electrical system, each 
car is fitted with a control group or box; 
in the pneumatic system, each car is fitted 
with a triple valve or its equivalent of 
universal or control valve. In the elec¬ 
trical system, the controller is moved 
from its off to its on position by remote 
control from the head end; in the pneu¬ 
matic system, the triple valve is moved 
from its release to its applied position, 
again by remote control from the head 
end. In the electrical system, the con¬ 
troller progresses or notches up under re¬ 
mote control from the head end; in the 
pneumatic system, the triple valve gradu¬ 
ates on or applies the brake fully, also 



Figure 1 
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tinder remote control from the head end. 

If there are certain similarities between 
a multiple-unit control system and an air¬ 
brake control system, there are three 
striking dissimilarities. The first of these 
is that the electrical system employs 
several control wires, whereas the pneu¬ 
matic system employs but a single control 
pipe, the familiar brake pipe. The sec¬ 
ond dissimilarity is that the control wires 
of the electrical system transmit control 
current only and do not carry the main 
motor current; the single pipe of the 
p neumatic system handles not only air 
for control purposes, but also the air for 
charging the brake cylinders, which in¬ 
volves substantial volumes of air. The 
third dissimilarity is that current flows 
throu gh the control wires with the speed 
of light, whereas air flows through the 
brake pipe with the velocity of sound as 
the limit. 

It is well-known that car brakes are 
caused to be applied by reducing the pres¬ 
sure in the brake pipe, but this operation 
should be examined in some detail in order 
that the reasons for electropneumatic con¬ 
trol may be better understood. It is a 
comparatively simple matter to move a 
car controller from its off to its on posi¬ 
tion by remote control from the head end, 
but a somewhat more difficult operation 
to move a control valve from its release 
to its applied position, the equivalent of 
from off to on with the controller. This 
difficulty arises because the brake pipe is 
used, not only as the control medium, but 
also as the means of transporting large 
quantities of air to the car supply reser¬ 
voirs, from which the brake cylinders are 
charged. Because of this function, which 
means that the feed grooves are open, the 
control valves, in release position, are not 
in a condition to respond to slight reduc¬ 
tions in brake-pipe pressure occurring at a 
relatively slow rate. 

To move the control valves from their 
off to their on position, it is necessary, 
therefore, to make a slight reduction in 
brake-pipe pressure throughout the train 
rather rapidly. This reduction cannot be 
made too rapidly, however, because then 
an emergency and not a service applica¬ 
tion would develop, not to mention cer¬ 
tain other undesirable results. In order 
that this reduction in pressure may occur 
quickly throughout the train and with 
minimum pressure gradient from head to 
rear, control valves are provided with a 
quick-service feature which causes the 
pressure to be vented locally, at each con¬ 
trol valve, at the same time that a reduc¬ 
tion is being made at the brake valve. 
With this arrangement, the control valve 
on the last cm of a long train can be 
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moved from its off to its on position in a 
few seconds.. It has been found that the 
time, is roughly proportional to the linear 
length of the brake pipe; that is, in long 
tr ains about one second is required for 
each 300 feet of brake pipe. In other 
words, if a train were of such length that 
the control valve on the last car was 1,000 
feet from the brake valve, this control 
valve would move from its off to its on 
position about 3.3 seconds after the brake 
valve had been placed in service position. 

It should be noted that 300 feet per sec¬ 
ond applies to the last car only. The 
combined action of the quick-service fea¬ 
ture and the flow of air from the rear is 
such that the first car does not apply until 
shortly before the last car. In conse¬ 
quence, at the expiration of a brief inter¬ 
val proportional to the length of the train, 
control valves, from head to rear, move 
from their off to their on positions with a 
fair approach to simultaneity. 



TIME IN SECONDS 
Figure 2 


The operation just described covers the 
movement of the control valves through¬ 
out the train from release to application 
position, in which position the brake cyl¬ 
inders are charged with compressed air 
from the car reservoirs. In order that 
the brake cylinders may be charged to 
full-service pressure, the brake-pipe pres¬ 
sure must be reduced, on each car, 24 
pounds or, say, from 110 to 86 pounds. 
It is clear that the pressure in a long pipe, 
commencing at the head end, cannot be 
lowered 24 pounds throughout its length, 
except when an appreciable time is avail¬ 
able, and particularly when the gradient 
in pressure, from head to rear, must be 
held to a minitnimt . With the most mod¬ 
ern pneumatic equipment, including con¬ 
tinuous quick-service valves, it takes 
roughly 15 seconds, after placing the 
brake valve in service position, to build up 
full-service cylinder pressure on the last 
car of an 18-car train. 

The release of the brakes, or the move¬ 


ment of the car control valves back to off 
position, is accomplished by building up 
pressure in the brake pipe. After a full 
service application, as stated above, the 
brake-pipe pressure throughout the train, 
is roughly 86 pounds, and this pressure 
must be restored to about 110 pounds be¬ 
fore all pressure can be completely re¬ 
leased from the brake cylinders. Since 
the brake-pipe pressure is restored from 
the head end and against the drain of car 
reservoirs which are, at this time, re¬ 
charging themselves from the brake pipe, 
a substantial time element is involved, al¬ 
though this time is still a matter of sec¬ 
onds and not greatly different from the 
time to apply all brakes fully. 

It is clear that the operations just de¬ 
scribed involve transient pneumatic phe¬ 
nomena. Electrical engineers appreciate 
the difficulty attached to understanding 
and controlling transient electrical phe¬ 
nomena. They probably will not dissent 
from the statement that transient phe¬ 
nomena in a gas, or elastic medium, pre¬ 
sent technical problems at leastas difficult. 
Many of these problems can be circum¬ 
vented by utilizing electrical control 
means. 

Since 1887 at least, it has been under¬ 
stood that the time element involved in 
applying or releasing brakes could be 
greatly reduced by the use of electricity 
and since that time many systems of elec¬ 
tropneumatic control have been devised, 
and several types have been placed in ac¬ 
tual service. The type used on the mod¬ 
em high-speed train may be called a two- 
pipe system. That is, a second pipe, 
termed the straight air pipe, is employed 
as well as the familiar brake pipe. The 
straight air pipe only is used during elec¬ 
tropneumatic operation. 

Each car is equipped with electropneu¬ 
matic valves. When these valves are 
energized from the head end, pressure is 
built up locally on each car, in the straight 
air pipe, so that the pressure in the 
straight air pipe throughout the train can 
be brought up quickly to full service value. 
Suitable pneumatic relays, controlled by 
straight air-pipe pressure, charge the car- 
brake cylinders to the pressure existing in 
the straight air pipe and in the same time. 
With this system of control, full-service 
cylinder pressure can be secured in about 
four seconds from brake-valve movement 
on all cars of a train of any length. To re¬ 
lease the cylinder pressure, the electro¬ 
pneumatic valves are de-energized, which 
vents the straight air-pipe pressure locally 
throughout the train. Brake-cylinder 
pressure is consequently rapidly released. 

With this system, it is evident that in 
service operation, three results, which 
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cannot be obtained with pneumatic con¬ 
trol alone, are accomplished. 

1. Pressure commences to appear in all 
brake cylinders throughout a train of any 
length at substantially the instant the brake 
valve is placed in service position. 

2. The cylinders throughout the train ran 
be charged simultaneously to full pressure 
in a time fixed by the designer's option. 

3. Pressure in the cylinders throughout the 
train can be completely exhausted simul¬ 
taneously in a time again fixed by the de¬ 
signer’s option. 

It will be noted that the time saved by 
electropneumatic control is a ma tter of 
seconds. The question arises as to why a 
few seconds is an item of any great mo¬ 
ment in the operation of high-speed main¬ 
line trains, which make few stops and 
few slowdowns. If one of these trains, 
however, traveling at 100 miles per hour 
or about 150 feet per second, has to makp 
an emergency stop to save lives and avoid 
property damage, the importance of sav¬ 
ing a few seconds in brake-application 
time is self-evident. This aspect of elec¬ 
tropneumatic control is so well under¬ 
stood that no particular comment seems 
called for. But since the effect of electro¬ 
pneumatic control on service operation is 
less widely understood, some comment in 
this connection may be of value. 

Figure 1 illustrates a situation which 
arises more or less frequently in actual 
service. A train is moving along the 
track, still accelerating, when it encoun¬ 
ters, at A, an unfavorable signal aspect 
and under circumstances which indicate 
that a service-application stop must be 
made at once. Power is immediately 
shut off and the brake valve placed inserv¬ 
ice position. With pneumatic brakes, 
the train decelerates along the line AB; 
with electropneumatic brakes, along the 
line AC. The stop distance with the 
pneumatic train is represented by the 
area ABD; with the electropneumatic 
train, by the area A CD: The cross- 
hatched area is the saving in stop dis¬ 
tance, which, obviously, is far from negli¬ 
gible. 

This chart has been prepared to show 
the gain brought about by a single factor, 
that is, the use of electricity, and does not 
refer to any specific train. It assumes 
that a full service application, with either 
brake, produces a retardation of 1.25 
miles per hour per second, and that this 
retardation is constant, irrespective of 
speed or temperature. When the brake is 
partially applied, the retardation is taken 
as directly proportional to the cylinder 
pressure. The, cylinder-pressure build¬ 
up is assumed to duplicate laboratory 
tests of an 18-car train. The retardation 


is supposed to depend entirely upon the 
car-cylinder pressures, that is, the locomo¬ 
tive brake blends harmoniously with 
either system of car brakes. Internal 
and wind resistance is neglected. 

None of these assumptions corresponds 
precisely with the conditions found in 
actual operation. Notwithstanding, it is 
believed that the chart fairly indicates 
the order of the shortening of service-stop 
distances, on a comparative basis, accom¬ 
plished by adding electricity to the pneu¬ 
matic-braking system. The saving re¬ 
duces as the number of cars in the train 
decreases but never entirely vanishes, 
because the pneumatic-application time is 
always greater than the electropneumatic 
time, even for a one-car train. 

Since signal spacing is based upon serv¬ 
ice-stopping distances, the situation de¬ 
scribed above is of considerable practical 
importance. Another aspect of service- 
stopping distances was mentioned by R. 
P. Johnson, chief engineer, Baldwin Loco¬ 
motive Works (Transactions of the Ameri¬ 
can Society of Mechanical Engineers, 
October 1941, page 614) before the so¬ 
ciety, namely: 

"Modern high-speed operation presents 
problems in deceleration as well as accelera¬ 
tion, but the paper does not say much about 
this. On some railroads, such as the New 
Haven, station stops may be rather close. 
If, on such a road, the decelerating force 
wore relatively low, the train could not, 
within the distance, be permitted to attain 
the maximum speed of which it is capable." 

Figure 2, which is based on the same 
assumptions as Figure 1, illustrates a 
situation frequently encountered in regu¬ 
lar service. The train is proceeding 
along the track, still accelerating. Sud¬ 
denly a condition arises which may call 
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for a brake application. This condition 
may be an unfavorable signal indication 
which is not clearing as expected, an 
automobile crossing the track, a track- 
repair gang somewhat slow to move, or 
any unexpected interference, of a tem¬ 
porary nature, which may call for a stop. 
A brake application is deferred as long 
as possible but with pneumatic brakes, 
in order to stop short of the interference, 
the brake valve has to be placed in serv¬ 
ice position at A and the train deceler¬ 
ates along the line AB. To stop at the 
same point with faster-acting electro¬ 
pneumatic brakes, the brake valve does 
not have to be placed in service position 
until several seconds later or at C. The 
train then decelerates along line CB. 

At C, the temporary interference clears; 
that is, the signal aspect becomes favor¬ 
able, the automobile completes its pass¬ 
age across the track, the track gang gets 
out of the way, and so on. The brake 
valve is, therefore, immediately placed in 
a position to release the brakes. The 
train continues to decelerate, of course, 
until the brakes are completely released, 
which occurs at D with the pneumatic 
brakes and at E with the electropneu¬ 
matic. Power is then applied and the 
train accelerates. The cross-hatched area 
indicates the greater distance covered by 
the electropneumatic train in the time 
OF. It will be noted also that at F, the 
electropneumatic train is at a higher 
speed than the pneumatic train and is 
consequently still gaining distance. 

It has been stated that in Figures 1 and 
2 , it is assumed that a full-service applica¬ 
tion of either the pneumatic or the elec¬ 
tropneumatic brake produces the same re¬ 
tardation. The savings discussed above 
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are, therefore, those to be credited en¬ 
tirely to the use of electricity. It will be 
observed that these savings are obtained 
in situations where the brake valve has to 
be placed in service or release position 
without any prior warning At regular 
station stops or slow-order curves, the 
need for a brake application or release 
can be anticipated, in which event the 
savings under discussion, with skillful 
handling, largely disappear. But there 
are so many occasions in actual opera¬ 
tion, apart from emergency stops, when 
the brake must be applied or released 
without advance notice that electropneu¬ 
matic brakes contribute materially to the 
expeditious movement of high-speed 
trains. 

In this connection, the release function 
is of particular interest. Since a long 
time and a considerable distance are 
needed to accelerate a train to the high¬ 
speed zone, it is important that the high 
speed, once attained, be held as long as 
possible; that is, that slowdowns and 
stops be reduced to the absolute mini¬ 
mum. The urgent necessity of such a 
course can be readily appreciated by any¬ 
one who has noted the effect of one or two 
stops, or a long detour, on the mileage 
covered in an all-day automobile trip. 
The railroads, from the beginning of high¬ 
speed operation, have fully appreciated 
this necessity. Large sums of money 
have been spent to eliminate speed re¬ 
strictions at curves, track intersections, 
grade crossings, and so on. Meets have 
been arranged so that high-speed trains 
would not be called upon to reduce speed. 
Steps have even been taken with track- 
repair gangs so that their presence would 
not interfere with the maintenance of high 
speed. 

That brake release has an effect upon 
these improvements is not always con¬ 
sidered. But it is dear that since slow 
orders cannot be completdy eliminated, 
slow-releasing brakes introduce an addi¬ 
tional penalty, because the speed of the 
train, due to slow-brake release, is brought 
down somewhat bdow that called for by 
the slow order. Electropneumatic brakes, 
because of their fast release, assist greatly 
in reducing this penalty to a minimum, 

That brakes play an important part in 
maintaining schedule speeds is evidenced 
by a statement by A. A. Raymond, super¬ 
intendent of fuel and locomotive perform¬ 
ance, New York Central (Railway Age, 
September 20, 1941, page 446) before the 
Ametacan Society of Mechanical Engi¬ 
neers, namely: 
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deceleration, although, in general, more time 
is lost accelerating than decelerating.'* 

A detailed description of the operation 
of the complete electropneumatic brake 
does not come within the scope of this 
paper. In fact, it appears that such a 
description would possess only a very 
limited appeal. It is thought, however, 
that certain features of the brake involv¬ 
ing problems of electrical control, which 
are not widely, nor ordinarily encoun¬ 
tered, will interest electrical engineers in 
general. 

It has been emphasized that electro¬ 
pneumatic brakes can be quickly brought 
into action, or as quickly taken out of ac¬ 
tion. In addition, it has been previously 
pointed out in this paper that a train¬ 
braking system comprises a large number 
of individual brakes, or one per wheel, 
and that they must all be controlled re¬ 
motely from the leading unit. The re¬ 
tarding force at each wheel is created by 
brake-shoe friction; the brake-shoe fric¬ 
tion is proportional to the brake-shoe 
pressure; and the brake-shoe pressure is 
proportional to the brake-cylinder pres¬ 
sure. It follows that regulation of the 
cylinder pressure within close limits is es¬ 
sential if the retardation of the train is to 
be controlled with maximum satisfaction. 

Figure 3 shows, in simplified form, the 
essential elements of the electropneumatic 
system for controlling cylinder pressure. 
When the brake valve at the left is moved 
to service position, pressure is built up in 
chamber A of the master controller. This 
pressure causes shaft B to move to the 
right and close a set of contacts which en¬ 
ergize the release wire from the battery. 
All release-magnet valves .R throughout 
the train are then energized, thereby clos¬ 
ing all exhaust ports from the straight air 
pipe. Continued movement of shaft B to 
the right closes the application contacts, 
which causes all the application-magnet 
valves A throughout the train to be ener¬ 
gized and opened, thereby permitting air 
to flow from the auxiliary reservoirs to 


voirs, charge the brake cylinders to the 
pressure existing in the straight air pipe. 
Meantime, pressure from the straight air 
pipe has been building up in chamber C 
of the master controller. When this 
pressure almost equals that in chamber A, 
spring D moves shaft B to the left and 
opens the application contacts. The ap¬ 
plication magnets dose and the cylinder 
pressure remains equal to that in chamber 
A. 

To release the cylinder pressure, the 
brake valve is moved to release position 
which releases the pressure in chamber A, 
Shaft B then moves to the left and opens 
the rdease contacts. All release-magnet 
valves are then de-energized and straight 
air-pipe pressure is exhausted to atmos¬ 
phere at each magnet bracket. Exhaust¬ 
ing the straight air-pipe pressure causes 
the relay valves to move to a position in 
which the brake cylinders are connected 
to atmosphere. The brakes are thereby 
released. 

The very simplidty of this control sys¬ 
tem tends to obscure the many advan¬ 
tages it possesses. These advantages rep¬ 
resent such an advance in the brake art 
that it is believed attention should be di¬ 
rected to them. 

The brake valve employed with this 
system retains an old name but actually 
the mode of operation is entirely changed. 
The self-lapping brake valve is essenti¬ 
ally a two-way regulating valve; that is, 
it regulates the pressure admitted to 
or discharged from chamber A. When 
the brake-valve handle is moved to the 
right, out of its normal or release position, 
each position of the handle calls for a 
definite pressure. In other words, when 
the handle is placed in a certain position, 
the pressure in chamber A is increased or 
decreased, depending upon whether it is 
less or greater than the pressure called for 
by the position of the brake-valve handle. 
The pressure can be increased or de¬ 
creased at will in very small steps. It is 
independent of the volume of chamber A 
or the pipe attached thereto and is not 
affected by any reasonable leakage from 
volume or pipe. Those who are ac¬ 
quainted with old-style brake valves will 
appreciate what an advance in the art 
this self-lapping brake valve represents. 

For practical purposes, the master con¬ 
troller moves to its application position, 
the application-magnet valves are ener¬ 
gized and the relay valves are opened co¬ 
incident with placing the brake valve in 
an application position. It has been pre¬ 
viously explained that several seconds 
are required to move the control valves 
of the purely pneumatic system from their 
off to their on position with trains of 


"While acceleration only has been shown, ^ straight air pipe. When pressure is 
getting over the road in the minimum built up in the straight air pipe, the relay 
amount of time is affected also by the Kite of valves open and from the supply reser- 
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customary length. All this time is sure caused by variations in piston travel, 
eliminated by electropneumatic control. a troublesome problem with, older pneu- 
Furthermore, the time of charging the matic brakes, are entirely overcome, 
brake cylinders to full pressure is not con- Moreover, the relay valve automatically 
tingent upon dropping the pressure maintains the brake-cylinder pressure 
throughout a long brake pipe. Instead, against leakage. 

the application-magnet valves on each car The net result of this control system is 

that any cylinder pressure desired, re¬ 
quiring either an increase or a decrease 
over the pressure previously existing, may 


can charge the small straight air-pipe 
volume of each car very quickly and the 
brake-cylinder pressure, through the ac- 


tion of the relay valves, keeps pace there- be easily, positively, and uniformly ob- 
with. Each application -mag net valve is fQ,v, “' 4 ,Vl a TT£rt " ,r «i 


provided with a choke so that the time of 
fully charging the straight air pipe is pre¬ 
fixed at about four seconds. It is not 
necessary to change the size of this ch oke 


tained in a very short time which is al¬ 
ways the same irrespective of train 
iength; and independent of variations 
in pipe volumes, changes in brake cylinder 
piston travel, or brake cylinder leakage. 


to compensate for variations in car length, Similar results, particularly with respect 
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and so on, because the straight air pipe it¬ 
self averages out variations since it is 
continuous throughout the train. If a 
magnet valve should become inoperative, 
this continuous pipe supplies the neces¬ 
sary air from front and rear. If, during 


to time, cannot be attained with a one- 
pipe pneumatic system. 

It is well known that the friction of 
cast-iron brake shoes, for a given pres¬ 
sure, decreases as the speed increases. 
If the same retardation is to be obtained 


an application, the pressure in the straight in the high-speed brackets as in the low, a 
air pipe should reduce through leakage, greater brake-shoe pressure must be em- 
which is probable since its volume is small, ployed at the higher speeds. It has been 

the master controller promptly moves to found empirically that satisfactory results 
the right, re-energizes the application- 
magnet valves, and restores the loss in 
pressure. 

Electropneumatic brakes can be ap¬ 
plied to one-half their full-service effec¬ 
tiveness in about two seconds. It is 
clear that if the pressure build-up had to 
be shut off by moving a brake valve back 
from service to lap, very considerable skill 
would be required, if indeed it could be 
done with reasonable accuracy. With 
the system shown in Figure 3. the brake u . ..., M . • 

valve is moved half way toward full-s^v- “ ed rf *°° f nt °* hi S her 

ice position, which princes one-half the P T” 6 ' SP “t 65 

F miles per hour, 80 per cent between 65 



Figure 5 


full-service pressure in chamber A. As 
soon as this pressure is attained in the 
straight air pipe, and hence the brake cyl¬ 
inder, the master controller de-energizes 
the application-magnet valves. It is 
plain that this system makes it possible to 
apply and release brakes partially, de¬ 
spite the very short times involved, easily, 
positively, and uniformly, 


and 40 miles per hour, 60 per cent between 
40 and 20 miles per hour, and 40 per cent 
at speeds below 20 miles per hour. To 
make these changes automatically, it is 
evident that a speed-recognizing device is 
required. For this purpose, a generator, 
usually axle-mounted, is employed. 

A generator to measure speed is a 

It is apparent that with this system bUt 8 “ eratore 

the control of cylinder pressure is not™’ * f provide, “ergy ^7 sufficient 
41 ,, , pressure 1S not in- to operate indicating instrument*? TW 

fluenced by the number of cars that may generator w TTT , 

be in the train. This is in decided con- 1* h considered has to supply 

trast to a purely pneumatic system in f nough ^ to °P erate a s y stem 

which the time to obtain a certain cylin- w ** 100 per 

m cyim tiie generator output is about six 

watts. Since the relays operate on direct 
current, a d-c generator is used, and op¬ 
eration in either direction is taken care 
of by a directional relay. 

One problem with relays, of course, is 
that they pull in with one voltage and 
drop out with an appreciably lower volt- 
s-go. This characteristic has to be over¬ 
come with the speed-control system, since 


der pressure changes with the number of 
cars in the train. That brake action 
should be independent of train length is 
obviously so desirable as to call for no ex¬ 
tended comment. 

The action of the relay valve, which di¬ 
rectly charges the brake cylinder, is not 
changed by variable brake-cylinder vol¬ 
ume. Variations in brake-cylinder pres- 
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it is desired that speed recognition be as 
sharp and definite as possible. The 
method used is illustrated by Figure 4. 

When the generator has built up suf¬ 
ficient ampere turns in the lower coil of 
the pilot relay to pull in the armature, 
the closing of the contacts energizes the 
lower coil of the repeater relay. The flux 
thereby built up induces a current in the 
upper circuit which adds to the ampere 
turns of the pilot relay, so that its arma¬ 
ture is pulled in without hesitation or 
fluttering. Opening of the upper con¬ 
tacts of the repeater relay cuts additional 
resistance into the circuit of the lower 
coil of the pilot valve. It consequently 
drops out on a higher voltage than would 
otherwise be the case. 

The result achieved with this combina¬ 
tion is that if the pilot relay pulls in at a 
speed of 69 miles per hour, it drops out at 
no less than 65 miles per hour and ordi¬ 
narily at a somewhat higher speed. This 
four-mile-per-hour maximum range repre¬ 
sents a drop of 5.8 per cent. Despite 
the fact that this device must be suf¬ 
ficiently rugged to withstand the shocks 
of railway service, its range approaches 
that of a household thermostat. 

This generator can also be used to pre¬ 
vent wheel sliding. When used for this 
purpose, the generators are termed “De- 
celostats” and one is required per axle. 

It is obvious that not very much time is 
available to prevent wheel sliding. When 
the wheel is rolling freely with brakes ap¬ 
plied, a very small portion of the braking 
torque is devoted to destroying the angu¬ 
lar velocity of the wheel and axle as¬ 
sembly, but the greater portion is bal¬ 
anced by the .counter torque set up at the 
rail. But the retarding force set up at the 
rail cannot exceed the product of the co¬ 
efficient of adhesion and the pressure actu¬ 
ally exerted by the wheel on the rail. If 
the retarding force is near the adhesion 
limit, therefore, it is clear that the wheel 
will slip if 

1. The braking torque, for any reason, in¬ 
creases abnormally. 

2. The pressure of the wheel on the rail is 
reduced because of oscillations, and so on. 

3. The coefficient of adhesion decreases be¬ 
cause a section of bad rail is encountered. 

If one or more of these conditions arise, 
the wheel and axle assembly loses angular 
velocity with great rapidity because the 
braking torque is directed almost entirely 
to arresting the rotary motion of the 
wheel and axle, assembly. The wheels 
may cease revolving completely in a 
time which may not exceed 1 second. 

A mechanism to prevent wheel sliding, 
therefore, must recognize wheel slippage 
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M UCH has been accomplished in re¬ 
cent years in the development of re¬ 
fined systems of control for traction mo¬ 
tors as applied to buses, trolley coaches 
and street cars. Chief among the innova¬ 
tions is the extensive use of some form of 
■electric braking—either as a holding 
brake for limiting speed when descending 
a grade or as a service brake for retarding 
the speed of the vehicle each time a slow¬ 
down or stop is made. 

Hie latter type of brake is used as the 
principal means of braking PCC (Presi¬ 
dents' Conference Committee) cars, being 
supplemented by magnetic track brakes 
to obtain rates of retardation beyond the 
adhesive limit of wheels to rail and com¬ 
plemented by some form of friction brake 
to provide means of retarding the car at 
speeds at which the electric brake is not 
effective and to hold the car at standstill 
on a grade. The electric service brake 
is obtained by connecting the motors so 
that they Operate as series-excited genera¬ 
tors, the output being absorbed by the 
same resistors used for acceleration. To 
control this output under widely varying 
and continually changing conditions of 
speed and load requires the use of a novel 
switching and regulating scheme. 

The success with which the equipment 
for PCC cars has met in street railway 
service has led to its adaptation to mul¬ 
tiple-unit service. A notable example of 
such adaptation is the “compartment 

Paper 42-49, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
winter convention, New York, N. Y., January 
26-30,1942. Manuscript submitted November 12, 
1941; made available for printing December 23, 
1941. 

H. G. Moors is of the transportation control engi¬ 
neering department, General Electric Company, 
Erie, Pa. 


car”, a number of which have been placed 
in operation by the New York City Tran¬ 
sit System (Brooklyn-Manhattan Tran¬ 
sit division). Because of conditions pecul¬ 
iar to operation in multiple-unit and from 
third-rail supply in subway and elevated 
service, various modifications and addi¬ 
tional features (as compared to PCC car 
equipment) are provided. 

Characteristics of Dynamic Braking 

Methods of determining the accelerat¬ 
ing and braking characteristics of d-c 
series-excited machines and control are 
well known. For the elementary circuits 
illustrated by Figure 1 the following rela¬ 
tions apply: 

In Figure la, 

2I m R a = V L -2nE M -'2>IxR u ( 1 ) 

and, in Figure lb, 

2IuRb—2iiEm—2ImRm ( 2 ) 

where V L is line voltage and R M is the 
motor resistance (including effective 
brush-contact resistance). 

Equation 2 is of particular interest, be¬ 
cause it illustrates that, since E M is a 
function of I M , the braking resistance is a 
linear function of speed for any constant 
value of current I M . In fact, from equa¬ 
tion 2 


where i? 0 =i? £ +i? Jlf =total circuit resist¬ 
ance. 

If, therefore, the ratio Im/Em for each 
value of field strength used in braking be 
plotted as a function of I M as shown in 
Figure 2, very useful curves for determin- 


promptly and must act quickly to release 
brake cylinder pressure. How this can be 
accomplished with a generator is illus¬ 
trated by Figure S. The generator 
charges a condenser through a unidirec¬ 
tional relay. If the wheel is losing angu¬ 
lar velocity at an abnormal rate, as it does 
when the wheel slips, the generator volt¬ 
age drops at an abnormal rate. The con¬ 
denser then discharges a current sufficient 
to trip the sensitive relay, which causes a 


magnet valve to be energized and pres¬ 
sure to be released very rapidly from the 
brake cylinder. 

In conclusion, it should be pointed out 
that electropneumatic brakes involve con¬ 
trol of the brake-cylinder pressure from 
the brake valve and do not necessarily 
include speed governor or “Decelostat” 
control. That is, speed governors and 
"Decelostats” may or may not be used 
with electropneumatic brakes. 


ing braking characteristics of the marhinp 
are provided. The curves are the basic 
form of all constant-resistance braking 
curves of the machine as, by multiplying 
the ordinate scale by any value of R C} the 
curves become the current-speed charac¬ 
teristics for that circuit resistance. For 
example, with a circuit resistance of three 
ohms, the GEM 198 motor (full-field) will 
generate 200 amperes at 3,000 rpm. By 
further multiplying the ordinate scale 
by the proper factor determined by gear 
ratio and wheel diameter, the speed can 
be expressed in the more familiar unit of 
miles per hour car speed. 

The curves also clearly show, for each 
field strength, the critical ratio of speed 
to circuit resistance below which the 
machines will not generate appreciable 
current. At this critical ratio the machines 
are very sensitive to slight changes in 
speed and resistance, this condition rep¬ 
resenting operation in the unsaturated 
portion of the magnetization curve. 

Switching and Spotting 

Obviously, in the interests of safety and 
efficient operation, the response of dy¬ 
namic braking to the control of the opera¬ 
tor or to automatic application for an 
emergency stop must be prompt but free 
of surges which might cause discomfort 
or injury to passengers. 

Switching from accelerating to braking 
connections is facilitated by the use of 
motors connected permanently in parallel 
relation as it is necessary only to transfer 
the location of the resistors in the circuit. 


UN iru>cwrtru4 
2I« =* 


(-*2nE M F3 F4 






FI F2 «*-*-2nE M 
(a) ACCELERATING CIRCUIT 



Figure 1. Elementary motor-circuit connec¬ 
tions showing relations of current and electro¬ 
motive force 

lu —Motor current 

Em —Motor electromotive force per unit speed 
n — Speed 

Rji —Variable accelerating resistance 
Rb —Variable braking resistance 
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It is not necessary to operate the motor 
reversers and, in the braking connection, 
the exciting fields are “cross-connected” 
to insure equal division of load between 
the two parallel groups of machines. 

It is not enough to merely establish the 
braking connections, but the circuit re¬ 
sistance must also be quickly adjusted to 
the value which will give the desired 
value of braking current at any speed at 
which the brake may be applied. This 
operation has been termed “spotting” 
the control, and various schemes have been 
used to accomplish the desired results. 

One scheme which has been successfully 
used is to arrange that, regardless of car 
and motor speed, the braking resis tanc e 
be at (or near) its maximum value at the 
time of switching to the braking connec¬ 
tions, and then to rapidly reduce the re¬ 
sistance until the current builds up to the 
desired value. This requires, regardless 
of the means for controlling the resistance, 
that the control be capable of rapid opera¬ 
tion and that its current-responsive regu¬ 
lating system be capable of quickly stop¬ 
ping operation before the resistance has 
been reduced to too low a value. The 
principal advantage of this scheme is that 
the braking sequence is practically inde¬ 
pendent of the accelerating sequence, and 
a “switching step” of acceleration control 
can be provided wherein the accelerating 
resistance can be retained at -mflyimnm 
value. 

The principal factor governing the cor¬ 
rect value of braking resistance is, how¬ 
ever, the speed of the car and motors. 
This suggests, if the acceleration sequence 
be suitably arranged and controlled in re- 
lation to motor speed, that braking cur¬ 
rent can be obtained immediately upon 
switching to the braking connection with¬ 
out requiring that the resistance control 
operate to change the load resistance. 
Such ideal operation cannot be attained 
in practice because of the wide ranges of 
accelerating and braking currents used, 
but is approximated in the control sys¬ 
tems now generally used for PCC cars. 
Such systems permit the use of a less 
powerful drive for the resistance con¬ 
troller but requires, even on the “switch¬ 
ing step”, that the acceleration sequence 
progress so as to maintain the required 
relation of resistance to car speed. 

Coasting Operation 

A refinement of the spotting operation 
can be provided by utilizing the interval 
in which the car may be allowed to coast 
before the application of braking. This is 
done by automatically switching the mo¬ 
tor circuit to the braking connection and 


allowing the braking sequence to progress 
immediately after the operator shuts off 
accelerating power. However, under this 
condition, the braking current is held to 
a very low value and the exciting fields 
are partially shunted to maintain the re¬ 
sulting retardation at a negligible value. 
The control thereupon operates to estab¬ 
lish the circuit resistance at the critical 
value corresponding to that particular 
field strength and car speed. 

By proper choice of field strength and 
value of current used for coasting, the 
equipment may be made to provide im¬ 
mediate response to the application of 
dynamic braking simply by the operation 
of unshunting the exciting fields. As an 
example, from Figure 2, if the coasting 
current is maintained at 20 amperes with 
fields partially shunted, a current of ap¬ 
proximately 95 amperes will be obtained 
by full-field operation without change in 
either motor speed or circuit resistance. 
Thereafter this or higher values of braking 
current are obtained by the resis tanc e 
control operating automatically in re¬ 
sponse to a current-sensitive relay to 
maintain the speed-resistance ratio at the 
value corresponding to the desired brak¬ 
ing current. 

Specific Connections and Operating 
Sequence 

Figure 3 illustrates, with some modifi¬ 
cations described later as being incident 
to multiple-unit operation and a particu¬ 
lar type of service, a complete motor cir¬ 
cuit for a PCC car. The resistor section 
J?l-jR2 indicated as having a tap which 
can be moved from position A to position 
B takes the form of a rheostatic, or “com¬ 
mutator", controller as shown by Figure 
4. This device is essentially a statio nar y 
commutator with 137 active bars on 
about 330 degrees of the periphery, each 



Figure 2. Basic characteristics of GE-1198 
motor operating as a series-excited generator 


connected by copper straps to resistor 
elements. Bach active commutator bar, 
therefore, represents a tap on the whole 
resistor section R1-R2* Six carbon- 
tipped fingers or “brushes” are carried 
in constant contact with the surface of 
the commutator by an arm driven by a 
small reversible motor so as to rotate in 
either direction over the active bars. 
Mechanical stops are provided to prevent 
rotating the brushes over the inactive 
commutator bars which, with their slot 
insulation, serve to insulate resistor ter¬ 
minals i?l and R2 from each other over 
the remaining 30 degrees of periphery. 

The direction of rotation of the pilot 
motor and brush arm is controlled solely 
by the combinations of contactors which 
may be closed, and the speed is con¬ 
trolled primarily by the operation of ac¬ 
celerating and .braking relay ABR. 

For an acceleration from standstill to 
maximum speed, line contactors LB1, 
LB2 and LB3 close to complete the power 
circuit with all of rheostatic controller re¬ 
sistance R1-R2 and resistor sections R2- 
R3 and R3-R4: in series with the motors. 
The initial value of current and tractive 
effort, so obtained is equivalent to a rate 
of only about 0.4 mile per hour per second 
for the usual weight of car. 

Contactors Cl and C2 close in sequence 
to leave only the rheostatic controller in 
series with the motors and thus, in two 
steps, increase the current and tractive 
effort to approximately the value required 
for acceleration at the minimum service 
rate. The rheostatic controller then op¬ 
erates to move its brush arm from posi¬ 
tion A towards position B under control 
of relay ABR which, in turn, is responsive 
to current in its operating coil ABR (a). 

If a high rate of acceleration is required, 
relay ABR is made responsive to a corre¬ 
sponding value of current and the rheo¬ 
static-controller brush arm is permitted 
to move rapidly until this current is ob¬ 
tained. Thereafter, the speed of brush- 
arm movement is closely regulated to 
maintain constant current through the 
motors as the car speed increases. 

When the brush arm reaches position 
B, the motors are operating at full volt¬ 
age and contactor LB& closes to prevent 
the re-insertion of resistor RI-R2 when 
the brush arm subsequently moves back 
towards position A. At this point in the 
sequence, transfer switch TS operates to 
open its contact (a) and close contact (6). 
This has no immediate effect in the motor 
circuit but is in anticipation of a following 
coasting or braking sequence. As the 
brush arm returns to position A, field¬ 
shunting contactors FSl, FS2, FS4 and 
FS3 are closed in sequence by circuits 
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Figure 3. Motor-circuit connections for accelerating and braking 



controlled by cams mounted on the brush- 
arm shaft of the rheostatic controller. 

The motor circuit may be switched to 
the braking connections at any time in 
the accelerating sequence by opening all 
contactors which may have closed and 
immediately closing braking contactors 
B1 and B2. As transfer switch TS and 
the rheostatic-controller brush arm do not 
change position during this operation, the 
value of braking resistance initially ob¬ 
tained in the braking circuit is determined 
by the status of the accelerating sequence 
just preceding the switching operation. 
Thus, if the acceleration sequence had 
been completed with rheostatic-controller 
brush arm returned to position A, the in¬ 
itial braking resistance would be at a 
maximum value, or the sum of all re¬ 
sistances shown. On the other hand, if 
the circuit were switched to braking con¬ 
nections at some low speed such that the 
brush arm was still moving from position 
A toward position B, the initial braking 
resistance would be only that part of 
section 221-222 which had been cut out 
during the partial acceleration, plus the 
resistance of section 225-226. This latter 
section is never cut out of the braking cir¬ 
cuit, because it has been found impracti¬ 
cal—except by means otherwise detri¬ 
mental—to automatically regulate the 
braking current at very low speeds where 
the response of the motor to changes in 
speed-resistance ratio is very sluggish. 

While either coasting or braking, the 
speed of brush-arm movement is again 
controlled primarily by the operation of 
relay ABR which is now responsive to an 
operating coil ABR (6) connected so as 
to be energized by the voltage drop across 
resistor section 225-226. By use of a suit¬ 
able control resistance in series with this 
operating coil, the range of operation of 
the relay in respect to braking current 
through resistor 225-226 can be readily 
changed from a very low value, corre¬ 
sponding to coasting current, to high 
values, corresponding to normal service 
and emergency braking, by allowing con¬ 
tact 2322 to open. 

The complete coasting and braking se¬ 
quence from high speed consists of first 


moving the rheostatic controller brush 
arm from position A towards position B, 
transfer switch contact TS (b ) having 
been closed and contact TS (a) having 
been opened in the preceding accelera¬ 
tion sequence. When the brush arm 
reaches position B, the transfer switch 
operates to open contact TS (b) and close 
contact TS (a). Since the resistance of 
sections 222-223-224-227 is essentially the 
same as the resistance of the rheostatic 
controller resistor, the operation of the 
transfer switch re-inserts the resistor 221- 
222 in the braking circuit without surge 
due to abrupt change of load resistance. 
As the car speed continues to decrease, 
the rheostatic-controller brush arm moves 
back to position A until, finally, only 
resistor 225-226 is left in the circuit and 
the dynamic braking “fades out” at very 
low car speeds. 

As previously indicated, the braking 
connections may be established at any 
speed and, therefore, the braking se¬ 
quence described may be foreshortened 
by any amount. 

The relation of braking-sequence pro¬ 
gression to speed of the car also permits 
the switching to accelerating connections 
and the reapplication of power quickly and 
smoothly at any speed. A typical dia¬ 
gram showing the relation of sequence 
progression to car speed for extreme rates 
of acceleration and braking is shown in 
Figure 5. 

Cushioned Shutoff 

Emphasis has often been given, in the 
design of accelerating and braking control, 
to the smooth application of power and 
brakes, particularly where high rates of 
acceleration and braking are provided. 
It is quite as important that if, while 
accelerating at a high rate, the operator 
finds it necessary to coast,-power be re¬ 
moved in easy steps to avoid passenger 
discomfort. This is accomplished by in¬ 
troducing sequential opening of contac¬ 
tors C2, Cl, the field-shunting contactors 
(if accelerating sequence has progressed 
that far) and, finally, the line contactors. 
If it is necessary to make a brake applica¬ 


Figure 4. Rheostatic motor controller 

tion, however, the sequential operation is 
automatically nullified and the switching 
of the motor circuit to braking connec¬ 
tions is obtained without delay. 

A cushioned release of high rates of 
dynamic braking is obtained by the nor¬ 
mal operation of partially shunting the 
motor fields when coasting. The braking 
current does not immediately drop to the 
normal coasting value because of the rela¬ 
tive characteristics of braking with full 
and partially shunted fields. 

Control of 

Rheostatic Motor Controller 

Figure 6 shows the complete circuit for 
speed and directional control of the pilot 
motor which drives the rheostatic con¬ 
troller brush arm. The motor is provided 
with separate series-exciting fields for 
each direction of rotation so as to simplify 
the reversing operation by contactor in¬ 
terlocks. It should be noted that the di¬ 
rection of rotation is always such as to 
reduce traction-motor circuit resistance, 
whether accelerating or braking. No 
voltage, therefore, appears between the 
commutator bars of the rheostatic con¬ 
troller and the trailing edges of the car¬ 
bon-tipped fingers, and the voltage at the 
leading edge is so low as to preclude any 
possibility of burning or sparking. 

Control of the speed of the pilot motor 
in response to accelerating or coasting 
and braking currents is provided through 
the medium of relay ABR which, at a 
predetermined current determined by 
tension of a restraining spring, picks up 
to short-circuit the pilot-motor armature. 
Besides the operating coils (a) used dur¬ 
ing acceleration, and (&) used during 
coasting and braking, a third coil (c) is in 
series with the circuit controlled by ABR. 
This coil provides a powerful anticipatory 
response to increasing current in the trac¬ 
tion-motor circuit to prevent “over¬ 
shooting” and, at the regulated value of 
traction-motor current, causes the relay 
to operate on one or more of the sequen¬ 
tially closed contacts with a vibrating ac- 
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tion such that the armature voltage and 
field excitation of the pilot motor and, 
therefore, the speed of brush-arm move¬ 
ment is regulated to maintain constant 
current through the traction motors. 

Where service is such that the cars may¬ 
be operated frequently at maximum speed 
it is desirable to prevent the repeated use 
of dynamic braking at loads beyond safe 
operating limits of the traction motors. 
As these limits are characterized by an 
almost constant value of armature volt¬ 
age, a voltage-limit relay VLR may be 
provided to control the rheostatic-con¬ 
troller pilot motor in a maimer similar to 
relay ABR, but responsive to a prede¬ 
termined traction-motor overvoltage. 
The effect of voltage-limit operation on 
braking sequence is indicated by the 
broken line at the top of Figure 5. 

Multiple-Unit Operation 

Figure 7 shows one of a number of mul¬ 
tiple-unit rapid-transit ‘‘compartment” 
cars to which the electric equipment of a 
PCC car has been adapted. Each com¬ 
partment car is equivalent to two PCC 
cars in electrical equipment, as each car 
has four two-axle trucks supporting three 
articulated body sections designated A, 

B and A1 . The outer sections, A and A1 , 
are identical and carry the major portion 
of the electrical equipment. The car 
weight per motor is approximately 15 per 
cent greater than that of a standard PCC 
car but, as the car operates in less fre¬ 
quent stop service, is well within the ca¬ 
pacity of the motors. 

Multiple-unit operation requires that 
certain devices (controlled mechanically 
by the operator of a PCC car) be ar¬ 



ranged for remote control. The hand- 
operated reverser of the PCC car is re¬ 
placed by a conventional electropneu¬ 
matic reverser, controlled by the ener¬ 
gization of either one of two train wires. 
On a PCC car, the accelerating and 
braking currents are controlled by vary¬ 
ing the tension of the accelerating- and 
braking-relay restraining spring. For 
remote control, the ^spring is fixed at a 
value which will normally cause the relay 
to operate at the desired maximum values 
of current. Lower operating currents are 
obtained by energizing a separate coil 
section, ABR (d) of Figure 6, at various 
currents to assist the other coils in clos¬ 
ing the relay contacts. A variable volt¬ 
age is supplied the train wire to which the 
rate coils are connected by a potentiome¬ 
ter incorporated in the master controllers. 

It is neither practicable nor safe to con¬ 
trol all of the circuits directly through 
train wires from the master controllers, 
because 

(a) Some circuits must be energized to ob¬ 
tain dynamic braking sequence. 

(b) Some circuits associated with under¬ 
voltage protection are controlled inde¬ 
pendently of the master controller. 

(c) The capacity and number of master 
controller fingers and train wires would be 
increased appreciably by direct control. 

The control circuits of each equipment 
are supplied, so far as is practical, from 
the local battery and its charging genera¬ 
tor on each A and Al section, through 
contacts on auxiliary relays which, in 
turn, are controlled through train wires 
from the master controllers. Because of 
the possibility of open circuits or short 
circuits on these train wires, the circuits 
are arranged so that it is necessary to 
energize two or more train wires to release 
all types of brakes with which the cars 
are equipped (electric, magnetic track 
and friction brakes), and also it is neces¬ 
sary to energize two or more train wires 
to accelerate the cars. Failure of any es¬ 
sential train wire therefore cannot pre¬ 
vent the removal of power and the appli-' 
cation of brakes. 

Low-Voltage Bus 

All control-voltage storage batteries in 
a train are connected in parallel to pro¬ 
vide a reasonable division of load and to 
insure a reliable supply of power for the 
master control and train-wire circuits. 
The battery positives are each connected 
to the positive bus line through a limiting 
resistor, which serves the dual purpose of 
diminishing the effects of inequalities in 
the setting of the battery-char ging gen¬ 
erator-voltage regulators and, in case of 


a fault between positive and negative bus 
lines, prevents quick depletion of battery 
charge by limiting the fault current to the 
full-load capacity of the charging genera¬ 
tors. 

It is very desirable to ground the bat¬ 
tery system to prevent or minimize dam¬ 
age to low-voltage control devices and 
insulation if a fault should occur between 
the control circuits and the high-voltage 
power circuits. Grounding one of the 
battery bus lines at more than one point 
in a train, however, invites the diversion 
of power current from its normal return 
path through the running rails, if the 
train should pass over a high-resistance 
rail bond. In such circumstances the bat¬ 
tery negatives, while connected directly 
to the train wire used as the negative bus 
line, are also connected to “ground” (car 
structure) through a resistance such as 
will limit the current diverted from the 
rail to the capacity of the bus line and yet 
pass power-to-control fault currents which 
may occur. 

Remote Battery 
Disconnect Contactors 

To prevent back circuits through con¬ 
tacts in master controllers which are not 
being operated, all such contacts are usu¬ 
ally required to be open when the master 
controller is nonoperative. But this does 
not de-energize control circuits local to 
each equipment which are essential to 
the operation of brakes. In particular, 
the magnetic track brakes are fully ener¬ 
gized from local batteries and charging 
generators when all control circuits are 
opened preparatory to changing control 
stations or laying the car up in yard or 
shop. To automatically remove these 
power loads which are no longer required 
after the car or train is at standstill, the 
circuits are supplied through contactors 
which are closed by energizing a train 
wire whenever any master controller is 
operative. Each contactor mechanically 
latches in the closed position so that the 
local circuits will not be interrupted if the 
train wire is subsequently and uninten¬ 
tionally open-circuited. The contactors 
are automatically tripped open by mo¬ 
mentarily energizing another train wire 
in the sequence of movements the opera¬ 
tor must make in making a master con¬ 
troller nonoperative. 

Cutting Out Bad-Order Cars 

It is of extreme importance that means 
be provided to permit the continued 
operation in multiple unit of any equip¬ 
ment in the train which may not be func- 
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Figure 6 (above). Control circuit for rheostatic- 
controller pilot motor 

Figure 7 (right). Multiple-unit rapid-transit com¬ 
partment ear 



tioning properly. This is particularly 
true of equipments having motors con¬ 
nected permanently in parallel or having 
provision for the type of electric braking 
here described. Failure of a motor re- 
verser to throw to a position in agreement 
with direction of train movement will 
cause the motors to build up as short- 
circuited series generators, the current 
flowing around the. “loop” circuit formed 
by the motor interconnections. Failure 
of the braking-circuit contactors to open 
or the sequence to progress will cause ab¬ 
normal braking currents to be generated 
while the rest of the train is being accel¬ 
erated. 

To guard against such contingencies a 
train-wire circuit is provided which, en¬ 
ergized at the rear end of the train, can be 
completed to the front or operating end 
to operate a control relay and permit 
the acceleration of the train, only if all 
reversers in the train have assumed a po¬ 
sition in agreement with the desired direc¬ 
tion of train movement, and only if the 
braking connections of all motor circuits 
have been interrupted. 

Failure to accelerate a train because of 
operation of this protective circuit re¬ 
quires that the motor “loop” circuit of 
the defective or “bad-order” car be inter¬ 
rupted by some means. This is accom¬ 
plished by the operator momentarily 
energizing a train wire which causes cut¬ 
out relays in each equipment to operate 
contacts which, in turn, de-energize the 
operating coil of a “loop contactor” in 
the motor circuit of that equipment.. 
The opening of this contactor (designated 
LC in Figure 3) effectively prevents the 
motors acting as series generators under 
any condition and, by electrical inter¬ 
locking, prevents the closing of line con¬ 
tactors on that equipment. The operat¬ 
ing coil of contactor LC is normally en¬ 
ergized directly from the battery-charging 
generator. As this generator is driven by 
the motor which also drives a blower for 
forced ventilation of the. resistors and 
rheostatic controller, loss of ventilation 


will also cause that equipment to auto¬ 
matically cut out. 

The cutout relays, when operated to 
open all loop contactors, latch in this po¬ 
sition. As soon as the operator attempts 
another acceleration, however, all cutout 
relays associated with equipments which 
are functioning properly are tripped out, 
the loop contactors on all but defective 
equipments close, and a normal accelera¬ 
tion is made. A cutout relay which re¬ 
mains latched in on a bad-order car also 
causes a light to bum continuously to as¬ 
sist in location of that car so that it can 
be readily removed from service for cor¬ 
rection of the defect 

Overspeed and Braking 
Overload Protection 

Protection against braking overloads 
is not desirable or necessary on a PCC 
car, because loss of dynamic braking due 
to the operation of an overload relay 
would mean complete loss of the principal 
braking means, and, in any case, the cur¬ 
rent is limited by the loss of adhesion of 
wheels to the rail. 

In the case of multiple-unit compart¬ 
ment cars the loss of dynamic braking 
on one equipment in a-train is not so 
serious; the greater weight per axle may 
cause overloads of greater magnitude 
before the wheels slide on the rail, and the 
operation of a whole train should not be 
handicapped by the possibility of re¬ 
peated overload in one equipment. Ac¬ 
cordingly, a braking overload relay is 
provided which operates to open the loop' 
contactor if a braking current in excess of 
normal maximum value is obtained. The 
relay latches in position and may be reset 
only by hand. The circuits are arranged 
so that the loop contactor can reclose 
during each acceleration sequence, and 
the operation of the braking overload re¬ 
lay, therefore, does not result in loss of 
accelerating ability. 

The possibility of running at sustained 
high speeds is much more prevalent in 


rapid-transit service than in street rail¬ 
way service. It is, therefore, desirable 
to limit (or at least to make less likely) 
the operation of a train above a prede¬ 
termined speed which may be determined 
by any one of several factors. To this 
end a speed relay is provided which oper¬ 
ates when a speed of 40 miles per hour is 
attained in acceleration. The relay is of 
the differential type, having a balanced 
beam attracted to one position by a coil 
which carries motor-exciting field current, 
and attracted to another position by a 
coil which is excited in proportion to mo¬ 
tor armature voltage. See Figure 3. 
At the high motor speed and low current 
at which the relay is required to operate, 
the motor is unsaturated, and the ratio 
of armature voltage to field current is es¬ 
sentially. proportional to speed. At the 
ratio corresponding to 40 miles per hour 
the relay operates to open the field-shunt¬ 
ing contactors and thus reduce the motor 
tractive effort to a value below the train 
resistance. 

Line Breakers and 
Overload Protection 

The magnitude of fault currents that 
may occur on circuits connected to the 
third-rail supply requires extraordinary 
provisions for interruption of the currents. 
Line contactors designated LB 1 and LB2 
in Figure 3 are each identical in most de¬ 
tails with the single line breaker used on 
,PCC cars. They are magnetically oper¬ 
ated, and each is provided with an inde¬ 
pendent overload tripping mechanism. 
This mechanism not only de-energizes the 
operating coil of the contactor but also 
mechanically forces the main contacts 
open at high speed. Two line contactors 
are used in series to provide a high factor 
of safety in interrupting power faults. 

The overload mechanisms latch in 
operated position, but, since they may 
have been operated by a nonrepetitive 
occurrence such as an abrupt rise in supply 
voltage, they may be remotely reset by 
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U TILIZATION voltage is usually 
thought of in terms of the voltage 
rating of the lamps used, or of a nominal 
standard voltage announced by the com¬ 
pany rendering service. It is probably 
quite generally understood that the volt¬ 
age actually appearing at the outlets to 
which lamps or appliances are connected 
varies somewhat from time to time 
What is not so well recognized, however, 
is. the fact that the voltages delivered at 
customers’ outlets on any power system, 
are formally distributed in a character¬ 
istic pattern through a band of voltage of 
considerable width. It is the purpose of 
this paper to point out that this voltage 
band or spread is an inherent character¬ 
istic of the system, to discuss its source 
and its nature, and to indicate the connec¬ 
tion between it and the design and rating 
of utilization equipment. 

The voltage which will be treated in 
this discussion is the “utilization volt¬ 
age” as distinguished from “service 
voltage.” That is, it is the voltage ap¬ 
pearing at wall outlets and lamp sockets 
rather than that which the utility sup¬ 
plies at the service entrance to the build¬ 
ing. The difference between these volt¬ 
ages is the voltage drop in the building 
wiring, which is an appreciable amount, as 
will be shown. 

While utilization equipment is built for 
various voltage classes, the major portion 
is applied at voltages in the 120-volt 
group. Attention will be given to these 
first, therefore, but mention will be made 
later of the special problems encountered 
with the higher voltages. 


the operator momentarily closing a control 
switch provided for this purpose. Opera¬ 
tion of an overload relay does not prevent 
obtaining normal dynamic braking. 

Summary 

Operating the series motors of a street 
railway car as series generators is a con¬ 
venient way of providing electric braking, 
but, since the motors are self-excited 
while braking, they are very sensitive to 
changing speed and load conditions. Th is 
is particularly true of modern small high¬ 
speed motors which operate at relatively 
low-flux densities. Control systems are 
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Voltage Spread 

It would be preferable if the general 
conception of utilization voltage could be 
that of a band or spread of voltages be¬ 
tween defined limits, rather than of a 
single voltage such as 115 volts or 120 
volts. It is, of course, commonly ac¬ 
cepted that a piece of commercial utiliza¬ 
tion equipment may be called upon to 
operate at other voltages than the rating 
stamped on its name plate. There 
seems to be a tendency, however, to con¬ 
sider such variations as deviations from a 
normal voltage rather than as themselves 
normal voltages within a normal voltage 
band. It should be clearly understood 
that on any ordinary distribution system 
such a voltage spread is inherent in its 
operation. At heavy-load periods, the 
voltage delivered at customers’ outlets 
will, of necessity, be distributed through¬ 
out a band which is rarely less than 6 or 8 
volts where close regulation is feasible, 
and may be as wide as 15 volts in some 
areas. 

With, reference to utilization equip¬ 
ment, this means that the equipment is 
expected to operate satisfactorily to the 
users through this band of voltage on any 
individual system, and through a still 
wider spread of voltage in ge neral when 

Paper 42-69, recommended by the AIBB commit¬ 
tees on domestic and commercial applications and 
power transmission and distribution for presenta¬ 
tion at the AIBB winter convention, New York, 
N. Y., January 26—30, 1942, Manuscript sub¬ 
mitted November 27 , 1941; made available for 
printing December 19, 1941. 
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available and in use, however, which pro¬ 
vide a smooth, responsive and flexible 
electric brake which has replaced the air 
brake as the principal means of braking 
modern cars in street railway service. 

The use of such a control system with 
electric braking has been extended to 
multiple-unit rapid-transit cars by adapt¬ 
ing the equipment of the PCC car to con¬ 
form to the requirements of remote con¬ 
trol without sacrifice in safety or reli¬ 
ability, and by providing special features 
in recognition of the distinctive operating 
conditions encountered in rapid-transit 
service. 
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the variations between systems are taken 
into account. Only a part of this equip¬ 
ment will actually operate regularly at its 
rated voltage, the rest being used as volt¬ 
ages ranging from the lowest to the high¬ 
est limits of the spread. It follows, there¬ 
fore, that, in the design of such equip¬ 
ment, the emphasis must be placed as 
far as possible on having good operating 
characteristics over a specified band of 
voltage rather than at some one voltage. 
In order that this voltage band be so 
placed as to be most advantageous to the 
users, it is essential that a generally ac¬ 
cepted standard voltage spread for the 
industry be fixed and defined. 

A considerable amount of work has 
been done by the transmission and dis¬ 
tribution committee and the electrical 
equipment committee of the Edison Elec¬ 
tric Institute during the past few years 
toward the establishment of standards of 
utilization voltage, particularly this volt¬ 
age spread for satisfactory operation. 
Surveys were made of 45 operating com¬ 
panies to obtain data in regard to the ac¬ 
tual operating voltages in use. The data 
from these surveys, and other information 
on this subject which has been presented 
to these committees, have been made 
available to the author for use in the 
following discussion. 

The reasons for the normal voltage 
spread will first be described. The 
numerical order of existing spreads and 
their limits and the standards which have 
been proposed will then be discussed. 
Following that, there will be pointed out 
for some of the commoner types of equip¬ 
ment, the conditions of operation to 
which weight should be given in choosing 
their “best voltage.” 

Causes of Voltage Spread 

There are, in general, three causes for 
the existence of a “spread” in utilization 
voltage. The first two pertain to the 
variation between different power systems 
throughout the country. The third is 
responsible for the deviations in any one 
system or circuit. All three should be 
given careful consideration in setting a 
voltage standard or an apparatus rating. 

1. Lamp-Voltage Ratings 

It is well known, of course, that lamps 
are made in several standard-voltage rat¬ 
ings, 110,115, 120, 125, 130 volts, and so 
on. This and an even greater variety of 
ratings came into existence in the early 
growth of the industry. At first this was 
largely on account of the inability of the 
makers of carbon lamps to standardize 
their product to definite voltage ratings. 
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Figure 1. Proportion of incandescent-lamp 
sales, according to voltage rating 

Later, as manufacturing control im¬ 
proved, it was cbntinued on account of 
the same sort of voltage spread on oper¬ 
ating syst ems which is being discussed 
here. As time went on there was a 
tendency toward concentration on a few 
definite ratings. This was facilitated by 
the fact that the negative resistance 
characteristic of tungsten lamps per¬ 
mitted a lamp to be used satisfactorily 
through a wider spread of applied voltage 
than was allowable with the positive 
characteristics of carbon lamps. Figure 1 
shows how the lamp sales have varied in 
proportion to voltage rating since 1915. 
It is of interest that, whereas 115-volt 
lamps were in the majority from 1920 to 
1930, they are now only 30 per cent of the 
total, while 120-volt lamps now constitute 
65 per cent; 110-volt lamps have become 
a negligible factor; 125-volt and 130-volt 
lamps are still insignificant, being more 
or less special It is evident, however, 
that there are a sufficient number of both 
115- and 120-volt lamps in use to account 
for a spread of voltage between different 
systems which use them, even if the other 
ratings are not considered. 

The shift from 115- to 120-volt lamps 
has been due to' several causes, among 
them the desire to gain the advantages of 
higher voltage in distribution and the in¬ 
troduction in recent years of the 120/208- 
volt three-phase four-wire secondary net¬ 
work. Motor ratings have remained at 
110 volts until recently when the standard 
for single^phase motors has been raised to 
115 yolts in the National Electrical 
Manufacturers’ Association Standards 
and in the proposed revision of American 
Standards • Association Standard C50. 
Other utilization appliances have been 
variously rated at voltages from 110 to 
120. 
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It is believed desirable to discourage a 
future repetition of this shift in voltage 
preference to an eventual predominance 
of one of the higher-voltage lamps. 
There is now considerable confusion in 
the ratings and applications of both 
lamps and appliances. A continued rise 
in lamp voltages would add to the con¬ 
fusion, particularly in regard to the ap¬ 
pliances. These must attempt to cover 
the whole field of voltages in use but can¬ 
not follow changes so readily, their useful 
life being much longer than that of lamps. 
The establishment of a standard voltage 
spread would tend to restrict further ex¬ 
tension of that spread upward, unless the 
advantages were to become obvious and 
generally acceptable. 

2. Relation op Rating to Outlet 

Voltage 

In addition to the differences in lamp- 
(and system-) voltage ratings, there exists 
in the industry well founded differences 
of opinion in regard to the relation which 
the utilization voltage should bear to the 
rating of the lamp used. Figure 2 shows 
the, characteristic variation in lamp 
lumens, energy consumption, and lamp 
life with variation in applied voltage. 
Some operators prefer to have the lamps 
operate as nearly as possible at their volt¬ 
age rating. Others believe that the in¬ 
creased life resulting from voltages a little 
under rating is of more practicable value 
than the higher illumination, and shorter 
life which results from operation at rated 
voltage or higher. Others take the oppo¬ 
site ^dew, that the increased lumens per 
watt at over-voltage operation are prefer¬ 
able. The question is basically one of 



Figure 2. Variations in incandescent-lamp 
characteristics with voltage 
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economy, involving the relation between 
the cost of lamps and the cost of electrical 
energy. It must be considered, however, 
that the nuisance of too frequent lamp re¬ 
placement may outweigh economy in the 
minds of the general run, of customers. 

These preferences must, of course, take 
into account the inherent voltage spread 
that exists on every system, which will be 
discussed in detail later. Where, for 
example, there is a 10 per cent total 
spread, and this is not uncommon, there 
will be some customers, even though a 
small proportion of the total, getting five 
per cent above the average. If this 
“average” is held at lamp rating, say 120 
volts, these high customers will be getting 
126 volts with a lamp life of 55 per cent. 
If the average is above rating, say 124 
volts, the high customers will be getting 
130 volts, with lamp life at 37 per cent. 
The performance of ordinary appliances, 
such as toasters, waffle irons, and the like, 
at such voltages must also be considered. 
Of course, where a smaller spread such as 
six per cent is feasible, an average of 124 
would result in a high of only 127.6. 

On the other hand, if the average volt¬ 
age is low, the customers at the bottom of 
the spread may be getting inferior illumi¬ 
nation and indifferent operation of appli¬ 
ances. It will not be attempted here to 
state the proper relation between rating 
and average operating voltage. It is 
merely pointed out that the voltage 
spread, including the top and bottom 
limits, should be taken into account as well 
as the mid-point or average. The differ¬ 
ences in opinion in regard to this relation 
of lamp rating to voltage leads to a voltage 
difference even between systems using the 
same lamp rating. One such system will 
carry its voltage spread at a higher level 
than will another. 

A confusion in system ratings also re¬ 
sults from this source, since these ratings 
are generally 115-volt or 120-volt, accord¬ 
ing to the lamp rating used. Some so- 
called 115-volt systems, with average of 
outlet voltages above the lamp rating, 
actually have practically the same voltage 
spread and at the same voltage level as 
other systems normally designated at 120 
volts but having average outlet voltages 
below the lamp rating. Sy stem rating is, 
therefore, not a definite indication of the 
existing utilization voltage. 

3. Inherent Voltage Spread in 
Distribution System 

The normal, inherent spread of utiliza¬ 
tion voltage on an operating system is 
probably the least understood of the three 
causes of voltage deviation. Its basis is 
simple, lying in the elementary fact that 
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when electric current passes over a wire, 
there is a corresponding drop in voltage. 
The energy delivered to customers on a 
power system passes oyer many miles of 
wire in 

(a) Transmission. 

(Z>) Step-up and step-down transformers. 

(c) Distribution circuit feeders and pri¬ 
maries. 

(d) Distribution transformers. 

(e) Distribution secondaries and service 
drops. 

(f) Customer’s house wiring. 

The voltage drop in transmission is 
usually controlled to considerable extent 
by variation of generator voltage, trans¬ 
former taps, and regulators. Since any 
of these can regulate in bulk only at one 
point, there will be a variation in the 
voltage between that regulating point 
and other points on the system at which 
load is supplied. This variation can be 
compensated for at the substation by 
voltage regulators on the substation bus 
or on individual distribution circuit 
feeders. 

These substation regulators and sup¬ 
plementary regulators and boosters out 
on the circuits, can also compensate for 
part of the drop in the outgoing distribu¬ 
tion circuits. A fairly constant voltage 
can be held at some point out on such a 
circuit. Since the circuit may consist of 
several miles of line, however, it is im¬ 
possible to have the voltage constant at 
all points. Some customers will be con¬ 
nected near the regulated point and some 
far from it. Some will be connected 
through heavily loaded distribution trans¬ 
formers and some through transformers 
only lightly loaded. The impedance of the 
transformers themselves will vary with 
size, type, and make: Some customers 
on a secondary main will be near the 
transformer and some will be at the end 
of long secondaries. Figure 3 is a sche¬ 
matic diagram indicating theseconditions. 
The result is that, even though the voltage 
at the circuit feeding point is held prac¬ 
tically constant throughout the day and 
night, utilization voltage at the custom¬ 
er’s outlets will vary through a band 
which is of appreciable width. 

In Figure 3 the station bus is, for con¬ 
venience, assumed constant at 122 volts 
at all loads. The circuit regulator is 
compensated to hold 122 volts at an inter¬ 
mediate point on the primary mains, indi¬ 
cated by the middle distribution trans¬ 
former (C). The voltage drops indicated 
for primaries, transformers, secondaries, 
and service and house wiring are typical, 
rather than extreme cases, of those in 
ordinary practice. It is evident that 
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Table I 



Maximum Voltage Drop, 
Per Cent 


Urban 

Customers 

Rural 

Customers 

In primaries. 

In distribution trans- 

.1.3 to3.5_3.3 to 10.0 

formers... 

.2.5 to 4.65.... 2.0 to 4.4 
No 

In secondaries. 

.2.0 to 4.5....secondaries 

In service drops. 

In customer's building 

.0.5 to 1.25... .0.5 to 1.8 

wiring. 

Total utilization-volt- 

.1.0 to 5.0.. 

.. .1.0 to 2.0 

age spread. 

.7.5 to 12.0... 6.87tol5.0 


customers’ outlet voltages at time of 
heavy load will be distributed through a 
band whose maximum is about 122 volts 
at customer (^4), and whose minimum is 
something like 112 volts at customer (5). 
At light-load periods, the voltages lie in a 
much narrower band, of perhaps 119 to 
121, while at no load, which seldom occurs, 
all would be 122, the voltage at the regu¬ 
lating point (C). 

There are many sorts of distribution 
circuits, ranging from those in concen¬ 
trated urban areas where the distances are 
short, and regulation can be reasonably 
close, to rural lines with long distances 
and correspondingly poorer regulation. 
In many of the latter, the desirability and 
practicability of giving reasonably good 
regulation, similar to that in more densely 
built suburban territory, is recognized, 
but, on the other hand, there are others 
where regulating equipment is omitted in 
the interest of lower first cost. Also, 
there are various types of circuits, such 
as networks, ring-main, and feeder and 
branch. In any case, however, there 
will be an unavoidable spread in the de¬ 
livered utilization voltage similar to that 
indicated in Figure 3. It may, of course, 
be considerably less in some areas than 
the amount shown here (networks for 


SUBSTATION 


DISTRIBUTION »«»■» 



TRANSFORMERS 

DISTRIBUTION CIRCUIT FEBDErV PRIMARY MAINS 

Ms 

lator / 'TT?ii rr?n rr%n 


■uK/nw SECONDARY SERVICES 

DIAGRAMMATIC REPRESENTATION OF CIRCUIT 



129 
120 
115 

LIGHT LOAD CONDITION 

Figure 3. Diagrammatic illustration of voltage 
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Figure 4. Distribution of customers* outlet 
voltage 


From actual sampling survey of a large system 

example); and in others it will be greater. 
It will be located at several different volt¬ 
age levels on different .systems. 

A survey of 14 companies made by the 
transmission and distribution committee, 
Edison Electric Institute, produced re¬ 
sults which shed some light on the magni¬ 
tude of the various elements in this volt¬ 
age spread. The figures in Table I show 
the range of values reported. Since these 
figures were mostly based on design 
values rather than field measurements, 
they should be considered only as indica¬ 
tive. 

Pattern of Voltage Spread 

The outlet voltages on a system are, of 
course, not distributed uniformly over the 
voltage spread. The pattern of this dis¬ 
tribution is shown in Figure 4. The 
blocked graphs were obtained from a 
sampling survey on a large diversified sys¬ 
tem. While file urban graph is some¬ 
what different from the suburban, their 
general shape is similar as shown by the 
smooth, generalized curves. This pattern 
has been confirmed in essentials by data 
from several companies and is believed to 
be typical. 

It is evident that comparatively few 
customers get either the highest or the 
lowest voltage in the spread, but on the 
other hand, there are appreciable numbers 
getting a volt or two higher than the 
minimum and a volt or two lower than 
the maximum. The largest number get¬ 
ting any one voltage is about 27 per cent 
in the urban curve and only about 17 per 
cent in the suburban. 

The average voltage is determined by 
the shape of the curve and this may vary 
somewhat between different systems. 
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Field surveys in several companies have 
shown, however, that the average as in 
Figure 4 is near the mid-point, or in some 
cases even a little higher, up to about 60 
per cent of the spread. This distribution 
of customers’ voltage is useful in con¬ 
sidering the range for “best operation’’ of 
equipment. 

Voltage Spread in Practice 

Surveys of the industry in general, 
made by the EEI committees, have indi¬ 
cated existing values for voltage spreads 
and other related quantities. The sur¬ 
veys covered 45 companies, serving ap¬ 
proximately ten million residential cus¬ 
tomers. ' Since most of these companies 
did not have available figures on actual 
field surveys of voltage conditions, design 
values were reported. Some allowance 
should perhaps be made for discrepancy 
between these and voltages which really 
exist. 

No extensive field data on the voltage 
drop in building wiring is available. 
Some estimates are given in Table I. 
A sampling survey on the Detroit Edison 
system covering 300 customers, mostly 
residential, showed a range from about 
Vs volt to 5 volts, with an average of 
about l 1 /* volts to lamps in the most 
used room under evening load conditions. 
There are, of course, some outlets which 
have less drop than these, and there will 
be some cases with more. It is believed 
that a 3-volt drop will cover the maxi¬ 
mum for the great majority of cus¬ 
tomers. 

If 3 volts is added to the spread at serv¬ 
ice entrance resulting from the survey 
as listed above the following deductions 
can be drawn: 

1. The maximum voltage spread at utiliza¬ 
tion outlets for the industry as a whole is of 
tire order of 20 volts, from 107 volts (110—3) 
to 127 volts. 

2. This whole spread will not occur ordi- 

Table II. Service Voltage 

Drop in building wiring should be deducted 

Minimum Service Voltage Reported.110 volts 

Maximum Service Voltage Reported.127 volts 

Minimum Service voltage for companies 
serving 77 per cent of the total cus- 

% tomers ...........113 volts 

Maximum Service voltage for companies 
serving 80 per cent of the total cus¬ 
tomers. 125 volts 

Voltage spread at service 

Minimum reported... 4 volts 

Maximum reported.......15 volts 

Classification of service voltage spreads 
For companies reporting 33 per cent of 
total customers... 4 to 6 volts 

For companies reporting 62 per cent of 

total customers.. 7 to 10 volts 

For companies reporting 5 per cent of 
total customers.. 11 10 15 V oIts 


narily in any one system but takes account 
also of the variation between systems which 
has been previously discussed. It is the 
spread for which utilization equipment in 
general must be designed. 

3. There will no doubt be some outlets 
outside of this spread, both above the upper 
limi t and below the lower limit. It is be¬ 
lieved, however, that the percentage of 
these will be very small, and that they may 
be considered as unusual or temporary con¬ 
ditions, for which operation of equipment 
cann ot be expected to be as good as it 
should be within the normal range. 

4. The greater bulk of customers have 
outlet voltages within the band between 110 
(113—3) and 125 volts. 

5. On individual systems the voltage 
spread at utilization outlets ranges from 7 
volts to 18 volts, with nearly two thirds 
lying between 10 and IS volts, very few 
above that, and the remaining one third ly¬ 
ing between 7 and 9 volts. 

It should be clearly understood that 
these figures refer to, voltage spreads ex- 



Figure 5. Typical voltage spreads within the 
proposed standard 


A —Urban service, closely regulated, 120-volt 
lamps 

B— Urban service, general, 120-volt lamps 
C—Rural service, 115-volt lamps 

isting on systems as a whole and are not 
intended to refer to the voltage variations 
at any individual customer’s service. 
The voltage at such a customer’s service 
will vary from his voltage at heavy-load 
period to that at light-load. Referring 
to Figure 3, in the case there represented 
the m a x i m um individual variation occurs 
at the customer’s service having the lowest 
heavy-load voltage and is equal to nearly 
the full spread of some 10 volts. The 
mini m u m is at the customer’s service hav¬ 
ing the highest heavy-load voltage and is 
very small. Referring to the customer dis¬ 
tribution curve of Figure 4, it is evident 
that few customers have the maxitniim or 
minimum variation. Most of them get 
more nearly the average, which in the case 
of Figure 3 would be about 5 volts. 

The figures which have been cited lead 
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to a suggestion of a general standard 
maximum utilization voltage spread of 
107 to 127 volts, with a preferred spread 
of 110 to 125 volts. Figure 5 illustrates 
how several different typical service con¬ 
ditions can fall within this spread. There 
are, of course, many other variations 
which can and will be used on operating 
systems and still lie within the total pro¬ 
posed spread. 

Higher Voltages 

The discussion so far has referred only 
to voltages in the 120-volt group. The 
same problem exists, however, with the 
higher utilization voltages, 240, 480, 
2,400, and so on. In the 240-volt group, 
the complication of the “odd-ratio” sys¬ 
tem is introduced. Network distribution 
in dense urban territory is now commonly 
four-wire, at 120/208 volts. The voltage 
supplied to 240-volt equipment on such a 
system is only 87 per cent of what it 
would be on a 120/240-volt even-ratio 
system, with the same voltage for the 120- 
volt equipment in both cases. 

For the most part, the same standard 
240-volt equipment has been used satis¬ 
factorily on these odd-ratio systems as on 
those Of even-ratio. Special 208-volt 
motors are available but have not been 
widely adopted. This practice has been 
allowable, largely because the odd-ratio 
systems usually are found in densely 
loaded areas where service voltage tends 
to be relatively high and the voltage 
spread relatively small, making the 
minimum voltage high enough for 240- 
volt equipment. There are several ad¬ 
vantages in having one standard line of 
apparatus so designed as to serve both 
purposes if feasible. Manufacturing and 
stocking are obviously simpler for one line 
than for two; interchangeability is pro¬ 
vided between locations where service 
voltage is odd-ratio and locations where it 
is even-ratio. 

In setting up a standard voltage 
spread for the industry, it is desirable that 
it be broad enough to be adequate for 
both even-ratio and odd-ratio systems, 
and yet not too broad to allow one line of 
apparatus to cover it. Taking into con¬ 
sideration the probability that the voltage 
drop to 240-volt equipment would be 
somewhat greater than to that at 120 
volts, and that the service voltage in gen¬ 
eral to 208-volt services would be rela¬ 
tively high and well-regulated, a spread 
of 193 to 250 volts maximum, 197 to 245 
volts preferred has been recommended. 

At the still higher voltages, 480, 600, 
etc., similar problems of “odd-ratios” are 
also found, and it is probable that the 
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voltage spreads for these levels should be 
multiples of those at the 240-volt level. 

Equipment Design 

One of the most important objectives in 
trying to establish standard voltage 
spreads is the simplification of the design 
and rating of utilization equipment. If 
the voltage spread which must be met in 
practice is fixed between reasonable 
limits, there will be more assurance that 
equipment which operates satisfactorily 
within those limits will be generally satis¬ 
factory for the industry. Also, as further 
knowledge is gained of the characteristics 
of service voltage within those limits, the 
designs of specific items of apparatus can 
be more definitely directed toward the 
actual voltages at which they will most 
commonly be operated. 

This paper has pointed out the fact 
that a voltage spread of from 7 to 15 volts 
is a normal condition on an operating sys¬ 
tem. The utilization equipment supplied 
should be expected to operate at any volt¬ 
age throughout that spread, with satis¬ 
factory results to the user. If and when a 
standard spread for the industry, such as 
that which has been suggested, is gener¬ 
ally adopted, it should be expected that 
equipment sold would operate satisfac¬ 
torily throughout that spread. Since the 
bulk of the customers will have voltages 
within a somewhat smaller spread than 
the maximum, the preferred voltage 
spread indicates the range through which 
good characteristics oi operation should be 
maintained. On the other hand, it 
should be kept in mind that there will be 
occasional customers on any system where 
voltage will fall somewhat above or below . 
a recognized spread, and their equipment 
should still operate, even if not with char¬ 
acteristics which would be considered 
generally satisfactory. 

It would be desirable, if practicable, to 
el imin ate all the variety of voltage ratings 
on different equipment, reducing them to 
a uniform rating of, perhaps, the nominal 
120 -volt designation, with the under¬ 
standing that they would meet the re¬ 
quirements of the standard-voltage 
spread. It is realized that there are diffi¬ 
culties in carrying out such a simplifica¬ 
tion, one of them being the different ideas 


which are prevalent concerning the proper 
relation between lamp rating and average 
voltage supplied, or in other words, be¬ 
tween lamp life and illumination. An¬ 
other is the probability that all types of 
equipment are not adaptable to as wide a 
range of voltage as the spreads proposed. 
These considerations will probably re¬ 
quire the retention of more than one rat¬ 
ing for some equipment. Other items, 
such as motors, are probably already 
pretty well adapted to such a standard 
range and could be uniformly rated ac¬ 
cordingly. 

While it is not the province of this paper 
to attempt to specify the best voltage 
for which any piece of equipment shall be 
designed, some of the considerations 
which could affect such a choice within a 
standard voltage spread will be suggested. 

Lamps 

There is probably a distinct need for 
both “long-life” lamps, and for “high- 
illumination” lamps. The former would 
be used where efficient illumination is not 
the prime requirement, such as for low- 
wattage lamps for indicating or orna¬ 
mental purposes. The design voltage 
should be high in relation to the voltage 
spread so that they would be operated at 
undervoltage most of the time. “Long¬ 
life” lamps in larger sizes would also be 
preferred for general use by some oper¬ 
ators. For this purpose, however, the 
design should give somewhat more regard 
to illumination and less to extreme length 
of life. 4 ‘High-illumination’ ’ lamps would 
have a demand where illumination in¬ 
tensity is closely measured, and the ap¬ 
plication is strictly on a "lumens-per-dol- 
lar” basis. The design voltage should be 
nearer the middle of the spread or below it, 
giving “normal” voltage or “over-voltage” 
operation to the majority of lamps. 

Fluorescent Lamps 

A . recent publication states, “The 
lamps with ‘low’-voltage ballast equip¬ 
ment are designed for operation on circuit 
voltages of from 110 to 125 volts inclusive 
and, in some cases, may operate satisfac¬ 
torily on circuits as low as 105 or as high 
as 130 volts.” 

These figures correspond well with those 
of the proposed standard-voltage spread. 
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Electric-Range Elements 

Ordinarily the voltage drop to a major 
appliance, such as a range, will be fairly 
large, due to the current it draws. Much 
of its operation will be during hours which 
are off-peak for the lighting load, but it 
will also have to operate on peak. Its 
maximum, will, therefore be several volts 
lower than the top of the voltage spread 
and its minimum near the bottom of it. 
The suggested standards, published in 
1938 by a joint EEI-NEMA committee, 
have a “preferred standard rating” of 

115- 120 volts, based on a design voltage 
of 118 volts, with a maximum operating 
voltage of 124 volts. There are, in addi¬ 
tion, two optional ratings, one at 125 volts 
with maximum operating voltage of 129 
volts, and the other at 110 volts with a 

116- volt maximum. The preferred rat¬ 
ing corresponds fairly well with the pro¬ 
posed 110-125-volt preferred spread. 

Toasters, Waffle Irons, Flatirons, 

and Similar Appliances 

These produce a considerable voltage 
drop, due to their own relatively large 
current, but operate mostly offpeak, 
when supply voltage is relatively high. 
Their maximum will, therefore, be several 
volts below the top of the voltage spread 
and their minimum several volts above 
the bottom of it. 

Refrigerator Motors, Oil-Burner 

Motors, and Similar Motors 

These must operate throughout the day 
and hence throughout the voltage spread, 
but most of the operation during 24 hours 
will be at voltages in the top part of the 
spread, since such voltages exist during 
the greater number of hours. 

It is not intended to infer that the ex¬ 
istence of normal voltage spread or of die 
factors involved in “best voltage” has 
been unknown to the makers of utilization 
equipment or has been ignored by them. 
It is believed, however, that the material 
which has been presented here will be 
helpful to both makers and users of such 
equipment in promoting a better under¬ 
standing of the nature of the yoltage 
spread and die related numerical values 
of utilization voltage. 
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Current Loci (or the Capacitor Motor 


thomas c. McFarland 

MEMBER AIEE 


T HE basic theory of the capacitor 
motor from the cross-field point of 
view has been recently presented by Puch- 
stein and Lloyd. 1 It is the purpose of this 
paper to extend the basic relations de¬ 
veloped by them so as to demonstrate cer¬ 
tain current-loci characteristics of the 
capacitor motor. 

The circuit to be considered is shown in 
Figure 1. A variable condenser of imped¬ 
ance Z c is connected in series with the 
auxiliary winding. The rotor squirrel- 
cage winding is considered equivalent to a 
d-c winding with the commutator brushes 
arranged to short circuit the winding 
along the main and auxiliary axes of the 
stator winding. A common voltage is im¬ 
pressed on the two windings. 

The flux relations are illustrated in 
Figure 2. There is a mutual flux linking 
the stator and rotor windings along each 
axis of the machine. Considered as a 
transformer there are leakage fluxes link¬ 
ing with each of the stator windings, and 
also leakage fluxes which link the rotor 
winding on the main and auxiliary axes. 
Each of these fluxes is considered to be 
stationary in space and variable in time. 
As a consequence the mutual fluxes and 
rotor-leakage fluxes are cut by the rotor 
conductors as they rotate. 

Current and voltage relations are in¬ 
dicated by the vector diagrams of Figure 
3. The vector diagram for the auxiliary 
axis is drawn so that the mutual flux 
is in space quadrature with the main-axis 
mutual flux 4>ma> and is lagging. This 
makes it possible to represent each of the 
speed voltages in its proper phase relation. 
In each stator winding there is a local-im¬ 
pedance drop and a component of im¬ 
pressed voltage equal and opposite to the 
rotor-induced voltage, assuming a ratio of 
transformation of unity for each axis. In 
each rotor circuit there is an induced volt¬ 
age, a local-impedance drop, a generated 
voltage due to cutting the mutual flux of 
the other axis, and a generated voltage 
resulting from cutting the rotor-leakage 
flux of the other axis. Applying Kirchoff’s 
law of voltages to each circuit on the main 
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and auxiliary axes the following equations 
can be written: 

Main Axis (Figure 3a) 

(Stator) F“J ffl 2’ a -J-(7 a —/ 2a )Z TO0 (1) 

(Rotor) 0— — {Ia~^ia)Z ma -\-l 2 aZi J r 

1^~ih-hi)+jkXJ^ ( 2 ) 

Auxiliary Axis (Figure 3b) 

(Stator) F=J 6 (2 6 +Z c ) + (/ s -7 26 )Z m6 (3) 

(Rotor) 0=-(IW* 6 ) 

. & 


jS[ Z ma (I a —/ 2o ) -f-J-XVIja] (4) 


wherein 


V= applied or line voltage 
I a “ current in main stator winding 
current in auxiliary stator winding 
A a =rotor current in main-axis circuit 
As=rotor current in auxiliary-axis circuit 
Za~r a +jX a —local impedance of main 
stator winding 

Zj, =fs+jXs=local impedance of auxiliary 
stator winding 

Zma =jXma —mutual inductive impedance 
of main-axis stator and rotor windings 
Zmb “jATmh=mutual inductive impedance 
of auxiliary-axis stator and rotor windings 
Z 2 ■= r s +jX %=local impedance of each rotor 
circuit 

Z e =r c —jX c «= impedance of capacitance in 
series with auxiliary winding 
ft ■= ratio of auxiliary-winding turns to main- 
winding turns 

*S=speed as a decimal fraction of synchro¬ 
nous speed 

From equations 1 and 3 

Ia(Z a +Z na )-V 


l 2a' m 


7 2 & ! 


Zina 

Jb(Zb+Z c -j-Z m a) — V 


(5) 


Substituting these relations into equa¬ 
tions 2 and 4 find 

A a I a -bB a I 6 =X a V) 
wherein, 


( 6 ) 


i4 a =Z a -|-Z&-t 


z a z. 


<ma 


(7) 

( 8 ) 


-kX 2 


(9) 


Bb=kZ^(Z h +Z c ) 

(10) 

z 2 

J. 1 , Xi\ 

(H) 

X a — 14*_ H - *- 

^ma 

V* k Zmb) 

* 4 *£)*G »&) 

(12) 


In each of these equations the complex ex¬ 
pressions for the impedances must be sub¬ 







+0mb 

Figure 1. The circuit 


stituted (see nomenclature). When the 
substitutions have been made find 


A .-1 

■X-ma / 


j[ Z a +z 2 + ^ - &* ) (13) 
Xma / 


*"(' 

(x, 

^4+4+0]- 

isM '4 +k £) 

*‘“K 1+£ £?) 


(14) 


(15) 


+ (r&+r c ) X 


Xmb 


\R X mi / 


to*] (16) 

X m b J 


(17) 



kSX 2 

__n\ 

,ft H 

Xmb 

X ma ) 


H 4 E)-fe + < 1 + 30 ] 


A '- s H i+ t)- jz ‘] 
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(18) 

Solving the equations of (6) simultane¬ 
ously. 


t BbK a —B a Kb ,, i 
a A a Bb-AbB a 
— ^ A aKfi A . 

AaBb-AbBa * ' 


(19) 
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Substitution in the equations of 19 from 
equations 13—18 inclusive yields 




M+jN 

U+jW' 

P+jQ 

U+jW' 


( 20 ) 


wherein, 


involving complex numbers. Although 
most engineers can handle the complex 
algebra without difficulty, it is generally 
admitted that the chances of error are re¬ 
duced if the equations are such as to mini¬ 
mize the number of manipulations requir¬ 
ing complex algebra. 

To illustrate the application of the pre- 


stants for this machine, as recorded by 
Puchstein and Lloyd , 1 are 

r„=2.02 (ohms) * a =2.79 (ohms) 

f& = 7.13 “ *6=3.22 " 

>*2=4.12 " *2=2.12 

X ma =66.8 (ohms) 

* m6 =92.9 " 

A = 1.18 “ 




N* 


'>] + s„ + {x{r + £)«-s> ) -± 

*- XJ ( I+ £) 




r t / 22 

y (rb+r e )[ 1 +- 

•A-mb \ A, 


Xt V- —. r 2 (r b + r e y 
X-ma 

(Xy 


l -ma 


■ 2 * a \ 

I * 

Xma) 

X m b 


)(1—5*)- 


(* 6 - 

*< 


W' 

z*m& _ 


^Tra+^d-ffl) I r jX a +rMl-S*)l [ J r fl * 2 (l- 5 «)+r 2 (* a + 2 * 2 ) 

X ma J [_ *m 6 


Substitution of these constants into the 
equations 21-26 inclusive yields 

M= 12.17+0.912r e —0 109* c — 

5*(6.589+0.914r c ) 
iV=4.425 -0.109r fi ~ 0.903* c + 

4.125+5*(0.906* a -5.448) 

P = 5.853- 1.8265* * , 2R , 

0=4.167—4.125—4.385* ' { } 

U- 47.0+5.88r e +3.95* c + 

5*(13.52—1.795r e —4.333* c ) 

W =86.2+3.93r a -5.73* 0 - 

5*(41.68+4.34r c -1.79* c 


0=^[(* a +*2)(l-5 *)+ ^^^ Si) rgf> j-5r,+ 


r a * 2 *(l - 5*)+r 2 ( 2 * g * 2 —r a r a ) 
XmaXmb 


r 


(23) 


^="[(rj>+r c ){r s +r a ( 1 -5 1 )- 

(* 6 -* c )| 


T* 8 (* a +* 2 )(l- 5 *)-r a (r a +r 2 ) X a Xf{l - 5*) - r 2 ( 2 r a * t - r a * a ) ~[ 

L *m& *ma *m6 J 

'}♦ 


(24) 


! -(* a +* a )(l 


f 2 * a +r g (* a —5*) 

*ma 

r a r2-* a (*2- 5*) 

Xma 

lr 2 (r a +r a )~* 2 (* a +*,) (1-5*) + *fa 3r «+ 2r «*») -* a * 2 (* 2 - 5 *) 
L *"»i a 

r a * 2 (l— 5 *)+r a (* a + 2 * 2 ) r a ( 2 * a * a —r a r a )+r a * a (* a — 5 *) 

X ma X mb 




fo+'c) 






t 


+ 




r»(r a +r a )~*2(* a +* 8 )(l-5») r a (r2* a +2r a *2)-* a * 8 (*2- 5») 

XmaXmb 


a 


(25) 


^ c) {^a+^) (1-5 1 ) + — 




(*6-* c Ur a +r a (l-5*)- 


^* a -r a (* a -5*) 


}> 


* ma fr 

J r2(* a +2*2)+r a * a (l-5 a ) t 

Xma 

fa | r jJ ^(^«+*»)(l-5»)-r a (r a -fr a ) [ * a * a (* a - 5 *)-r a (r a * a + 2 r a * 2 ) 


XmaXmb 


-}+ 

{ — 7 /hi— mo J 

r a (* a +2* a )+r a * a (l-5») r fl * 2 (* a - 5 *)+r a ( 2 * a * a -r a r a ') n 

X mb XmaXmb fj {U 

Substitution of the complex expressions “— -—--- 

for the impedances in the equations of 5 cediQ 2 relations, computations have bee: 
results m 


Italia 
Iib"*Ib I 


made for the four-pole one-fourth-horse 
power 110 -volt single-phase motor foi 
Xa ~\. y—Iar a J which constants are given in Morrill's 1 

. XmaJ 3 Xma I . paper of April 1929. In Morrill’s papei 

V * 6 -* e ~] y-i b (r b +r 6 ) ( (2?) corresponding values of resistance and re- 

. + Xmb J . Xmb ] actance for the capacitive impedance are 

given for only two different values of im- 
The equations of 20 and 27 are better pedance. Here the interpolation curve oi 

for purposes of extended computation Figure 4, which includes the two values, 

than are those of 19 and 5 because they is assumed to represent the variable ca- 

require a mi n i mum number of operations padtahce used. Other values of the con- 


By using these relations in conjunction 
with the data of Figure 4, computations 
were made for several values of S. The 
results of these computations are shown in. 
Figures 5, 6 , and 7. It is seen that P and 
Q are independent of the capacitance, and 
plot as linear functions of speed over the 
operating range of speeds. The constants, 
M, N, U and W are seen to be approxi¬ 
mately linear functions of the capacity 
reactance for all speeds over the operating- 
range of capacitances. The curves may 
be extrapolated linearly. For the prac¬ 
tical range of operation P and U are al¬ 
ways positive and M, N, Q and W are al-. 
ways negative. 

For several constant values of 5 com- , 
putations of I a and I b were made as func¬ 
tions of X e using the equations of 20. A 
plot of these values is shown in Figures 8 - 
and 9. It will be observed that 

(a) The locus of each current for constant 
5 is a circle. 

(b) The locus of each current for constant.. 
*c is a circle. 

(c) The centers of each circular locus lie 
on the arc of a circle. 

(d) For I a the locus of centers of circles. 
of constant 5 passes through the blocked 
rotor value of current (Figure 8 ). 

(e) For I b the locus of centers of circles, 
of constant X 6 passes through the origin of 
co-ordinates (Figure 9). 

if) For the loci of I a with constant 5 the 
triangles ABC remain similar. A is the- 
bldcked-rotor point, B is the extremity of a 
diameter which passes through A, and C is 
a point on the locus corresponding to a 
fixed value of *<,. 

(g) For the loci of i& with constant 5, 
the angle 8 between a line joining the point 
on the locus corresponding to a fixed value 
of X e to the origin and the diameter which 
passes through the origin is constant. 

(h) Over the whole range of speeds (5= 1.0 - 
to 5=0.0) the radius of a circular locus of 
constant 5 for I a is very closely equal to 5* 
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locus for centers of 


VALUES OF S 

Figure 7. P and Q as functions of S 

times the radius of the circle for 5= 1. For 
h the radius is approximately 5* times the 
radius of the circle for 5=1, over the 
operating range of speeds (5= 1.0 to 5=0.9). 

As a consequence of these observations 
the following procedure is suggested for 
the determination of loci: 

(a) Compute constants M, N, P, Q, U 
and W for three widely separated values of 
X* such as X e —20, X c =*40, and X e *=200, 
at speeds of 5=1, 5=0.8, and 5=0. 

(b) Using the constants thus determined 
find corresponding values of I a and lb (any 
one computation for I a with 5=0 will 
suffice). 

( c ) Plot the computed currents as shown 
in Figure 8 and Figure 9. 

(d) Using perpendicular bisectors locate 
the centers of circles for 5=1, 5=0.8 and 
5=0. 

ifi) Using perpendicular bisectors locate 
the center of the circular arc passing through 



LOCUS FbR CENTERS 
OF CIRCLES OF 
CONSTANT S 


nO 

°-V-'„ 

0 

°v. 

v Figure 9. Auxiliary-coil current loci 


the centers of circular loci found in (d), a«d 
draw the are. 

(f) On the plot of I a draw the locus for 
5=1, and then draw the diameter of this 
circle which, if extended, passes through the 
current value for 5=0. 

(g) Connect the end of the diameter thus 
drawn, and the blocked-rotor point, to the 
point on the locus corresponding to the 
largest value of X c , and determine the 
angle 0. 

(A) On the plot of J& draw the locus for 
5=1, and the diameter which passes through 
the origin. 

(*) Measure the angle S between this 
diameter and the vector J& corresponding 
to the largest value of X c , 


(J) For I a compute the radii of other circles 
of constant 5 between 5=1 and 5=0.9 as 
5 3 times the radius for 5=1. For I 6 use 
5 s intead of 5*. 

(k) By trial find the centers of these circles 
subject to the conditions that the centers 
lie on the locus of centers, and triangles 
ABC remain similar. (The first condition 
is sufficient for J&.) Draw the circles. 

(l) From the loci for 5=1 determine and 
plot j8 and 5 as functions of X c . (Three 
points are sufficient to determine the curve 
if it is borne in mind that 0 changes very 
slowly with large virtues of X c .) From this 
curve any desired value of X e on the loci 
can be found, and any locus of I a and Ij, 
for constant X e is* readily determined. 

(m) For each of the values of J a and /& 
found in item (5) compute corresponding 
values of I^a and In, by the equations of 27. 

(n) Plot the values of Ja, and J sft . The loci 
are similar to those of I a and J 6 , respec¬ 
tively, but displaced from them by the 



LINE 

CURRENT 
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Figure 8. Main-coil current loci Figure 10.. Current loci for S=0.96 
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Large Adjustable-Speed Wind- 

Tunnel Drive 

c. c. clymer 

MEMBERSHIP APPLICATION PENDING 


P ROPEJLLER-drive equipment for use 
in wind-tunnel work, where airplane 
model testing is involved, presented no 
unusual problems until the advent of the 
present national emergency. The emer¬ 
gency stressed the importance of research 
work in airplane design, necessitating the 
application of the largest motor drive so 
far considered where a fixed frequency 
supply provided the energy source. Tun¬ 
nels are now in operation or in the process 
of construction, powered by drives rated 
up to 40,000 horsepower. The primary 
condition for all such drives is variable or 
adjustable speed over at least a 6 to 1 
range, with a large number of speed-con¬ 
trol points and accurate speed regulation. 

The accepted method of controlling 
wind-tunnel motors heretofore was by 
means of adjustable-voltage control using 
conventional apparatus, or multispeed 
wound-rotor induction motors with slip 
regulators. The conventional adjust¬ 
able-voltage or generator-field-control sys¬ 
tem is out of the question, for either single 
or double units in the above capacities. 
Two-speed wound-rotor induction motors 
using slip regulators presented formidable 
design problems, and offered such ques¬ 
tionable operating characteristics as to 
discourage their consideration. Aside 
from the questionable practice of starting 
such large motors directly from existing 
power systems, the problem of disposing 
of the slip energy is quite serious. It ap¬ 
pears that the problem of the dissipation 
of energy in large quantities is almost as 
difficult as the problem of producin g it. 

Paper 42-45, recommended by the AIEE com¬ 
mittees on electrical machinery, industrial power 
applications, and air transportation for presentation 
at the AIEE winter convention. New York, N. Y., 
January 26-30, 1942. Manuscript submitted 

November 12, 1941; made available for printing 
December 19, 1941. 

C. C. Clymbk is in the industrial engineering de¬ 
partment, General Electric Company, Schenectady, 


The drive under discussion requires 
40,000 horsepower in two counterrevolv- 
ing propellers at a speed of 300 rpm. 
Assuming wound-rotor induction-motor 
drive, the power requirements are as 
given in Figure 1. The curve marked 
“fan hp” gives the shaft horsepower re¬ 
quired by the fan for any given speed. 
The curve marked “slip hp” gives the 
rotor electrical energy to be disposed of 
in the most satisfactory manner. The 
motor input, or the load taken from the 
line is, of course, the sum of these two 
curves at any particular operating point. 

Needless to say, every known method 
of speed control was analyzed and its ad¬ 
vantages and disadvantages tabulated 
before the described system was selected. 
None of the existing systems completely 
met the conditions; hence, this combina¬ 
tion of machines. This arrangement is 
shown schematically in Figure 2. The 
two d-c machines were used on each set 
simply because of design consideration. 
A smaller drive would use but one such 
d-c machine. 

Obviously the main drive motor can 
not operate with zero slip except with an 
unwarranted complication. Accordingly, 
the main drive motors were selected with 
a synchronous speed of 327 rpm, but in¬ 
tended to operate only to a speed of 300 
rpm, as the maximum operating point. 
The determination of the proper amount 
of slip is a matter of economics. If the 
slip is too low, means must be provided to 
compensate for the IR drop, in the wind- 
* ings. 

It will be observed that the rotors of 
the two main drive motors are, in effect, 
connected in series. This connection in¬ 
troduces a synchronous machine damping 
into the circuit. Were the rotors of the 
two main motors connected directly in 
parallel with the stators connected in 


amount of the magnetizing current. Fig¬ 
ure 10 shows the loci for 5=0.96 plotted to 
the same scale. 

00 By a procedure paralleling that out¬ 
lined above in items inclusive, any 

desired locus can be found. Both conditions 
of item (k) must be satisfied for 1$, as well 
as for /«,. 
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Clymer—Wind-Tunnel Drive 


parallel, the machines could oscillate inde¬ 
pendently of the restraining force pro¬ 
vided by the synchronous machine. 

The characteristics deemed essential 
for the successful operation of the tunnel 
follow: 

1. Two propellers will be used, each ab¬ 
sorbing approximately 20,000 horsepower at 
300 rpm. These propellers are to operate in 
opposite directions but in absolute syn¬ 
chronism. 

2. Variable speed with vernier control from 
SO to 300 rpm. 

3. Accurate speed control for any given 
speed setting to within one fourth of one per 
cent. 

4. Power-factor correction. 

5. Low-starting kilovolt-amperes. 

6. Control of the rate of change of power. 

Desirable but not necessarily cardinal 
characteristics may be listed as follows: 

1. High efficiency. 

2. Low maintenance cost. 

3. Ease of speed control. 

4. Negligible line disturbance. 

The motors under discussion could be 
located in the tunnel proper, mounted in a 
streamlined nacelle or mounted outside the 
tunnel and the fans operated through 
shafting. The total input to the stator 
minus the output from the rotor is dissi¬ 
pated in the tunnel air stream. The 
motor losses are, of course, dissipated in 
the nacelle if the motors are tunnel- 
mounted. Since the tunnel air reaches a 
rather high temperature, it is not satis- 



Figure 1. Speed-horsepower chart of a pro¬ 
peller-type fan, with slip energy for wound- 
rotor induction-motor drive 


Synchronous speed of induction motors 327 
rpm • 

Maximum speed of fan 300 rpm 

Rated load 40,000 horsepower at 300 rpm 
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Figure 2. Schematic connection diagram with 
double motor drive using counterrevolving 
propeller 


Ml and Mil “22,000-horsepower slip-ring 
327-rpm fan motors 

ADI and ADll=2,500-kw d-c generators 
BDI and BDII “3,200-horsepower d-c motors 
SI I “20,000-kva 540-rpm synchronous motor 
SI = 6,000-kva 514-rpm synchronous genera¬ 
tor 

factory as a cooling medium. It is, 
therefore, necessary to remove the heat 
from the nacelle by other means. Air-to- 
water heat exchangers could be used for 
this purpose, the coolers being so arranged 
that blowers located in the nacelle draw 
the hot air through the cooler, where it 
gives up its heat, delivering the cool air 
back to the motor. Water for the coolers 
is obtained from the sump of a cooling 
tower. The use of the coolers will reduce 
the ambient appreciably over the tunnel 
ambient, thus permitting higher tempera¬ 
ture rise with consequently smaller and 
less expensive equipment. , 

Referring again to Figure 2, induction 
motors operated in this manner are 
doubly fed. The speed at any instance is 
proportional to the difference between the 
stator and rotor frequency. The ma¬ 
chines, therefore, operate without slip in 
the sense that that term is usually ap¬ 
plied, and, in effect, operate substantially 
as a synchronous machine. In fact, if we 
arrange to compensate for the IR drop 
in the machine windings, they can be 
miade to operate exactly in synchronism. 

Speed variation is accomplished by 
varying the fields of the d-c machines 
used in the circuit. This provides the 
equivalent of full adjustable-voltage or 
generator field control, and this control is 
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accomplished through the use of d-c started, the variable-speed set is brought 
machines having approximately one- up to provide 60 cycles, and with proper 
sixth the capacity of the total power excitation applied at the rotor, it is possi- 
absorbed by the propellers. ble to match the line voltage and fre- 

Accuracy of speed control is obtained quency very accurately on the stator of 

through the use of high-speed excitation the induction machine. When the volt- 

on the d-c machines. The excitation is age and frequency are matched, the run- 
controlled by matching a tachometer ning breakers may, of course, be closed, 
voltage against a standard, amplifying The voltage and frequency of the vari- 
the difference that exists and applying able-speed synchronous machine are con- 
this difference to the field of a high- trolled through automatic synchronizing 
speed exciter (Amplidyne generator). devices. Through this system, a 40,000 

The voltage standard is a 250-volt horsepower drive may be started with an 
excitation bus whose voltage is main- inrush under 6,000 kva. 

tained within Vio of a volt. Speed The rate of power change is controlled 
variation is obtained by positioning a by using a motor-driven potentiometer 
potentiometer rheostat having approxi- rheostat. This rheostat may, of course, 
mately 800 positions for the speed range be driven at any desired speed. The 
of 50 to 800 rpm. This rheostat need be rheostat may, if desired, be tapered so as 
no more formidable than the rheostat to provide a high rate of change over the 

used to control the tuning of a radio. lower speed range of th e drive with 

However, since the problem of controlling corresponding low rate of change at the 

this much power extends back to the cen- higher speed range and, consequ ent ly, 

tral station serving the project, it is higher power demand point. On the 

necessary to impose restrictions on the other hand, it may not be desirable to 

operators in order not to build up the load change the speed of the mnChjrn* too 

too rapidly, on the one hand, lest the quickly at any part of the range, as this 

power system be unnecessarily disturbed, might make it difficult to obtain accurate 
and on the other, to prevent operators data. It is conceivable that it might be 
whose attention might be engrossed at the desirable to change the speed very slowly 

moment from blowing low-speed models in order to observe the effect of this speed 

to pieces in a high-speed tunnel. change on the model. Suffice it is to say 

Power-factor correction is obtained by that practically any type of specd-versus- 

varying the excitation on the variable- time characteristic could be obtained very 

speed synchronous machine connected easily within the design limitations of the 

across the slip rings. In order to relieve associated apparatus, 
fhe operator of the responsibility of hold- Concerning the desirable though not 
ing the proper power factor, amplidyne necessarily mandatory characteristics, it 

control was applied to the field of the is well to mention that the load factor on 

synchronous machines and adjusted to an operation of this kind is low, perhaps 

provide a power factor of 90 per cent at not more than 10 per cent. Power 

all loads and speeds. This is quite an im- consumption will, therefore, be the least 

portent feature, since induction motors expense associated with the operation of ‘ 

ordinarily applied to an operation of this the tunnel, and the economics of the prob- 

kind would draw approximately 10,000 lem do not justify any appreciable lay- 

kva lagging at the lower speed range where 

a large percentage of the operation will Figure 3. Complete assembly of two 8,700- 
take place. horsepower 327-rpm wound-rotor induction 

Low-starting kilovolt-amperes is ob- motors and surface air coolers for wind-tunnel 
tained by starting the constant-speed drive 

motor-generator set. After this set is Motors are not coupled together 
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Figure 4. Close-up view of collector end 
of one 8,700 horsepower 327-rpm wound- 
rotor Induction motor, of assembly shown 
in Figure 3 

out for increased efficiency. It is well to 
point out in this connection, however, 
that while it is necessary to pay for this 
energy on the one hand, the expense of 
disposing of it may more than equal its 
cost in the first place. The maximum de¬ 
mand on such an installation is often of 
greater importance than the power con¬ 
sumed. Therefore, the higher the effi¬ 
ciency, the lower will be the demand, and 
at the maximum loss point which occurs 
around 70 per cent speed, the maximum 
demand may be reduced 27 per cent over 
another system which would waste this 
slip energy. 

The efficiency of the system described 
here is necessarily high since all slip 
energy is returned to the line minus 
machine losses. In the case of slip- 
regulator operation, it is necessary to 


provides a speed which is both a function 
of voltage and frequency, and, therefore, 
voltage fluctuations will produce speed 
variations in the tunnel. 

Line disturbances with this system are, 
of course, reduced to an absolute mini¬ 
mum, since there is no high-voltage 
switching under power, and after the 
machines are once started, the only 
change is a gradual build-up or decay of 
the load. Since the rate of change of this 
load may be very accurately and com¬ 
pletely controlled, the generating system 
will be enabled to pick up and drop the 
load at a uniform rate, permitting the 
distribution system regulating devices to 
function and maintain normal service. 

Low maintenance should result where 
only the rotating apparatus is employed 
and where there is no switching of dy¬ 
namic current. In fact, the entire con¬ 
trol operation is performed by handling 
current in the order of a fraction of an 
ampere. Maintenance is always appre¬ 
ciable where dynamic currents are 
switched regardless of the means pro¬ 
vided to accomplish a change in operatin g 
conditions. 

The system is, of course, new, and it is 
particularly adapted to the operation of 
fan loads, centrifugal pumps, frequency- 
converter systems, where the two fre¬ 
quencies do not necessarily match ex¬ 
actly, and where it is desired to accurately 
control the flow of power. 


Figure 5. Variable-speed 
motor-generator set for speed 
adjustment of two 15,000- 
horsepower 327-rpm wound- 
rotor induction motors on 
wind-tunnel drive 


A-c synchronous machine rated 
13,500 leva, 0.9 power factor; 
each d-c machine rated 1,750 
kw 


operate with a higher slip than is provided 
by an induction motor operating with a 
shorted secondary. The electrodes of 
slip regulators can not be brought in too 
close proximity, otherwise erratic opera¬ 
tion is obtained. Therefore, the full load 
efficiency of the two systems is compar¬ 
able. At any reduced operating-speed 
point, however, the efficiency of the 
doubly fed motor will be much higher 
than the efficiency of any system where 
the slip energy is dissipated. 

Ease of speed control is, of course, a by¬ 
product of the system used. Speed with 
this system is a function of frequency 
rather than voltage, and frequencies of 
present day distribution systems are 
maintained with a high degree of accu¬ 
racy. Temperature changes are ineffec¬ 
tual except in the loop circuit of the d-c 
machine. Changes here are very gradual 
and are easily taken care of by the regu¬ 
lating equipment. Any type of induc¬ 
tion-motor drive which is not doubly fed 
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The Influence of Towers and Conductor 
Sag on Transmission-Line Shielding 


ROYAL W. SORENSEN ROBERT C. McMASTER 

FELLOW AIEE ASSOCIATE AIEE 


T HIS paper is the third of a sequence of 
papers intended to present data which 
may be used in determining the degree of 
protection from lightning obtainable by 
shielding transmission lines and structures 
with grounded overhead wires and masts. 
The first two papers of the sequence are: 
“Shielding of Transmission Lines,” 1 and 
“Shielding of Substations.” 2 

Results Based on Earlier Model 
Tests 

One sentence in the«synopsis of a paper, 
“Lightning Protection for Oil Storage 
Tanks and Reservoirs,” 8 presented at the 
1927 Pacific Coast convention of the 
AIEE, reads as follows:' 

“Tests show that excellent protection can 
be obtained by towers properly installed, 
but they do not indicate absolute immunity 
against hits.” 

The tests described in that sentence were 
laboratory tests on small-scale models. 
Using data obtained from those and other 
tests, a plan for protecting reservoirs by 
means of masts was developed. The in¬ 
tegrity of those tests in indicating the 
protective value of shielding by grounded 
masts is well demonstrated. All oil res¬ 
ervoirs equipped with masts designed ac¬ 
cording to the data obtained from the 
tests described in that paper have been 
free from damage by lightning since the 
masts were erected during 1926 and 1927. 
In some installations, well-grounded masts 
only were used, and in others, where con¬ 
ditions indicated it advisable, the masts 
were supplemented by interconnecting 
overhead conductors. 

In the 14 years which have elapsed 
since that method of protection was 
adopted for the oil reservoirs in question, 
many field data and many model tests 

Paper 42-37, recommended by the AIEE committee 
on power transmission and distribution for pres¬ 
entation at the AIEE winter convention, New 
York, N. Y., January 26-30, 1942. Manuscript 
submitted November 24, 1941; made available for 
printing December 11,1941. 

Royal W. Sorensen is professor and head of the 
department of electrical engineering, and Robert 
C. McMaster is instructor in the department of 
electrical engineering, California Institute of Tech¬ 
nology, Pasadena, Calif. 

The authors acknowledge the assistance of B. A. 
Bureau, University of Kentucky, the several gradu¬ 
ate students who assisted in making observations, 
and the National Youth Administration. 


have added to our knowledge of lightning 
and ways to guard against lightning dam¬ 
age. A bibliography of the reported work 
relating to this particular discussion was 
presented in the paper, “Shielding of 
Transmission Lines.” One dictate of the 
knowledge obtained is that lightning pro¬ 
tection for electrical transmission lines 
and other structures can be obtained most 
economically in any scheme of protection 
by taking advantage of the shielding effect 
of overhead ground wires and grounded 
masts located in proper juxtaposition to 
the objects to be protected. Since abso¬ 
lute protection for such structures is not 
usually economically practical, engineers 
desire statistical data which will enable 
them to determine the degree of protection 
provided by particular arrangements of 
overhead ground wires and masts. Such 
data must be obtained by many observa¬ 
tions of actual lightning strokes and by 
careful model tests in the laboratory. 
The model tests must show valid correla¬ 
tion with field observations, and dupli¬ 
cate those characteristics of natural 
lightning which determine the paths taken 
by strokes. A full discussion of this topic 
appears in the first paper of the sequence. 

Recent Model Tests 

The first paper presented data showing 
the value of ground wire protection for a 
laboratory model representing a section of 
transmission line with a tightly-stretched 
conductor protected by a parallel tightly- 
stretched overhead ground wire. There 
was no appreciable sag in the section of 
model line tested, and no supporting tow¬ 
ers were included within the test area. 

The present paper gives the results of 
two check tests made in the California 

Table I. Distribution of Stroke Terminations 
to a Typical 1,000-Foot Transmission-Line 
Span (Per Cent) 



•§ 


5* © 


l 



(а) Taut wires only... .23.4.. 58.5........ 18.1 

(б) Tower, taut wires. .18.7. .50.1.. 12,7. .18.5 
(e) Tower, sagged wires. 8. fl. .44.6.. 15.8,. 30.6 


Institute of Technology high-voltage 
laboratory upon models identical with 
those used for two of the tests made at 
Trafford, and of further tests which deter¬ 
mine the shidding effect, additional to 
that of overhead ground wires, provided 
by the transmission towers and conductor 
sag. Correction factors are given by 
means of which shielding data for parallel 
wires can be modified to account for the 
additional protection resulting from the 
presence of transmission towers. 

The large amount of published data re¬ 
lating to lightning, surge testing with 
models, and the correlation between fidd 
observations and modd tests under vari¬ 
ous conditions, permits the writing of this 
paper without induding any matter re¬ 
lating to the “mechanism of natural light¬ 
ning,” and with little reference to the 
“fundamentals of modd tests.” 

In keeping with condusions of other 
experimenters, and the experience of the 
authors, it was considered justifiable for 
these tests to duplicate as closely as pos¬ 
sible the test conditions used in obtaining 
the data for the first paper. 

Laboratory Model and Test 
Conditions 

The 2,000,000-volt 0.065-microfarad 
surge generator, built by graduate stu¬ 
dents at Pasadena, was used as the voltage 
source for the work of this report. 

The conventional surge-generator cir¬ 
cuit, with a resistance in parallel with the 



Figure 1. Model transmission line with wires 
sagged 

Four strokes are shown 
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Figure 2. Taut ground wire and conductor 
parallel 

Used to obtain data for Figures 3 and 4 

test gap, was used. The wave form was 
approximately a lVsr by 40-wave; and all 
strokes were fired at the minimum arc- 
over voltage of the test gap, with cloud 
electrode polarity positive. The discharge 
electrode was a Vr-inch diameter rod with 
a rounded end, mounted vertically with 
its lower end 50 inches above the ground 
plane of the model. The ground plane 
was a large salt water basin in which was 
submerged a grid of ground wires, cover¬ 
ing the entire area of the basin and pro¬ 
viding a 12-inch mesh over the test area. 
Conductors and tower used in the model 
were solidly grounded. 

The model represented 100-foot trans¬ 
mission towers supporting 1,000-foot 



Figure 4. Check tests 


y//j=0.2. Solid curves Pasadena test data. 
Dotted curves Trafford data 


spans, built to a scale of 10 inches=100 
feet (see Figure 1). Only one mode lscale 
was used, because experience has demon¬ 
strated that change in model scale does not 
change the relations of test results; 1 For 
test purposes, number 14 bare copper wire 
was used for overhead ground wire and 
conductor. For tests with sagged wires, 
the proper catenary was maintained by 
use of nonconducting anchor cords kept 
dry by having their lower ends attached 
to metal hooks just above the water. 

To the scale of 10 inches=100 feet, the 
equivalent height of the cloud electrode 



Figure 6. Detail of model tower 


Scale 10 irtche$=»100 feet 

which lightning develops. This arrange¬ 
ment gives conservative results for shield¬ 
ing conditions. The first paper included a 
study of the effect of protective angle be¬ 
tween ground wire and conductor. One 
set of data was for an angle of 64 degrees. 
In that test, a measurable percentage of 
strokes terminated on the “protected line 
conductor.” This 64-degree angle was 
chosen as a fixed reference angle and used 
throughout the tests reported in this paper. 

Methods of Observation 

In reporting the tests, the total number 
of strokes for any condition was divided 
into groups and classified according to the 
points of stroke termination. The strokes 
were designated as strokes to conductor, 
strokes to overhead ground wire, strokes 
to tower, and strokes to ground plane. At 
least 100 strokes were “fired” for each 
position of the cloud electrode. The 
points of stroke termination were recorded 



was 500 feet This is the generally recog¬ 
nized minimum height of cloud from 



CLOUO euctAo&e position-a/h 
Figure 5. Explanation of distribution curves 


by two observers viewing the model from 
positions such as to have their lines of vi¬ 
sion intersect perpendicularly at the point 
subject to test. This made it possible to 
determine accurately and without any 
difficulty the point of stroke termination. 
The observers exchanged positions after 
each 25 strokes. If results of the first 50 
strokes were not consistent with those of 
the following 50 strokes, additional strokes 
were fired. The lack of dependence of re¬ 
sults upon any unique skill or opinion of 
an observer is well established by the 
agreement in the reports of the 16 ob¬ 
servers used during the series of tests. 

Model Arrangements 

Tests were made under three condi¬ 
tions: 

1. As shown in Figure 2, using taut 
ground wire and conductor parallel to each 
other, without tower in place or conductor 
sagged. These were check tests to correlate 
this work with that reported in the first 
paper. 
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Figure 7. Taut ground wire and conductor 
parallel 

Tower in place. For Figures 8-12,22, and 24 


2. As shown in Figure 7, using taut 
ground wire and conductor with model 
•tower installed to determine added shield¬ 
ing effect of tower. 

3. As shown in Figure 13, using ground 
wire and conductor under less tension and 
suspended from model tower to simulate 
the sag that is always present for actual 
transmission-line conditions. Tests were 
made with this arrangement to evaluate 
the effect of line sag on shielding. 

Results of Check Tests 

In the check tests, the wires represent¬ 
ing the line conductor and the overhead 
ground wire were tightly-stretched copper 
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Figure 9 

B/h=0.5 

wires supported outside the test area and 
without towers or line sag wi thin the test 
area. The first check test was made with 
h= 10.0 inches; y/h= 0.10; H/k= 5; pro¬ 
tective angle 64 degrees (see Figure 2); 
and the second check test was made with 
the same arrangement except for a change 
in the ratio y/h from 0.10 to 0.20. Figures 
3 and 4 show the comparative results of 
the tests made in the two laboratories. 
The Pasadena test results are plotted as 
solid-line test curves, and the Trafford 
test results as dotted-line test curves. 

The results of the two check tests, while 
not in exact agreement with the Trafford 



B/h= 1.0 



B/h=2.0 

tests, are as much in accord as one could 
expect for tests of this character made in 
different laboratories by different experi¬ 
menters who have no agreement as to 
number of “shots” for each condition, and 
other plans of procedure. 

The differences which are to be noted 
in the curves may be due to the difference 
in the number of strokes made to each 
point. The solid curves represent more 
than 1,600 strokes for each curve and a 
minimum of 100 strokes for each A/h 
value used in plotting the curve. How¬ 
ever, in considering actual lines, the effect 
of line sag and towers is such as to more 
than make up for the difference in the two 
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Figure 13. Sagged ground wire and con¬ 
ductor parallel 


Tower in place. For Figures 14-20 and 23 

curves. One result of the comparison just 
made is the indication that it is well in 
making surge tests of the character under 
discussion to base findings on results ob¬ 
tained by making at least 100 “strokes” 
for each plotted point. See Table II. 

Shielding Effect of Towers 

The data obtained with towers in the 
model line added to our general realization 
of their value as aids in line shielding by 
providing data which show that, for a 
cloud electrode at five times tower height 
above ground, a line conductor suspended 
below a metallic cross arm is completely 
protected from strokes originating from a 
cloud point in a plane through the tower 



0*234 


Figure 15 

S//>«0.5 

and perpendicular to the line. The data 
also show that the protection furnished by 
the tower decreases with distance from the 
tower measured along the line, as follows: 

With 100 per cent protection at the tower, 
there is only 85 per cent protection with the 
cloud point moved parallel to the line a dis¬ 
tance of one-half tower height from the 
tower. If the distance from the plane of 
the tower to the point of cloud discharge is 
equal to a full tower height, the protection 
is only 50 per cent. The towers offered no 
protection to the line conductor against 
strokes originating from a cloud point more 
than two times tower height along the line 
from the plane of the tower (see Figure 22). 
Towers 100 feet high and spaced 1,000 feet 
apart in a transmission line reduce the 
number of probable strokes to the conductor 
for the over-all line to 80 per cent of the 
number that would be expected for a section 



Figure 17 

B/h =2.0 


of line without towers. The line conductor 
and overhead ground wire were kept taut 
without appreciable sag in these tests (see 
Figure 7). 

Shielding Effect of Line Sag 

The third set of tests on the model line 
was made with the tower in place and with 
line conductor and overhead ground wire 
kept parallel to each other, both being 
sagged 40 per cent of the tower height at 
the center of the span (see Figure 13). 
These tests show that with 100-foot towers 
1,000 feet apart, the number of strokes 
that hit the conductor for the cloud 



Figure 14, Cloud tldctrode in plane of tower 

B/h — 0 



Figure 16 

e//»~ i.o 



Figure 18 

B/h - 3.0 
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electrode opposite the center of the span 
was only 38 per cent of the number ob¬ 
served when the lines were not sagged. 
For a uniform distribution of strokes 
originating from clouds along the line, 
the line sag reduced the number of strokes 
to conductor to 52 per cent of the number 
obtained when towers were in place but 
there was no line sag (see Figure 23). 

Distribution of Strokes 



a//i=5.o 


A =Horizontal component of displacement 
of cloud electrode normal to the line, 
measured from ground Wire. 

•S“Horizontal component of displacement 
of cloud electrode parallel to the line, 
measured from center line of tower; 
r=Sag of ground wire and of conductor 
at center of span, from heights at 
tower support points. 

For each of the three tests, all model di¬ 
mensions were fixed, except the horizontal 


displacement of the cloud electrode, given 
by A and B, which was varied throughout 
the region from which strokes might ter¬ 
minate on the model line. 

Figure 5 explains the curves of test re¬ 
sults. For each value of A/h, the per¬ 
centage strokes to conductor are shown by 
the ordinate to the lowest curve, test 
points shown by O; the percentage to 
ground wire by the difference between the 
ordinate of the curves whose points are 
(+) and the curve whose points are ©; 
the percentage strokes to tower by the 
differences between the curves whose 
points are (□) and the curve whose points 
are (+). Strokes to ground plane are re¬ 
presented by the difference between the 
100 per cent ordinate and the curve whose 
ordinates are marked by (□). 

Figure 2, shows arrangement of model 
line with taut wires only. 

Figure 3 shows results for y/h— 0.1, and 
Figure 4 results for y/h—0.2 for tests at 
both laboratories, with wires only as 
shown in Figure 2. Figures 5 and 6 are 
the explanatory curve and detail of model 
tower, respectively. 

Figure 7, shows arrangement of model 
line with tower in place and taut wires. 

Figure 8 shows stroke distribution for 
electrode at various positions (A/h) in the 
plane of tower (B/h=0). 

Figure 9 shows stroke distribution for 
electrode at various positions (A/h) in the 


Tests involving thousands of strokes to 
the model-line area from a mitiimum cloud 
height of five times the tower height 
showed that the line is immune to strokes 
that originate along the line, outside a 
band, the width of which is about seven 
times the tower height. Table I presents 
the distribution for strokes orig ina ting 
from the cloud electrode located above the 
line at points uniformly distributed within 
a band having a width of seven tower 
heights and with its axis parallel to the 
axis of the transmission line. 

Explanation of Figures 

Figures 2 to 24, showing model arrange¬ 
ment and results of tests, enable ready 
comparison of results. In these diagrams: 

h “Height of tower and ground wire at 
point of tower support. In tests this 
model was always; 10 inches high. 
y =Vertical component of displacement of 
conductor below ground wire. 

*=Horizontal component of displacement 
of conductor from ground wire. 

/P= Protective angle = tan -1 */?. 

H = Height of lower end of cloud electrode 
above ground plane=50 inches. 


Table II. Typical Test Observation Data 


Test 89—Tower, Taut Wires 
S Strokes in Each Group 
y/h<=0.2; BA-1.0; A/h = 2.40 


* 

Test 149—Tower, Sagged Wires 
5 Strokes in Each Group 
y/h = 0.2; B/h«1.0; A/h = 2.36 


Stroke Distribution 
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Figure 21. Distribution of strokes along line 


Taut parallel ground wire and conductor only 



Figure 23. Distribution of strokes along line . 

Sagged parallel ground wire and conductor with towers in place 
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Figure 22. Distribution of strokes along line 
Taut parallel ground wire and conductor with towers in place 
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Figure 24. Added protection resulting from presence of towers, for 

various lengths of span 


plane one-half tower height away from 
tower (B/h—0.5). 

Figures 10,11, and 12, show stroke dis¬ 
tribution for B/h—1.0; for B/h— 2.0; 
and with tower removed, respectively. 

Figure 13, shows arrangement of model 
line with tower in place and 40 per cent 
sag in wires. Figures 14 through 20 
show stroke distribution for electrode at 
various positions A/h in planes for values 
B/h- 0.0; 0.5; 1.0; 2.0; 3.0; 4.0; and 5,0. 

Interpretation of Test Data 

The areas C, G, and T, bounded by the 
curves, as illustrated in Figure 5, show 
* values of stroke distribution to conductor, 
to ground wire, and to tower, integrated 
for all values of A/h. The remaining area 
shows strokes to ground plane for inte¬ 
grated values of A/h up to about 3.5 times 
tower height. 

Figures 21, 22, and 23, in columns 1, 2, 
and 3, respectively, show the distribution 
of strokes along the line, where B/h meas¬ 
ures distance from tower in terms of tower 
height ( h ). The ordinates of these curves 
for each (B/h) value were obtained from 
the areas of the preceding curves. The 
areas of Figures 21, 22, and 23 show the 
distribution for stroke terminations for an 
entire span. The data for Table I were 
obtained by measuring these areas. 


Figure 24, derived from data for Figure 
22, shows as a function of span length the 
percentage of added shielding provided by 
towers. For a 40 per cent sag in a 1,000- 
foot span, a similar curve could be drawn 
showing the added shielding effect of 
towers and sag. This has not been done 
because in actual practice sag changes 
with tower spacing and conductor ten¬ 
sion. 

Conclusions 

The tests on which this report is based 
show that the Wagner, McCann, and 
MacLane protection values are conserva¬ 
tive, because they do not include the pro¬ 
tection provided by towers and line sag. 
The preceding curves can be used to deter¬ 
mine the additional protection due to tow¬ 
ers and conductor sag for a protective 
angle of 64 degrees. For other protec¬ 
tive angles estimates of the added pro¬ 
tection can be based on reasonable in¬ 
terpretation of these results. The mag¬ 
nitude of this added protection is impor¬ 
tant, since for typical spans it shows an 
increased protection of 20 to 80 per cent. 

Appendix 

Figure 25 is included in this paper to call' 
attention to the pattern formed in the 
grounding pool, apparently on the surface 


of the water. At the time this picture was 
made, the water had a somewhat higher re¬ 
sistance than was used during the regular 
testing program. Figure 1 was made after 
the addition of more salt to the water. The 
"crowfoot” figures were then less noticeable. 
Figure 8 in the paper, "Lightning Protec¬ 
tion for Oil Storage Tanks and Reservoirs”* 
showed the spread of discharge current over 
a concrete floor. The "crowfoot” travel of 
current over that floor made a photograph 
much like the ones shown in this paper. 
These pictures are of interest in showing 
what may happen when large currents ar¬ 
rive at a point of sudden change in resist¬ 
ance. The resistance of the concrete floor 
was very high. 



Figure 25. "Crowfooting" or spreading of 
streamers on surface of abnormally high-re¬ 
sistance water plane 
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A Fast Circuit Breaker 

D. I. BOHN OTTO JENSEN 

MEMBER AIEE 


D URING the past few years the rapid 
expansion of mercury-arc rectifier 
installations at 600 volts d-c, both as to 
the total kilowatts installed and the rela¬ 
tively large number of units operated in 
parallel, has emphasized the importance 
of switchgear in providing suitable recti¬ 
fier operation. In the event of a backfire, 
the rates of current rise through a rectifier 
and its transformer windings lie, in gen¬ 
eral, between three million and six million 
amperes per second. With large installa¬ 
tions, such as shown in Figure 1 where 60 
units of 6,000 amperes each are operated 
in parallel, the ceiling value of these cur¬ 
rents is far above a figure which could be 
tolerated both from the standpoint of con¬ 
tinuity of operation and safety to equip¬ 
ment. 

High-speed breakers having a time of 
approximately 0.5 cycle from backfire 
initiation to current limitation may per¬ 
mit, in some installations, peak currents 
in the neighborhood of 60,000 amperes. 
While such a value is appreciably below 
that which would cause equipment dam¬ 
age, it is nevertheless undesirably high, 
in that surges and “sympathetic” back¬ 
fires on other units often result. Breaker 
duty and maintenance are higher than 
would be the case with lower values of 
backfire current, and the factor of safety 
is not so great as is desirable. 

Figure 2 shows the current path during 
a backfire in a six-phase rectifier. It will 
be noted that the current flowing through 


Paper 42-38, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter convention. New York, N. Y., January 28- 
30, 1942. Manuscript submitted November 3, 
1941; made available for printing December 12, 
1941. . ' 

D. I. Bohn is with the engineering department of 
the Aluminum Company of America, Pittsburgh, 
Pa., and. Otto Jbnsbn is with the I-T-E Circuit 
Breaker Company, Philadelphia, Pa. 


ASSOCIATE AIEE 

the cathode breaker is supplied by other 
rectifiers on the bus, and that the current 
flowing through the anode breaker is the 
same current plus the additional current 
from the other anodes of the faulted rec¬ 
tifier. 

Figures 3 and 4 show two accepted con¬ 
nection schemes for rectifier stations. In 
Figure 3 a high-speed cathode breaker 
opens the backfire current fed from other 
units on the bus of the backfiring unit. 
At some later period, such as six or eight 
cycles, the rectifier-transformer primary 
oil switch opens and clears the backfire 
current supplied by anodes in the back¬ 
firing unit. Since an oil circuit breaker 
ahead of the transformer may be called 
upon to interrupt the full capacity of the 
system, its economical disadvantage is 
obvious. Furthermore, its slow clearance 
of a transformer secondary short circuit, 
caused by a backfire, is undesirable. 

Figure 4 shows an alternative connec¬ 


tion scheme in which the individual trip- 
free poles of a six-pole anode breaker 
clear backfire currents fed from the other 
rectifier operating in parallel with the 
ba ckfir ing unit, and also interrupt the 
backfire current supplied by the anodes 
in the unit. The semihigh-speed cath¬ 
ode breaker is used for backup protection 
and to provide, through gang tripping, 
means of dropping a large unit of load fed 
from a group of rectifiers. 

This paper discusses a six-pole anode 
breaker primarily designed to provide 
reduced operating time on reverse current 
and thus to cut to a minimum the unde¬ 
sirable effects of backfires. The same 
principles of design incorporated in this 
circuit breaker could apply equally well 
to a high-speed cathode breaker. 

High-speed breakers may be of either 
the latched-in or nonlatdied-in type. If 
of the former design, the latch-releasing 
mechanism may be in the form of a simple 
trip, presumably designed with a maxi¬ 
mum force-to-weight plunger ratio, when 
energized with reverse current, or it may 
have some form of bucking-bar latch¬ 
releasing mechanism, or the latch may 
consist of a friction clutch. With all of 
these types of breaker, a relatively large 



The discharge currents from the arc path 
into the watej forming the ground plane for 
Figures 1 and 26 were estimated to be of the 
order of 10,000 amperes. No effort was 
made at the time of the experiments to 
measure the resistance of the ground circuit 
including the arc during the stroke. To 
get some idea of the probable resistance of 
the arc path to ground, a brass rod was sub¬ 
stituted for the arc path. With the end of 
the rod dipped one inch into the water, the 
ground circuit resistance was found with an 
ohmmeter to vary from 390 ohms to 260 
ohms, depending upon the amount of salt 
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added to the water. With one-half inch of 
electrode immersed in the Water, the re¬ 
sistance was 800 ohms. In the tests made 
with the tower in place, the resistance of 
tower to ground was three ohms. 
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Figure 2. Six- 
phase mercury- 
arc rectifier dur¬ 
ing backfire 


mass of moving parts is so great that the 
acceleration is much slower than is the 
case with the latched-in type of breaker. 
The time to current limitation is still 
higher than is desirable. In order to gain 
speed, the mass of the holding armature 
must be materially reduced as compared 


greatly altered, although the armature 
area and hence its pull are the same as 
shown in Figure 5. 

It will be observed that the design in 
Figure 6 shows a weight reduction of 
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proportion of the total operating time is 
absorbed in operating the releasing 
mechanism. 

For example, a predecessor of the 
breaker herein discussed has a polarized 
solenoid-trip mechanism whose plunger 
releases a latch engaging a ball-bearing- 
mounted latch pin on the main arm. 
This breaker trips on about 1,500 am¬ 
peres reverse current and about 6,000 
amperes forward current, the polarizing 
providing a bias. A typical time study 
of this circuit breaker, based on oscillo¬ 
grams simulating backfires, shows the 
following: 

Completion of trip plunger stroke 

and release of latch..0.17 cycle 

Total time to parting of arcing 

contacts..•.0.38 cycle 

Total time to current peak.0.50 cycle 

Total time to end of arcing.0.7 cycle 

It will be observed that of these various 
times the first value, 0.17 cycle, is com¬ 
pletely wasted in that the' breaker 
mechanism proper is not released until 
the expiration of this time- This indi¬ 
cates that, even if the succeeding tinner 
were appreciably reduced, no great reduc¬ 
tion in the total time to current peak 
would be obtained. 

This initial time can be reduced to 
nearly zero by using a bucking-bar hold¬ 
ing magnet with the armature fastened 
directly to the main operating arm. 
With this design, the main contact arm 
starts to move in 0.03 or 0.04 cycle (60- 
cycle basis) after the backfire is initiated. 

Unfortunately, the difference between 
these latter figures and the previous figure 
of 0.17 cycle is not a net; gain, as the total 
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Figure 3 (right). Schematic 
diagram of main connection in 
rectifier station, using high¬ 
speed cathode circuit breaker 


Ar.C BUS 


K> OTHER RECTIFIERS 


OVERCURRENT 

PROTECTION 

UNIT OCB 


with the conventional type of holding 
magnet armature. 

The breaker under discussion employs 
a magnet and armature design reducing 
the armature weight in a ratio of approxi¬ 
mately 1 : 3, as contrasted with a con¬ 
ventional holding magnet. 

Figure 5 illustrates a holding magnet, 
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the bucking-bar feature being omitted. 
For illustration, this magnet is assumed to 
have an effective armature area of 5.25 
square inches. Figure 6 shows a design 
in which the proportions have been 
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main ocb | | Figure 4. Schematic dia¬ 

gram of main connection in 
rectifier station, using high¬ 
speed anode circuit breaker 
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Figure 5. Conventional design of holding 
magnet 


about 3:1, as compared with that in 
Figure 5, but quite obviously such a de¬ 
sign is entirely impractical from a me- 
chanical and stiffness standpoint, so its 
theoretical advantages cannot be realized. 



Figure 8. Schematic diagram of circuit- 
breaker magnetic-blowout structure 


Figure 7 shows the design employed in 
the breaker under discussion. It carries 
out the same general principle of weight 
reduction as does the design in Figure 6, 
but provides a suitable armature and 
magnet design from a practical and 
mechanical standpoint. The armature 
weight is 0.55 pound, the armature pull 
being 400 pounds. 

Actually, the weight ratios between the 
magnets shown in Figures 5 and 7 are 
even more favorable to the new design, 
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Figure 9 (above). Mechanical operation of 
one-quarter-cycle breaker 


Figure 10 (below). Typical one-quarter-cycle 
breaker 



Figure 6. Elongated design of holding magnet 



Figure 7, Design of holding magnet used in 
one-quarter-cycle breaker 
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as the magnet in Figure 5 must have a 
laminated armature which with suitable 
mounting details would increase the total 
armature weight. Combined with the 
reduction in armature weight, every effort 
was made to similarly reduce the weights 
•of other moving members. The operating 
arm consists of furnace-brazed high 
•strength aluminum alloy tubes carrying 
the 1,600-ampere contact finger assembly. 
The latter consists of four one-half-inch¬ 
wide fingers with nickel silver movable 
•and stationary contacts and one Elkon- 
ite-faced arcing tip, which opens slightly 
'later, after the main fingers part. 

Initial experiments were conducted 
with this mechanism ( using the blowout 
•structure employed with the previously 
mentioned latched-in anode breaker. 
This blowout structure, employed very 
•satisfactorily with the latched-in anode 
breaker, proved unsatisfactory on the 
faster breaker. The reason is that with 
the previous breaker the current reached 
a value under a certain set of test condi¬ 
tions of 30,000 or 35,000 amperes when 
•arcing was initiated, whereas, with this 
higher-speed breaker, arcing was initiated 
at appreciably less than half this value. 
As a consequence, satisfactory speed of 
arc travel during the early formation of 
.the arc was unsatisfactory, resulting in 
•distress and delayed current limitation. 

The final blowout design, which gave 
•satisfactory performance, is shown in 
Figure 8. The same general principles, 
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Figure 11. Composite current oscillogram 
comparing one-half-cycle and one-quarter- 
cycle anode circuit breakers 


previously used, were maintained, but 
the primary blowout responsible for initial 
arc motion was strengthened, and the 
transfer to the secondary blowout was 
made much earlier. 

The method of obtaining ‘trip-free 
operation is shown in Figure 9. One 
compound wound motor is used to operate 
a six-pole unit, driving, through insu¬ 
lated shafts, the high-speed shafts of 
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small speed reducers, one being mounted 
on each pole. 

The low-speed shaft of each reducer 
carries a crank and roller over which a 
small steel chain rides. If the motor is 
run continuously and the armature is 
sealed against its magnet, the effect of the 
chain riding on this crank roller is to 
cause the breaker to go through an open- 
close cycle. A limit switch, controlling the 
motor with dynamic braking, insures this 
crank roller’s stopping at the proper point. 

Figure 10 shows a photograph of one 
complete single-breaker pole. For anode 
use, the holding-magnet shunt coils are 
energized at all times from the a-c aux¬ 
iliary power for its rectifier through a 
small dry-type rectifier. The six holding 
coils of the six poles are connected in 
series, the breaker being tripped from the 
switchboard by means of the motor 
mechanism. 

Figure 11 is a composite current oscillo¬ 
gram comparing the new breaker with its 
predecessor. The various time intervals 
are indicated for the two breakers. The 
information shown was taken from oscillo¬ 
grams made when testing the breakers by 
connecting them directly across the ter¬ 
minals of two 3,000-kw 600-volt 300-rpm 
compensated d-c generators in parallel, no 
reactance or resistance being in series 
with the breaker. The rate of- rise is 
approximately the same as experienced in 
the rectifier station where the breakers 
are employed. 
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Recent Developments in Burying 
Telephone Cables 


DONALD FISHER 

ASSOCIATE AIEE 

T HE term “buried cables” has come to 
mean those underground cables which 
have no conduit protection. Due to the 
accelerated demand for such construction 
in recent years, much effort has been ex¬ 
pended in devising methods and develop¬ 
ing machinery for burying cables. One 
of the earlier methods used in this and 
some foreign countries was to dig a trench 
by hand alongside the road; unreel the 
cable from a moving truck, thus laying it 
beside the trench; work the cable over 
into the trench by having 30 to 50 men 
handle it in relays; splice the cable in the 
trench, and finally backfill the spoil and 
tamp it by hand. Later variations of this 
method introduced one or more of the 
following units of machine equipment: 

Power trenching machines. 

Caterpillar tractors with trailers to straddle 
the trench, laying the cable directly from the 
reel into the trench. 

Drag-line or other types of power backfillers.. 
Power tampers or rollers. 

In order to further reduce the number 
of operations involved, speed up the in¬ 
stallation, and reduce the cost, large plow 
trains have recently been developed 
which, except for splicing, in ordinary soil 
complete the job of burying a cable in one 
pass over the route. The idea of plowing 
cable into the ground is not new. In fact 
the great grandfather of all the cable 
plows was designed by Ezra Cornell long 
before he established the university. His 
“ponderous machine’’ drawn by a “long 
line of horses” was designed for laying 
telegraph cable in the early 1840’s, but the 
development was dropped when the sim¬ 
ple expedient of carrying wires On poles 
and insulators was conceived. 
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TEMPLE C. SMITH 

NONMEMBER AIEE 

The large plow trains recently devel¬ 
oped for installing telephone cable are 
capable of burying either a single cable or 
a pair of cables together with as many as 
three properly spaced lightning-protection 
wires, and of cutting a slot for them as 
much as 50 inches deep where such a 
depth is required. To provide the com¬ 
plete plow train has required the design of 
many pieces of equipment which the word 
“plow” does not suggest to one's mind. 
The plows and some of this equipment are 
discussed in the following paragraphs. 

The Plow Train 

Arrangement of the equipment in the 
train varies with the conditions. In 
Figure 1 two identical plows are included; 
the front one roots a trench Z*/a inches 
wide by 30 to 50 inches deep, thus insuring 
uninterrupted passage of the following 
plow which deposits two cables and the 
lightning shield wires, all properly spaced 
in the ground. This 100-ton train moves 
forward at the rate of a brisk walk, laying 
the cables and wires as it goes, with pauses 
for reel changes. 

Where the ground is not hard and is 
free of rocks, and thus there is no danger 
of interruption to the plow from buried 
obstructions, the train make-up may omit 
the rooter plow, leaving three tractors, 
the cable plow, and the two trailers carry¬ 
ing reels of cable. On the other hand, it 

Paper 42-58, recommended by the AIEE committee 
on .communication for presentation at the AIEE 
winter convention, New York, N. Y., January 20- 
3,0, 1942. Manuscript submitted November 25, 
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frequently happens that more difficult 
plowing conditions exist, or underground 
obstructions are known to be present, as, 
for example, with nests of heavy boulders 
(Figure 2). Here, two or three tractors 
and one plow will first go over the line one 
or more times to root the trench. As a 
separate operation, there will follow one 
or two tractors pulling a plow followed by 
a number of cable-reel trailers correspond¬ 
ing to the number of cables to be placed 
in the trench. 

In rooting or plowing, occasionally the 
train may become stalled. The front 
tractor will then run ahead with its 7(5,000- 
pound single-line capacity winch and 
“winch out” the train with a two-to-one 
pull (Figure 3). One of the caterpillar 
tractors, weighing with full equipment 
more than 20 tons, has a maximum draw¬ 
bar pull of 30,000 pounds on the level. 

Burying Cable on Steep Grades 

Unfortunately, when pulling up hills the 
available tractor drawbar pull decreases 
in proportion to the steepness of the grade, 
since a part of the power is consumed in 
raising the tractor weight. However, by 
careful handling of the equipment and 
generous use of the winch, cable can be 
plowed up or down hillsides even where 
the grades are as great as 00 per cent. 

The preferred method of operation on 
mountainsides is to root down the grades, 
leaving a tractor on top to steady the 
heavy train with its winch line. In order 
to obviate any possibility of buried stones 
wedging at the side of the plowshare when 
placing the cable, the last pass of the 
plow doing the rooting work is in the 
same direction as the cable-laying plow 
will take. The trusty winch is also 
located on the hilltop when it is necessary 
to plow uphill. In contrast with the 
rooting operation, the cable must be laid 
uphill as well as downhill. This is be¬ 
cause the reel lengths of cable normally 
used (1,500 to 3,000 feet) will span more 
than one hill, and it is undesirable to 
introduce any more splices than necessary 
in the cable. 
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The train consists of a 100-horsepower Diesel 
Caterpillar tractor, a traction-loading cable- 
reel trailer, two more tractors, a rooter plow, 
a fourth tractor, a cable-laying plow, and 
finally two winch-loading cable-reel trailers. 
Entire train is connected into one unit weigh¬ 
ing 100 tons 


Plow comes later and is operated independ¬ 
ently where soil obstructions are particu¬ 
larly bad 


Figure 3. ■ Pulling plow train out of soft 
ravine 


Figure 1. 


Plow train crossing great plains 


Figure 4. Airplane view 
Used in selection of cable route 


Figure 5. Bulldozer at work 


Leveling off sharp dips in uneven ground 
ahead of plow train 


Figure 6. Creek crossing 


Figure 2. 


Rooter train without plow has just 
passed 


The heavy steel cables from wire-rope block 
attached to front of tractor lead ahead to the 
winch and towing bar of head tractor 


A roadway for plow train was cut by bull¬ 
dozer to permit passage through creek banks 
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Selecting and Preparing the 
Right of Way 

Now that we have seen something of 
what the plow train is like and how it c an 
winch itself out of difficult situations, let 
us go hack in the sequence of the opera¬ 
tions and see how the route for the buried 
cable is selected, surveyed and explored so 
that the work of preparing the right of 
way can be started. 

When it has been determined that a 
buried cable will be required between two 
points, possible routes are explored to 
establish the best location, such factors 
being kept in mind as accessibility, esti¬ 
mated cost of the construction, nature of 
the terrain, plant of other utilities, cost of 
right of way, future developments, and so 
on. In rugged country, this initial survey 
of the route may be made with the assist¬ 
ance of aerial photography. The air¬ 
plane survey pictures are carefully studied 
through special lenses which give a three- 
dimensional effect in viewing them, and 
remarkable detail is afforded by the pres¬ 
ent-day photographic and viewing equip¬ 
ment (Figure 4). The relative heights of 
trees and buildings stand out with all the 
clarity of the old-time stereoscope. Since 
private right of way is generally followed, 
the use of this ideal method of route selec¬ 
tion is often found to be worthwhile. 

The tentative route laid out on maps or 
on the aerial-survey picture is now ex¬ 
plored on the ground by engineers. As 
has been mentioned, the route ordinarily 
goes across fields, woodlands, mountains, 
and streams, but always consideration is 
given to accessibility from the highways 
and to the other factors which have been 
discussed. This is important both from 
the viewpoint of the ease of installing the 
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Figure 7. Square SBHP* 

crossing of road _HI gll 

Sharp drop of ditch banks had previously been “eased 
off by bulldozer. Road surfaces and ditch banks were 
replaced to original condition after plow passed 

Figure 8. "Swamp grousers" 

Caterpillar tracks augmented, by oak cleats 

Figure 9. Steel skid supporting plow tongue in marsh 

Because of heavy down thrust on plow tongue a skid 
3Vs by 11 feet is required to support it 

Figure 10. Burying cable in mud 

The problem is one of density and depth of mud, weight 
of equipment, the bearing-up area, and the winch power 

available 

Figure 11. Burying cable in river bed 

Power winch on tractor anchored in opposite bank pulls 
plow train across, depositing cable as it goes 

Figure 12. Tractor with four-drum winch 

Multidrum winch 
used for adjusting 
plow depth, loading 
cable reels' upon 
trailers, and moving 
trailers 
































Figure 13. Relay winch 

This winch pulls tongue end of rear trailer 
into special keeper which acts as a coupling* 
Paying out this rope permits rear trailer to lay 
behind the train 

cable and that of maintaining it in the 
future. 

Information regarding soil conditions 
and underground obstructions is very 
valuable in planning the route. a Some¬ 
times oil- and gas-pipe lines are encoun¬ 
tered. The plow is sufficiently rugged, 
and the tractors have ample power to 
snap a good sized underground pipe in 
two. This method of striking oil is not 
to be recommended. 

By the use of suitable apparatus, under¬ 
ground pipes can be readily located with¬ 
out excavating. There is commercially 
available a radio-tube type of under¬ 
ground-pipe locator which indicates the 
route but not the depth of the buried pipe. 
To determine its exact location, another 
electrical detector, developed by the Bell 
Telephone Laboratories, can be used. 
This device is so accurate that an under¬ 
ground pipe or cable can be located within 
less than an inch both laterally and in 
depth below the surface. 

Through use of the information ac¬ 
cumulated by the methods mentioned, the 
line of the proposed buried cable can now 
be staked out ready for the work crews. 
Buried boulders, ditches, and other 
obstacles interfere with the cable-plowing 
operation. Whatever preparatory work 
can be dond to anticipate delays to the 
rooting and cable-plowing crews helps to 
“keep the train moving.” At sharp 
ravines, road ditches, or creeks, the cross¬ 


ings become quite simple if a bulldozer on 
the front of a tractor (Figure 5) has first 
cut a roadway through the banks. 
Creek and river banks particularly require 
this treatment (Figure 6). It might be 
noted in passing that at such locations, if 
there is any danger of the cable being 
disturbed later by road-construction 
work or earth washing, the cable is plowed 
in at full 50-inch depth to afford maximum 
protection. The sides of steep road 
ditches are sloped off, not only to facili¬ 
tate pulling the train across, but also to 
minimize the tilting of the plow, with the 
resulting tendency to raise the bottom of 
the share, thus laying the cable too shal¬ 
low (Figure 7). 

The plow operates satisfactorily across 
gravel and macadam roads as well as 
those which are not surfaced. Of course, 
the roads and ditch banks are restored to 
their former condition. 

Experience indicates that it is not safe 
to operate along hillsides where the 
grades are more than about 10 per cent. 
In attempting to pull around the side of 
the hill, there is always a tendency for the 
train to work down grade. For such con¬ 
ditions, the bulldozer is used to good effect 
cutting out a level roadway. 

Of course, in wooded country, aroadway 
must be prepared for moving the cable 
reels and equipment along the right of way 
as well as for clearing a place to plow. 

On private right of way an easement on 
a strip of ground about one rod wide is 
ordinarily secured, anticipating the possi¬ 
ble future need of a second buried cable. 
A passageway at least 10 feet wide is 
cleared, and at reel-change points addi¬ 
tional width is required to maneuver the 
equipment. The 10-foot width will per¬ 
mit passage of the train in rooting and 
plowing. However, unless the cost of 
clearing an extra 3 feet of right of way is 
excessive, it is very desirable to have a 13- 
foot passageway so that the 8 l /*-foot- 
wide tractor can be used for tamping, as 
will be discussed later. Where practica¬ 


ble, the trees within the proposed passage¬ 
way are pulled out by the roots in order to 
eliminate the interference with plowing 
which the roots would cause. 

Crossing Swamps and Streams 

Swamps and very soft ground pi-esent a 
difficult problem. For such work the 
tractor-caterpillar tracks are supple¬ 
mented with “swamp grousers” (Figure 
8), constructed of overhanging, bolted-on 
oak cleats. The plow tongue is supported 
by a special steel skid (Figure 9) 3 Vs feet 
wide and 11 feet long. To provide in¬ 
creased bearing surface for carrying the 
load of the plow, skids may be added un¬ 
der the 12.75- by 24-inch pneumatic tires. 
These are in addition to the mud-bearing 
plates under the plow frame. The cable- 
reel trailers carry large mud-bearing 
-plates under their frames. 

By such expedients as these, the unit 
bearing pressure on the mud is so reduced 
for each member of the train that it can be 
slid over the soft surface placing at the 
same time the buried cables and wires at 
the proper distances beneath the surface 
(Figure 10). 

The technique followed in crossing 
streams is similar in some respects to 
that used in negotiating marshy ground 
(Figure 11). If the water is deep, the. 
tractor may find it necessary to detour to 
shallower water or by the nearest bridge, 
and it may be found desirable to root 
across before laying the cable under the 
stream, whereas, in the soft marsh the 
rooting may not be necessary. 

Important Features in 
Operation of Plow Train 

The caterpillar tractor placed next to 
the plow in the train is equipped with a 
four-drum winch (Figure 12) with inde¬ 
pendent lever controls conveniently lo¬ 
cated for the tractor driver so that he can 
exert a pull up to about 0,000 pounds in 



Figure 14 (left). 
Yoke of winch load¬ 
ing trailer lifting a 
reel of cable 

Yoke is pulled up 
by winch rope from 
one drum of multi¬ 
drum tractor winch. 
Spindle has one foot 
to go before latches 
will catch It 



Figure 15 (above). Cablet emerging from plowshare 

In starting a job cable ends are pulled through 
share and staked before plow moves ahead 
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any one or more of the four winch ropes. 

Two of the ropes are used to raise and 
lower the plowshare, thus adjusting the 
cable depth. The third rope feeds to a 
new-type “relay winch” (Figure 13) 
mounted in the front trailer. On dual¬ 
cable jobs this winch pulls the rear trailer 
up to its coupling under the axle of the 
front trailer in the operation of changing 
reels. 

The fourth rope from the multidrum 
winch leads to the arm of the reel-lifting 
yoke on either trailer as shown in Figure 
14. Pulling the yoke forward raises the 
(possibly 10,000-pound) loaded cable reel 
into position where the reel spindle is 
locked in the traveling position. Re¬ 
versing the operations and slowly paying 
out the winch line lowers the empty reel 
from the trailer. 

Feeding Cables and Wires Into Plow 

In starting a dual-cable job the plow¬ 
share is raised to the top position and the 
cable ends fed in until they emerge from 
the exit opening (Figure 15). The cable 
ends are secured against movement 
along the ground, the share is gradually 
lowered to depth in the first few feet of 
travel, and the plow train is moved for¬ 
ward, thus laying the two cables at the 
desired depth until the reels are empty. 
After the empty reels are exchanged for 
full ones, the new cable ends must be fed 
through the plowshare. This is done by 
connecting each new length of cable to 
the one which ha!s just been placed, by 
overlapping the ends and binding them 
together (Figure 16). As the plow train 
now starts on the next installation, the 
spliced ends are guided into the share by 
two men riding on a platform carried on 
the front trailer tongue, and a cycle of 
operations has been completed. 

Where lightning-shield wires are re¬ 
quired, the reels of wire are carried on the 
front trailer or on the plow tower as in 



Figure 16. Cable ends clamped ready to 
enter plow 


Each succeeding cable end is clamped to end 
of cable ahead, in order to pull it into plow¬ 
share 
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Figure 7, and they are fed through special 
ducts in the share from which they are 
emitted at the desired locations in the 
ground. 

Changing Reels 

Changing the reels as mentioned above 
is necessary for’ every cable length. 
Where one cable is being laid, this is a 
simple matter, but, where two reels are in¬ 
volved, the changing of the front one pre¬ 
sents some difficulties, as can be visualized 
by referring to Figure 3. The rear trailer 
completely blocks the operation. In 
order to leave space between the two 
trailers, thus permitting the front one to 
be loaded, the rear trailer is dropped from 
the train as it moves along, about 50 feet 
before the cable end leaves the rear reel. 
This is accomplished by releasing the relay 
winch, thus disconnecting the rear trailer 
from the train, just as the engineer of a 
switching locomotive might drop a car 
from his train. The front trailer is now 
accessible from the rear so that the reel 
can be lowered from it (Figure 17). A 
tractor with a third trailer now moves a 
full reel to the front trailer and it is 
loaded. The relay winch comes into ac¬ 
tion at this point to pull the rear trailer 
up to its working position where it is 
automatically coupled in the train, after 
which it receives a new full reel of cable. 

Lubricating the Cable 

The buried cables ordinarily used, r an ge 
in size from 1 to 2 1 /2 inches outside diame¬ 
ter. However, cables as large as 3.2 
inches in diameter may be used by em¬ 
ploying a wider share which the plow is 
designed to accommodate. Usually they 
are covered with an asphalt-impregnated 
jute wrapping under which, in gopher- 
infested territories, there will be steel 
gopher tape surrounding the conventional 
lead sheath. In some cases a thermo¬ 
plastic rubber and burlap covering is used 
instead of jute. 

The asphalt-impregnated coverings de¬ 
velop high coefficients of friction against 
the steel walls of the rectangular tube 
through which they pass while in the 
plowshare. This results in tensions as 
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Figure 17. Changing reels on front trailer 

Train must be broken in order to get new full 
reel to the front trailer 

high as 5,000 pounds in the cable, which is 
objectionable for electrical as well as 
mechanical reasons. The tension is re¬ 
duced to a safe maximum of less than 
1,000 pounds by directing a steady oil 
spray on the cable as it enters the share. 
This is accomplished by an adaptation of 
a paint spray gun using compressed air or 
nitrogen supplied from a cylinder carried 
on the plow. 

Safety Shear Pin 

With the powerful tractors pulling in 
series formation, what happens if the ex¬ 
tremely rugged plow hits, let us say, a 
buried ledge of solid rock? The plow is 
an integral part of the very heavy briskly 
moving rooter train with its combined 
tractor drawbar pull of 200 or 300 horse¬ 
power. Under such a condition a safety 
shear pin of 72,000-pound strength, in 
the plow tongue, releases the load. 

Backfilling and Tamping 

In plowing, some soils may be consider¬ 
ably disturbed by the passage of the 3 3 /r 
inch-wide share with the extra ducts, 
familiarly known as “blisters,” on the 
sides to carry the lightning shield wires. 
As the rear trailer passes over the trench, 
it drags a V-shaped.device which mounds 
the loose earth over the trench (Figure 



Figure 18. Backfiller 

A V-shaped device under rear trailer mounds 
up disturbed earth over trench in which cable 
has been deposited 
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Figure 19. Where 
buried-eable right of 
way crosses the high 
Sierras 

In this solid granite, 
a shallow narrow 
trench will be pre¬ 
pared by chain blast¬ 
ing 


18). Then a good job of tamping is done 
by running a caterpillar-tractor track 
along the mound. This is done by the 
tractor which is used for handling reels. 

Signals 

The clatter of the Diesel engines makes 
vocal signals on the job unreliable. A 
tractor exhaust whistle or an electric horn 
is connected to a long control rope extend¬ 
ing back along the train and so located 
that it can be reached from convenient 
points at either side of the train to give 
signals'. 

Performance of 
Cable-Burying Gangs 

Under ordinary conditions it is possible 
to place about 17 trench miles of cable per 
five-day week with this equipment. , 
This would mean that a foreman with his 
crew of about eight men, on a dual-cable 
job, might, in a week, bury 34 miles , of 


cable together with whatever lightning- 
shield wires are required. 

Conditions vary widely from the prai¬ 
ries with their black loam and clay to the 
steep mountains, or the soft marshes, or to 
soil sown thick with boulder. The mile¬ 
age of cable buried daily naturally will 
correspond to the conditions encountered. 

Burying Cable by Other 
Than Plow Methods 

Because of its speed and economy the 
plow train is used wherever practicable 
for buiying cables. In extremely rough 
mountainous territory some right of way 
may be too steep or rocky or too inacces¬ 
sible, but it is surprising how small rela¬ 
tively is the footage even here which 
cannot be economically plowed. 

For instance, a location on the proposed 
transcontinental cable line, where there 
has been some question whether the plow 
could be used, is in the ten miles of hard 
salt right of way along the highway ad¬ 
joining and parallel to the Bonneville 


automobile-racing flats in Utah. How¬ 
ever, in exploratory trials at this location, 
the plow rooted through the hard salt 
beds very satisfactorily. 

There are some locations in the high 
Sierras where a relatively small portion 
of the proposed Sacramento-Reno section 
of the transcontinental cable run must 
cross areas of practically solid granite 
(Figure 19). Here the engineers plan to 
prepare by chain-blasting a narrow 
shallow trench in which the cables will be 
laid and the trench filled with an as¬ 
phaltic material which will hold its 
position, keep water out of the trench, 
and protect the cable. 

In a paper such as this, only the major 
operations and the principal items of 
equipment can be mentioned. Many 
others have had to be developed in order 
to make the use of buried cable broadly 
applicable. There are the jobs of passing 
under concrete arterial highways where 
the pavement cannot be disturbed and 
the soil may be either earth or rock. 
There is the matter of finding a way to 
cross under rivers too swift and full of 
boulders for submarine cable, having 
solid granite beds which, of course, can¬ 
not be plowed. There is the matter of 
avoiding buried pipes and other obstruc¬ 
tions. These are no small matters. On 
one 83-mile run there were 91 crossings 
of oil-pipe lines at the time of the survey. 
Before the work was done, in a few 
months, four new pipe lines had been 
gained and three old ones lost. 

All these and many other operations 
must be planned and executed in an 
extensive program of buiying telephone 
cables, such as is now being carried on 
by the Bell system. 
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A New Instrument for Recording 
Transient Phenomena 


S. J. BEGUN 

NONMEMBER AIEE 


Synopsis: In many cases it is of great im¬ 
portance to study phenomena which do not 
occur periodically. Such phenomena, called 
transients, arise, for example, at the time a 
short circuit appears in a power line, during 
the discharge of the condenser of a spot- 
welding machine, during the starting of 
electric machinery, and on very many other 
occasions. 

Most of the instruments available thus 
far for investigation of transients employ 
the method of film recording, which hag 
the disadvantage of requiring a developing 
process. 

A new transient recorder has been de¬ 
veloped, employing magnetic-tape record¬ 
ing as a means of preserving the record of a 
transient and steadily repeating this record 
on the screen of an oscilloscope. This 
method has the advantage that it- requires 
no processing and that the same magne tic 
earner can be used continuously without 
loss of material. 


T HE investigation of transient phe¬ 
nomena has always been of great in¬ 
terest to physicists and engineers. The 
observing of transient phenomena pre¬ 
sents a major problem, mainly when the 
time the transient occurs cannot be 
anticipated, and where the duration of 
the transient is so short that visual in¬ 
spection of it is impossible. 



Figure 1, The modulated carrier acting on 
the magnetization curves of magnetic-recording 
medium 
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In most methods known heretofore, re¬ 
cording of the transient phenomena is 
employed. Usually a permanent record 
of all occurrences, including the transient 
under investigation, is made, and the 
interesting part of the recording is 
analyzed. Where transient phenomena 
occur rarely, it seems obviously a waste of 
material to record continuously the 
steady-state conditions, only for the bene¬ 
fit of an occasional transient. To meet 
this difficulty instruments have been de¬ 
veloped which will start recording only 
when the transient occurs. Such in¬ 
struments require very specialized equip¬ 
ment, particularly since it is usually of 
great importance to obtain a picture of 
the complete transient instead of merely 
one part of it. 

Film recording is used in most cases. 
Mechanical recording, as employed. in 
high speed level—or pen recorders, has 
not found any wide application, mainly 
because of the limited frequency range 
due to the mechanical parts involved. 

Different film-recording instruments 
have been successfully marketed and are 
now being used in field and laboratory 
work. The use of film has the great 
disadvantage that it requires a develop¬ 
ing process, and in many cases this re¬ 
quirement makes such an instrument 
impractical. 

These and other difficulties have been 
overcome by a new transient recording 
apparatus to be described. This new 
instrument uses magnetic recording. The 
principle of magnetic recording and re¬ 
production has been widely discussed in 
technical literature. 1 The method as 
used in this instrument, however, in¬ 
volves some novel features which are of 
interest. 

In the magnetic-recording process, 
small electromagnets known as magnetic 
heads are subjected to the signal current 
and produce a magnetic pattern on the 
recording medium moving between their 
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pole pieces. This magnetic pattern varies 
in intensity from point to point on the 
medium, and this variation of the mag¬ 
netic intensity corresponds to the signal 
being recorded. 

In the reproduction process, this vary¬ 
ing magnetic pattern moves past the pole 
pieces and induces in the pole-piece coils 
a voltage correlated to the originally re¬ 
corded signal. 

To obliterate the recorded signal it is 
only necessary to remove the varying 
magnetic pattern and establish a uniform 
magnetic state. This is usually accom¬ 
plished by saturating the magnetic car¬ 
rier. An alternative way of obliterating 
is to demagnetize and return the mag¬ 
netic carrier to its virgin unmagnetized 
state. 

There is, however, one difficulty in¬ 
herent in the magnetic recording system: 
it is not possible to reproduce very low 
frequencies, since the voltage generated 
in the reproducing head is a function of 
frequency and becomes small indeed for 
very low frequencies. On the other 
hand, transient phenomena often require 
the recording of not only very low fre¬ 
quencies, but even direct current. There¬ 
fore, transient signals in many cases 
cannot be used directly to actuate the 
recording head, since it is difficult, if 
not impossible, in reproducing such re¬ 
cordings to compensate sufficiently for 
the fall-off at these low frequencies. This 
difficulty has been overcome by utilizing 
a carrier frequency which is modulated 
by the signal to be recorded. 

In conjunction with this carrier-re¬ 
cording system, it has been found prefer¬ 
able to obliterate the record by returning 
the tape to an unmagnetized state. This 
gives two advantages: 

1. It makes unnecessary the use of a d-c 
polarizing current which normally must be 
superimposed on the signal to be recorded 
when obliteration has been obtained by 
magnetic saturation. This polarizing cur¬ 
rent, on breaking, would set up its own 
transient which is unrelated to the investi¬ 
gated transient. 



Figure 2. View of obliterating head 
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2. When used in conjunction with the 
carrier system, this obliteration method 
produces a higher signal-to-noise ratio. 

The carrier-recording process may now 
be analyzed by reference to the two 
branches A and B of the magnetization 
curve as shown in Figure 1. These mag¬ 
netization curves are relatively linear 
between points K and L and points K 1 
and LK The unmodulated carrier cur¬ 
rent is so adjusted that the extreme values 
of the envelope produced by the modulat¬ 
ing signal lie within this linear portion. 
One half of the modulated carrier acts 
on magnetization curve. A and the other 
on curve B. The nonlinearity of the 
magnetization curve near the origin is of 
little effect since not more than 70 per 
cent modulation is used. Therefore, the 
peak values of magnetic induction re¬ 
corded on the passing medium will be 
linearly proportional to the peak values 
of the carrier frequency, thus producing a 
magnetic facsimile of the envelope. 

To obtain a proper reproduction, the 
reproducing head must be able to take 
care of the frequency range which is de¬ 
termined by the carrier frequency and 
the side bands. This, however, can be 
done without any great difficulty. 

The present instrument uses a thin 
magnetic steel tape as recording medium. 



Figure 4. View of recording-reproducing 
l»e«d ' 



SPRING 

Figure 5. Schematic arrangement of record¬ 
ing-reproducing head 


The obliterating is done by a head of 
novel design. This head consists of two 
electromagnets oppositely mounted across 
the width of the tape and polarized so 
that the opposing ends of the pole pieces 
have the same polarity, thus producing a 
diffused magnetic field. This diffused 
field allows the magnetic-field strength 
to decrease slowly and gradually as the 
tape passes by, and since a-c is supplied 
to the obliterating coil, the magnetic tape 
emerges completely demagnetized. The 
obliterating head is shown in Figure 2 
photographically and in Figure 3 dia- 
grammatically. 

For recording and reproducing, a 
single standard magnetic head may be 
used. Such a head is shown photo¬ 
graphically in Figure 4 and diagram- 
matically in Figure 5. 

The magnetic-recording method makes 
it possible to automatically obliterate 
any previous recqrd and to substitute a 
new one for it. This unique characteris¬ 
tic of magnetic recording permits con¬ 
tinuous carrying on of the recording and 
obliterating process until a transient 
phenomenon occurs. As long as steady- 
state conditions prevail, the record made 
of them is continuously obliterated, since 
this can be done without loss of material. 
The new instrument makes use of an end¬ 
less magnetic tape on which the signal is 
continuously recorded and after a short 
time interval again obliterated. The 
recording and obliterating process is 


tape. The obliterating and recording 
heads are placed close together in such a 
way that each portion of the moving tape 
passes at first through the obliterating 
head and shortly thereafter through the 
recording head. The time interval which 
is required for the tape to complete one 
cycle, namely to leave the recording head 
and reach the obliterating head is the 
available recording time, and this re¬ 
cording time has to be somewhat longer 
than the maximum duration of the tran¬ 
sient to be investigated. 

As soon as a transient occurs, a trigger 
system is actuated which automatically 
stops the recording process as soon as 
the tape completes the cycle, as has been 
just described. The time length of a 
cycle can be increased by increasing the 
length of the tape loop. The timing of 
the trigger circuit is adjustable, in order 
to conform with this increased time 
length. Such a trigger circuit is made an 
integral part of the instrument. 

After the transient has thus been re¬ 
corded on the tape, it will now be periodi¬ 
cally reproduced, since the tape is end¬ 
less. This regular repetition makes it 
possible to synchronize the horizontal 
sweep of an oscilloscope, with the tape 
cycle, thus giving a steadily repeating 
picture on the screen of the oscilloscope, 
and facilitating observation of the tran¬ 
sient. 

, Figure 6 shows a block diagram of the 
system. The signal to be investigated is 
applied to terminals a and & of the modu¬ 
lating circuit (1). The carrier frequency 
modulated by the signal is amplified by 
the amplifier (2) and passes then through 
a filter (3) and switch (4) to the recording 
head (5). The carrier frequency is 
generated by the oscillator (6) which also 
supplies through amplifier (7) an obliter¬ 
ating current for the obliterating head 
(8) * The endless tape (9) moves over 
the two rollers (10) and (11) so that it 
passes first through the obliterating head 
(8) and then through the recording head 
(5). Any signal which is recorded by the 
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recording head remains on a given portion 
of the tape until this piortion reaches the 
obliterating head, which e limina tes any 
previous signal from the tape and pre¬ 
pares it to accept a new recording. The 
transient signal is also supplied to a trigger 
circuit (12) which operates with a time 
delay. As soon as a transient occurs, 
the trigger circuit becomes energized, 
and after a short time interval, slightly 
shorter than one complete tape cycle, it 
blocks the obliterating amplifier. Simul¬ 
taneously, the trigger circuit disconnects, 
by means of switch (4), the recording 
circuit from the recording head (5). 
The system is now ready for reproduc¬ 
tion. The reproducing head, which is 
in this apparatus the same as the record¬ 
ing head, supplies the induced signal to 
the reproducing amplifier (13) which 
supplies the signal through a band pass 
filter (14) to a demodulator (15). The 
demodulated signal is now reproduced 
on the oscilloscope. 

A simplified block diagram is shown in 
Figure 7 and illustrates graphically the 
electric functions of the essential parts 
of the system. 

The different filters serve to eliminate 
spurious signals. 

Great care has to be taken to elimina te 
phase distortion and amplitude distor¬ 
tion. For proper analysis of a transient 
phenomenon, the visual picture of the 
reproduced transient must be identical 
with the original. Because of this re¬ 
quirement, such an instrument is subject 
to much more severe restrictions than a 
sound-recording apparatus, where phase 
distortions are usually considered un¬ 
important. By proper design of the 
filter circuit and the other circuit com¬ 


ponents, amplitude and phase distortion 
is reduced to an inconsequential minimum 
for a given frequency range. 

The transient recorder in its practical 
form comprises two units as shown in 
Figure 8. Unit A contains the modu¬ 
lator, amplifier, and the trigger system. 
Unit B contains the drive mechanism for 
the tape loop, the magnetic heads (5) and 
(8), and the power supply. In the drive 
mechanism a synchronous motor propels 
by way of a belt the drive roller (11). 
A flywheel associated with the drive 
roller assures a uniform speed of the tape. 
The idler roller (10) can be moved in a 
slot (16) so as to tighten the tape and 
also make adjustment possible for tapes 
of different lengths. The recording- 
reproducing head may be opened for 
removal of the tape loops. If it is desir¬ 
able to preserve an interesting transient 
on the steel tape, the tape may be re¬ 
moved and kept for any length of time 
with the signal recorded on it. 

Unit 4 with the modulator, amplifier, 
and trigger has only electronic parts. 
To assure satisfactory operation inde¬ 
pendent of line-voltage fluctuation, the 
oscillator for supplying the carrier fre¬ 
quency and the obliterating signal has 
been stabilized with respect to frequency 
and amplitude. The carrier frequency 
which has been selected for this particular 
unit is 2,200 cycles. The band pass 
filters are so designed as to' permit the 
transmission of the carrier frequency and 
side bands necessary to obtain the de¬ 
sired frequency range, namely 0 to 500 
cycles, without phase and amplitude dis¬ 
tortion. 

The new transient recorder was origi¬ 
nally developed to meet the difficulties in 


Figure 8. View of the instrument 

investigating transients occurring in the 
different welding processes, particularly 
in the condenser-discharge type of spot 
welding. The frequency range of the 
instrument has been chosen for this 
particular application, and the limit of 500 
cycles takes care of the frequency com¬ 
ponents to be expected. The maximum 
recording time is about 0.2 second and the 
required input transient voltage is about 
2 volts. 

Much work has been done of late with 
such an instrument in the investigation 
of welding processes, and it has proven to 
be very valuable as a laboratory tool. 
Undoubtedly it will also prove useful for 
production processes. The instrument 
may be easily adapted to many other ap¬ 
plications. Among these are transient 
occurrences in power lines, transient 
phenomena in loud speakers, illumination 
patterns of photo flash bulbs, shock- 
excited vibrations of mechanical parts. 
Many other applications will undoubtedly 
be found. 

The instrument may be designed for 
different frequency ranges, depending 
upon the requirements, but still utilizing 
the same fundamental principle. 
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I. Introduction 

T HE field study of the characteristics 
of natural lightning on tr ansmis sion 
systems, started some 15 years ago, has 
been carried on with continued persist¬ 
ence by various investigators up to the 
present time. On the American Gas 
and Electric Company 132-kv inter¬ 
connected system, investigation was 
started in 1927, and the results obtained 
have been reported in papers 1-9 before 
the Institute from time to time, the last 
appearing in 1937. This present paper 
presents largely the data obtained from 
the field work which we have carried on 
since that time on the above system in 
an attempt to leanrmore about the char¬ 
acteristics of natural lightning, par¬ 
ticularly lightning currents and rates of 
voltage rise, as they affect transmission 
lines and equipment It includes field 
data for the past four years, combined 
in some cases with previous field data in 


G. D. LIPPERT 
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order to make the records complete and 
inclusive. 

II. Purpose and Scope of 
Investigation 

Without attempting to summarize the 
various phases of the lightning problem 
to which field research has been directed 
in past years, it is sufficient to state that 
the past four years’ work in our system 
has been confined to furthering informa¬ 
tion along the following general lines of 
attack: 

1. A study of the distribution of lightning 
currents in parts of the transmission system 
such as ground wires, line wires, towers, 
counterpoises, and ground rods. 

2. The effect of different methods and 
technique in grounding, such as with coun¬ 
terpoises and ground rods. 

3. Study of lightning voltage, magnitude 
and wave shapes appearing at stations, as 
an aid in co-ordination of station insulation 
and protection. 


Incidental to the main purpose of the 
work outlined above, there are other 
aspects of the lightning problem on which 
information has been made available from 
the field data. These will also be pre¬ 
sented and discussed as the data warrant. 

m. General Plan of Test 

Procedure 

The general plan of obtaining informa¬ 
tion outlined above was to install light¬ 
ning-measuring instruments such as surge- 
crest ammeters, surge-voltage recorders, 
and wave-slope indicators on some light¬ 
ning-infested parts of our 132-kv inter¬ 
connected system. The lines on which 
the major part of the data presented and 
discussed here were obtained are the 132- 
kv lines of the Appalachian Electric 
Power Company (Glenlyn-Roanoke), the 
Indiana and Michigan Electric Company 
(South Bend-Michigan City), The Ohio 
Power Company (Philo-Canton), and the 
Atlantic City Electric Company (Deep- 
water-Pleasantville). 

Instruments 

The surge crest ammeter 10 using mag¬ 
netic links was used to determine light¬ 
ning currents. At stations the surge- 
voltage recorder 11 was used for deter¬ 
mining lightning voltages and the wave- 
slope indicator rather extensively to 
determine the lightning-voltage rates of 
rise. 

The wave-slope indicator is based on 
the following theory, using the well known 
elements of the electric circuit q, i, and e: 

q=ec= J'idt 

cde—idt and de/dt—i/c 

Maximum i thus gives maximum de/dt. 
A wiring diagram of the instrument as 
used in service is shown in Figure 1A; 
and field installations in Figures IB and 
1C. 

A typical field setup of magnetic links 
to determine lightning currents at various 
points on the transmission system is 

Paper 42-18, recommended by the AIBB committee 
on power transmission and distribution, for pres¬ 
entation at the AIBB winter convention. New 
York, N. Y., January 26-30, 1942. Manuscript 
submitted November 12,1941; made available for 
printing December 6 , 1941. 

I. W. Gross is electrical research engineer and 
G. D. Lippbrt is with the engineering department of 
American Gas and Blectric Service Corporation. 
New York, N. Y. 

The field investigation work on which this paper is 
based was undertaken and planned in co-operation 
with engineers of the General Blectric Company, 
vho funnshed the instruments and aided in cor¬ 
relating the data. The authors acknowledge the 
assistance of. the field organizations of the Appa¬ 
lachian Blectric Power Company, The Ohio Power 
Company, Indiana and Michigan Blectric Com¬ 
pany, and Atlantic City Electric Company, in 
installing and servicing the instruments in the field, 


Table I. 


Lightning-Measuring Instruments—Location—Number and Magnitude of Records 
Obtained on 132-Kv System—1933 to 1941 Inclusive 


Ref. 


Instrument Location 


Instrument Number - 

Years of Records Maximum 


Record Magnitude 


Median* 


Minimumf 


1 . 

2 . 

3. 

4. 

5. 

6 . 

7. 

8 . 
9. 

10 . 

11 . 

12 . 

13. 

14. 

15. 

16.. 


. .Tower legs above ground....3,163. 
. .Tower legs below ground.... 344 . 

.. Tower-leg sections.... 244. 

.. Tower-leg braces. 180. 

. .Tower arms.1,977. 

..Tower-arm braces.. 237. 

..Tower lightning rods. 560. 

.. Counterpoises.. 937 . 

.. Counterpoise tie between 

tower legs... 57 . 

. Ground rods at towers. 169. 

. Ground wires at towers. 545. 


991.. . 

54.. . 

49.. . 

24.. . 

372.. . 

48.. . 

70.. .. 

662.. .. 

40.. .. 

31.. .. 


..25,000 . 5,300. 1,000 Amperes 

. .12,000 . 2,100...... 1,000 Amperes 

. .24,000 . 3,500...... 1,000 Amperes 

.. 6,900.. 1,250...... 700 Amperes 

. .26,000 . 2,800. 1,000 Amperes 

.. 13,600...... 2,000..'.... 600 Amperes 

. .82,000..... .22,000..... ,12,000 Amperes 

,.24,300 . 4,000. 200 Amperes 

• * 10,200. 1,250...... 200 Amperes 


.Conds. at towers..... 274. 

. Conds. at stations. 117 . 

. Wave-slope indicator... 77 . 


. Surge-voltage-recorder at 
stations. 


18. 


Totals...8,965. 


... 643... 

...70,000. 

5,000 

■ •• 63• • • 

...11,700. 

2,800 

... 261... 

.. .29,000. 

1,800. 

... 170... 

...11,400. 

1,800. 

► • • ■ 63d•■ t 

... 600. 

200 . 

.. 151... 

... 525. 

160. 

. .4,158 




1,000 Amperes 
1,000 Amperes 
1,000 Amperes 
10 Kv per 

psec 

120 Kv 


*50 per cent of records at or above this value fMin. recording sensitivity of instruments. 
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138 KV LINE . 


0.062" ISOLATING GAP 


MAGNETIC LINKS 



COUPLING CAPACITOR 
( C> O.OPI ME) 

DRAINAGE COIL 


To Telaphon* 
or Roloyp 

l{ TURN COIL 

Saturn coil 

10 TURN COIL 
35 TURN COIL 


A. Schematic diagram of wave-slope indi¬ 
cator showing capacitance coupling to 132-kv 
line and surge-crest ammeter links to measure 
current 


shown in Figure 2. Therein is shown the 
approximate general location of instru¬ 
ments as used in the field. It is not to 
be interpreted that every tower under in¬ 
vestigation had all instruments shown, 
but where used, they were located as 
indicated in the figure. 

A concentration of instruments was 
made at several sections of the line where 
counterpoises (500 feet and continuous) 
were installed on the Glenlyn-Roanoke 
line, and also at some five substati ons 
to determine currents in line wires 
ground wires, and the wave slope of in¬ 
coming voltages to which equipment in¬ 
stalled in the stations would be subjected. 

The data given and discussed below 
have been obtained from field records as 
indicated in Table I. Therein it is 
shown that some 8,955 instrument years 
have been involved during the nine years 
in this investigation and have produced 
a total of 4,158 records. The distribu¬ 
tion of these records among various parts 
of the tower structure, line wires, ground 
wires, counterpoises, and so forth, as well 
as maximum, minimum, and median 
values is clearly shown in the table. 

Throughout the investigation, all in¬ 
struments were serviced approximately 
once each two weeks to enable the best 
possible segregation of records without 
burdensome field servicing. In addition, 
instruments were frequently serviced 
after severe lightning storms which were 
known to have taken place in the general 
vicinity of the test stations. 

IV. Lightning Records and Data 

Current Magnitudes 
Lightning-Stroke Current 

A determination of current in the light¬ 
ning stroke has been arrived at in four 
ways: 

1. By multiplying the current measured 
in one leg of a tower, where only single-leg 
measurements were attempted, by four 
(these towers have four legs). 



B. Wave-slope indicator installed in weather¬ 
proof housing in the field 

J 

Figure f. Wave-slope indicator for deter¬ 
mining rates of voltage change 


2. By adding the separate currents meas¬ 
ured in all four legs of a tower. 

3. By direct measurement of the current in 
a lightning rod placed at the top of the 
tower. 

4. By adding the measured ground-wire 
currents flowing toward a stroke in mid¬ 
span. 

These data have been plotted in Figure 
3 as a magnitude-frequency curve. The 
measured tower-leg values have been in¬ 
creased by 50 per cent to account for the 
unmeasured cross-brace current, a pro¬ 
cedure previously justified. 

Comparing these data with those pre¬ 
viously published, 9 the range of indicated 
stroke currents is in substantial agree¬ 
ment. The maximum current here in¬ 
dicated is, however, 150,000 amperes by 
the single-leg-measurement method com¬ 
pared with the previously reported maxi¬ 
mum of 220,000 amperes by the method 
of adding adjacent tower currents. 
Direct measurement of current in the 
lightning rod showed a maximum of 
82,000 amperes and measurement in 
ground wires 110,000 amperes. As both 
of these methods of measurement resulted 
in partially saturated links at high cur¬ 
rents, it is believed the maximiiTn stroke 
current is slightly higher than the above 
110,000 but not much in excess of 130,000 
amperes, which in turn is only slightly 
higher than the current measured in a 
single tower. 

It is rather interesting to note that the 



C. Two wave-slope indicators-installed on 
the Roanoke-Reusens line near base of steel 
structure which carries two 132-kv coupling 
capacitors for communication service 

method of measuring currents in one 
tower leg and multiplying by four gives 
results quite comparable to the other 
methods except that it does show a 
slightly higher maximum current. 

Ground-Wire Currents 

Measurements of ground-wire cur¬ 
rents were made in the line sections some 
distance out from the station, as well 
as at the first tower out from the station, 
and at the station itself. Some 700 
separate current records were obtained 
on ground wires, 643 being of sufficient 
magnitude and certainty to warrant 
analysis. 

Figure 4 shows the magnitude and 
frequency of these currents at the three 
locations (line, near station, and at 
station). In the line sections the maxi¬ 
mum current was 70,000 amperes; at 
the first tower from a station, 36,000 
amperes, and on the ground wire coming 
into the station, 12,000 amperes. Where 
measurements were made directly at the 
station, they were in all cases on one of 
three fanned-out ground wires extending 
from the station to the first tower, where 
single ground-wire construction over the 
line started. 

That the single-ground-wire and three- 
ground-wire current curves (Figure 4> 
cross at approximately 7,500 amperes has: 
no significance and is caused by the fact 
that the data do not attempt to indicate 
simultaneous current records on the 
ground wires, but rather the general 
magnitude and distribution which may be 
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Figure 2. Schematic diagram of tower showing 
location of magnetic links on various parts of 
the tower and conductors 



Figure 3. Lightning-stroke currents 


Magnitude and frequency determined as 
follows: 

I. Summation of ground-wire currents—51 

records 

II. Total tower current by multiplying single¬ 
leg readings by four—104 tower records 

III. Total tower current by addition of four- 
• leg currents—142 tower records 

IV. Currents measured directly in tower-top 

lightning rods—52 records 


expected where this type of ground-wire 
construction is employed near a station. 

Lightning Currents in Line Wires 

The determination of currents in line 
wires was undertaken for two reasons: 

1. In an attempt to correlate the lightning 
currents and 'Surge impedance of the line 
with the lightning voltage expected with 
such currents. 

2. To determine the magnitude of light¬ 
ning currents which might enter a station 
from the line and would have to be handled 
by the protective devices. 

Over 300 records in line conductors 
have been obtained, 154 measured at the 
station and 172 on line towers some dis¬ 
tance away. The magnitude and fre¬ 
quency of these currents are shown in 
Figure 5. The maximum current out on 
the line is 29,000 amperes and at the 

Table A 


Corresponding Kv 
Amperes of Line Wire 

10 % of 10 % of 

Instrument Maxi- Values at Maxi- Values at 
Location mum or Above mum or Above 


On the line, .29,000. . .6,500.. .11,600.. .2,400 
At stations. .11,500.. .3,000... 6,600.. .1,200 


station 11,500 amperes. Ten per cent 
of the measured currents are 6,500 am¬ 
peres or less at the line towers and 3,000 
or less at the station. 

If it is assumed that these measured 
lightning currents can be simply multi¬ 
plied by the line-surge impedance (taken 
as 400 ohms), to obtain the conductor 
voltage, then the voltages of the line 
conductors would be as shown in Table 
A. 

The line-current data, analyzed as 
above, give indicated conductor voltages 
which seem rather fantastic under the 
conditions of operation. The magnitude 
of currents in the line conductors at 
stations, however, correlates quite closely 
with the measured currents in lightning 
arresters as has been reported pre¬ 
viously, 12 

Currents in Towers , Counterpoises and 

Ground Rods 

*. 

Currents in counterpoises as measured 
at the point where they attach to tower 
legs were measured in five different types 
or lengths of counterpoises, namely, 40, 
150, 250, 500 feet, and continuous. The 
continuous counterpoises were installed 
between towers where the tower spacing 
was approximately 1,500 feet or less. 
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% AT OR ABOVE ORDINATE 

Figure 4. Lightning currents in overhead 
ground wires 

I. At line towers—591 records 

II. Currents in one of three ground wires 
between station and first tower out—30 

records 

III. In single ground wire on the line side 
of the first tower from station—22 records 


The counterpoise currents recorded on 
the above basis are shown graphically 
in Figure 6, from which it will be noted 
that the currents carried by the counter¬ 
poise increase with length, although not in 
direct proportion to the length. The 
most searching type of test would, of 
course, be one where all these counter¬ 
poises of various lengths were attached to 
the same tower and therefore affected 
by the same stroke current, but since a 
setup of this kind was not practical, the 
comparison of data has been made on 
actual measured currents. This method 
does not evaluate the variation of stroke 
current which initiates current in the 
counterpoise. However, since the data 
cover some eight years of field tests, the 
varying magnitude of stroke currents 
has probably been averaged out to some 
extent so that the data given indicate to 
a large degree the relative benefits of the 
counterpoise length. 

Comparative data on a selected group 
of towers where 500-foot and continuous 
counterpoises were installed,' and, in ad¬ 
dition, tie connections between the four 
tower legs, are given in Figure 7. The 
tower currents have been obtained by 
four-leg readings increased by 50 per 
cent for the shunting effect of tower 
bracing, and show a maximum of 79,000 
amperes. The 500-foot and continuous 
counterpoises show maximum currents 
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Figure 5. Lightning currents in conductors Figure 6. Lightning currents in counterpoises 


I. Conductor currents at line towers —172 

records 

II. Conductor currents at station entrance— 

154 records 

and frequency distribution of approxi¬ 
mately the same magnitude. This would 
be expected if the continuous counter¬ 
poise can be considered as effective only 
for about half the span (or 400 to 750 
feet). In fact, the agreement of curves 
III and IV seems to indicate that in¬ 
creasing the counterpoise much beyond 
500 feet is not particularly effective. 

One important feature brought out by 
these data is the records of currents ob¬ 
tained in the buried ground or counter¬ 
poise wire which ties the four tower legs 
together at the base of the tower. This 
connection consisted of a; Yu-inch by 2- 
inch flat iron strap buried 18 inches in 
the ground and extending around the base 
of the tower, as shown in the sketch of 
Figure 2. The current carried by these 
tie connections is shown in curve V of 
Figure 7, a maximum of 10,200 amperes 


Measured at point of junction to tower leg 

I. . In continuous counterpoises—22 records 

II. In 500-foot counterpoises—23 records 

III. In 150-foot counterpoises—79 records 

IV. In 250-foot counterpoises—22 records 

V. In 40-foot counterpoises—67 records 

being indicated. While it might seem, 
in tying a counterpoise direct to one leg 
of a conventional four-leg tower, that the 
tower cross bracing would be effective in 
quickly distributing the lightning cur¬ 
rents to the other legs of the tower, such 
does not seem to be the case (see also 
Figure 11). It is strongly indicated that, 
where counterpoises are used, means 
should be taken to make direct under¬ 
ground connections to all tower legs to 
obtain the maximum benefits from an 
even, uniform, and quick distribution of 
current to the various tower structural 
members. 

A comparison of tower and counter¬ 
poise currents with 40-foot and 150-foot 
counterpoises attached is shown in 
Figure 8, Here, the benefits of a number 


Table II* 



Rate of 
Voltage 
Rise at 



X AT OR ABOVE ORDINATE 

Figure 7. Lightning currents in towers and 
counterpoises 

I. Total tower currents—15 records 

II. Summation of currents in counterpoises 

both sides of tower—15 records 

III. In single 500-foot counterpoises—14 

records 

IV. In single countinuous counterpoises—16 

records 

V. In buried cross-tie connections between 

tower legs at towers—40 records 

of short counterpoises are indicated as 
compared with using the same length of 
buried wire as a single counterpoise. 
Taking the median values in Figure 8, 
80 feet of counterpoise in two short sec¬ 
tions carry 5,000 amperes, and 300 feet 
of the 150-foot counterpoise in two sec¬ 
tions, 17,000 amperes, or 3.8 times the 
length, carry 3.2 times the current. 
When comparing maximum currents, 
the results show still greater efficiency 
for the short counterpoise. Again com¬ 
paring median values for the 40-foot 
counterpoise (Figure 8) with the 500- 
foot counterpoises of Figure 7, the ratio 
of increase in length is 5.9, and the ratio 
of currents 2, thus indicating consider¬ 
ably less effectiveness with the single 
long counterpoise. Although these rec¬ 
ords were not obtained at the same tower 


Ltghtniag-Arrester Location and Amperes 


Station 


Line 

Amperes 


/2,000.,. 
13,200... 

Roanoke.....< 2,200.,, 

) 2,400... 
*2,000,7. 

Claytor. 2,000... 

(None... 

Fieldale......43,000... 

( 2 , 000 ... 

Glenlyn., 2,800... 


Line 

Entrance 


On Bus 


Transformer 

Terminal 


Apparent 

Line-Surge 


Station 

Entrance 

(Kilovolts 


Impedance per Micro- 
(Ohms) second) 


...350. 


.....500 
...; .None 

.1,05.0 

....,450 
'..... .None 
.. . . .None 
.....460 
'...., None 
..... . None 


,.. None . 
..350 , 

..300 . 

,.. None . 

. .None . 

• » m • < 
. i None .. 
..None., 
.. None .. 


...472. 
...525. 
...397. 
...300. 
...233. 
...224. 
...428. 
.. .428. 
...330. 


.236.. 

.104.. 
.180.. 
.125.. 
.117.. 
. 112 ... 


.. .212 


...172 
... 92 
...184 
...260 
...240 
...275 
...350 
.. .300 


* Dashes (—) in table indicate no installation of equipment nor measuring devices to obtain records.' 


under the same lightning condition, the 
comparison of counterpoise efficiency 
given above seems justified, as the median 
tower currents of 30,000 for the short 
counterpoise and 22,000 for the long 
single one, and similar maximum cur¬ 
rents are reasonably comparable. 

Tomr-Arm and Arm-Brace Currents 

The question has, been raised 18 re¬ 
garding the magnitude of stray currents 
in the tower such as in braces, arms, 
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Figure 8. Lightning currents in towers and 
radial counterpoises—42 records 


I. Total current in tower including legs and 

braces 

II. Total current in two 40- and two 150-foot 

counterpoises 

III. Total current in two 150-foot counter¬ 

poises 

IV. Total current in- two 40-foot counter¬ 

poises 


hanger bars, and so on. Some data on 
this question are given in Figure 9 where 
maximum currents in tower arms are 
shown as 26,000 amperes and the median 
currents in this structural member from 
2,000 to 3,500 amperes. Detailed analy¬ 
sis of the records shows that most of 
these currents, except possibly the high¬ 
est, are leg currents shunted by the 
bracing members. 

Lightning Voltages at Stations 
Magnitudes 

In an attempt to corrdate li ghtnin g 
effects at stations, surge recorders were 
located on the three phases at three 132- 
kv stations and recorded the station bus 
voltages to ground. Lightning currents 
on the lines and through station lightning 
arresters were also recorded. A summary 
of ten records correlating this information 
is given in Table II. It will be noted 
that the highest station voltage recorded 
was 525 ky, the lowest in this group 224 
kv, and the average value 334 kv. At 
all of these stations, arresters having a 
gap breakdown and IR discharge at 3,000 
amperes of approximately 388 kv and 
346 kv were installed. 

It will be noted that correlation be¬ 
tween recorded bus voltage and arrester 



Figure 9. Lightning currents in tower structural 
members 


I. In arms where line flashover occurred— 

113 records 

II. In arm braces—48 records 

III. In all arms—353 records 

IV. In tower arms without line flashover— 

. 240 records 


characteristics for the current measured 
is rather good, thus indicating, not only 
that the arresters are affording protec¬ 
tion, but also that they are operating 
with their expected performance char¬ 
acteristics. 

In this table are also shown the 
maximum recorded incoming lightning 
currents on the line wires. An attempt, 
however, to use line-surge impedance 
and current, say 3,000 amperes by 400 
ohms, to determine the bus voltage in¬ 
dicates 1,200 kv which requires some 
further study or interpretation to prop¬ 
erly correlate with other records. 

Using the recorded bus voltage and 
line currents in an attempt to determine 
the line-surge impedance, an equivalent 
value is given in the seventh column of 
Table II, ranging from 112 to 236 ohms, 
with an average of approximately 150 
ohms. 

Rates of Voltage Rise 

The wave-slope indicator used at 26 
locations, and coupled to the 132-kv 
telephone and relay capacitors, in five 
different 132-kv stations yielded records 
of some 492 separate voltage occurrences 
from which the rate of rise of voltage 
at the station was determined. The data 
are summarized in Figure 10. The five 
separate curves shown are based on the 
rate of voltage rise determined by the 
individual calibration of magnetic links 
in the first five positions of the wave- 
slope indicator (see Figure 1). 



7. AT OR ABOVE ORDINATE 
Figure 10. Rate of voltage change at stations 

Measured at station' entrance 

I. Pure lightning surges (link 5)—45 records 

II. Determinations from link 4—267 records 

III. Determination from link 3—434 records 

IV. Determinations from link-2—492 records 

V. Determinations from link 1—41 records 
Records from links 1 to 4 inclusive include 

lightning and switching surge voltages 


After the first records were obtained 
from this test setup, it was believed that 
some of the results were affected by 
switching surges. A field check verified 
this point, and it should, therefore, be 
pointed out that links 1, 2, 3, and 4 are 
affected by switching surges so that the 
data presented from link readings 1 to 4 
inclusive are a combination of charac¬ 
teristics of lightning and switching-surge 
voltages. The data from link 5, however, 
appear to be confined solely to lightning- 
voltage surges entering the station and, 
therefore, may be taken as indicative of 
lightning voltages only, coming in from 
the transmission lines. 

It will be noted that the maximum 
rate of rise of pure lightning surges is 
600 kv per microsecond, the minimum 
60 kv per microsecqnd, and the median 
or 50 per cent value approximately 200 
kv per microsecond. While these data 
in Figure 5 were obtained from only 45 
records, it is believed they are the first 
of their kind giving any actually meas¬ 
ured rates of lightning-voltage rise at 
the stations where protective devices are 
used extensively to protect the station 
equipment. It is worth-while in passing 
to note that the recorded rates of light¬ 
ning-voltage rise are somewhat less than 
the generally accepted 1,000 kv per 
microsecond on which some present-day 
test work is often predicated. 

The rates of voltage rise for switching 
surges are considerably lower than for 
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lightning voltages and show a maximum 
of 325 kv per microsecond, a minimum 
of 10 kv, and a median value of approxi¬ 
mately 50 kv. 

V. Discussion of Special Cases 

Having obtained some 4,000 individ ual 
records of lightning currents and volt¬ 
ages, it has been impossible to present 
each one separately and discuss it. For 
this reason, most of the date already 
presented here have been in curve form, 
showing the magnitude and frequency of 
currents which, in many cases, of course, 
have not been simultaneously recorded 
with the other correlated date presented. 
It is, therefore, of interest to discuss a 
few special cases where readings were 
obtained simultaneously in various parts 
of the circuit considered. 

Currents in Counterpoises, Ground 

Rods, and Tower Legs 

In Table III are presented the simul¬ 
taneous readings recorded in counter¬ 
poise, ground-rod, and single-tower leg. 
An attempt has been made to show the 


comparative value of these three ele¬ 
ments in carrying lightning current. The 
resistances recorded were measured with 
the customary d-c ground-measuring in¬ 
strument. (The tower-leg resistance was 
taken as four times the measured ground 
resistance of the four-leg tower.) If 
these three elements are equally effective 
in carrying current, there should be re¬ 
corded in each a current in exact propor¬ 
tion to its conductivity. The last column 
of the table showing the ratio of current 
to conductance shows the deviation from 
this law. It will be noted that the 
counterpoise carries an average current 
74.5 per cent of that expected, and 
deviations from this value in the four 
cases are not great. The ground rod is 
very much more erratic, carrying current 

Figure 11 . Typical record of lightning strokes 
to overhead ground wire on 132-kv Glenlyn- 
Roanoke line showing distribution of light¬ 
ning currents in grounded structure, counter¬ 
poises, and in line conductors 

Note that two strokes have occurred; one to 
the ground wire in mid-span, and one to an 
adjacent tower 


ranging from 15.6 per cent to 180 per cent 
of the value based on conductivity alone. 
This, however, may be accounted for by 
the lower value being recorded in a 10- 
foot rod, and the higher value in a 60-foot 
rod where the earth was not so much af¬ 
fected by the presence of the counterpoise. 

In the case of tower legs, omitting the 
two extreme values of 6.10 and 0.76, 
the general average is approximately 2.25 
times that expected. 

The general conclusion to be drawn 
from these data appears to be that the 
tower leg on account of the large extent 
of its exposure to ground is much more 
effective in carrying lightning current 
than either the ground rod or the counter¬ 
poise. Further, it appears that a counter¬ 
poise of 250-foot length, at least, does not 
carry current in proportion to its con¬ 
ductivity. This is completely in accord 
with past observations and theory, which 
indicate that when the counterpoise 
much exceeds 200 feet or so, its effective¬ 
ness does not increase anywhere near 
in direct proportion to length. 


TUBE 

OPER. 



Tower 66 R 


record 

instrument installed 
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Currents in Towers, Ground Wires, 

Line Wires, and Counterpoises 

A typical case of a severe lightning 
stroke to the overhead ground wire be¬ 
tween towers, and involving a stroke of 
smaller magnitude to an adjacent tower, 
is shown in Figure 11. The lightning- 
stroke current has been determined as 
97,000 amperes from the sum of the two 
ground-wire currents. This is a par¬ 
ticularly interesting stroke as it shows 
currents in the ground-wire on one side 
of the stroke of 69,500 amperes and on 
the other side of 27,700 amperes. As¬ 
suming that the smaller stroke to tower 
69i? occurred after that to 6 8R, the 
69,500 amperes in the ground wire might 
be approximately half the total stroke 
current, indicated above as 97,000 am¬ 
peres, or in other words, the stroke cur¬ 
rent might have been twice 69,500 or 
139,000 amperes. The smaller ground- 
wire current of 27,700 amperes from tower 
69i? may be accounted for by the demag¬ 
netizing effect of ground-wire current 
flowing into the stroke at tower 692?. 
This sequence of events seems to be 
borne out by the reversal of current shown 
in the counterpoise. 

Another interesting point shown by 
this record is the transfer of high current 
between buried counterpoises between 
tower legs. A current of 10,200 amperes 
is shown flowing from one counterpoise 


tower leg to one non-counterpoise leg. 
So far as currents in adjacent towers are 
concerned, these seem to indicate that, in 
this case at least, the stroke current was 
drawn through only the tower structures 
quite local to the point of the stroke. 

This record also shows the current in 
the line wires of some 2,000 to 8,500 
amperes. If this is analyzed on the basis 
of line-surge impedance, extremely high 
voltage on the line conductors are in¬ 
dicated. The fact that protector tube 
operations occurred at the four towers 
further confirms the high voltage occur¬ 
ring at these consecutive towers. As a 
matter of fact, tube operation occurred 
in this case at six consecutive towers. 

Other strokes to the ground wire similar 
to the above have been observed showing 
the same general trend as discussed in the 
typical case given. 

VI. Summary and Conclusions 

Based on the data obtained during the 
past four years in combination with other 
similar data, much of which has already 
been published, the following conclusions 
seem to be warranted: 

1. Lightning-stroke currents rarely ex¬ 
ceed some 160,000 amperes. It is believed 
that the method of adding adjacent tower 
currents (which in the past has indicated 
stroke currents as high as 220,000 am¬ 


peres) to determine the stroke current gives 
results which are probably too high. 

2. A total tower current of 150,000 am¬ 
peres has been indicated as a maximum with 
10 per cent above 80,000 amperes. This 
compares with previous data 9 of 100,000 
amperes and 45.00Q amperes respectively. 

3. The maximum benefits of counter¬ 
poises are obtained with several short ones 
rather than by using the same total length 
in a single counterpoise. 

4. To aid in the transfer of current from 
the counterpoise to tower legs, the bonding 
of tower legs together near the ground line 
(in addition to relying solely on the struc¬ 
tural bracing of the tower) seems advisable 
(see Figure 11). 

5. Currents circulating in the tower mem¬ 
bers such as crossarms, hanger bars, and 
so on, are comparatively small in each 
member and are the result of shunting cur¬ 
rent out of the main tower-leg path. 

6. The current shunted from the tower 
legs by the bracing members in the con¬ 
ventional four-leg tower has been shown to 
average about 50 per cent of the measured 
tower-leg current. (Detailed data not pre¬ 
sented here.) 

7. Based on the measured d-c resistance, 
the counterpoise is less effective in carrying 
current than the normal tower leg in the 
ratio of approximately 1 to 3. The ground 
rod, on the average, carried more than its 
proportionate share of current, with the 
tendency for deep driven rods to be slightly 
more effective than shorter ones. The data, 
however, are too limited for one to draw 
this as a definite conclusion. 

8. The correlation of measured conductor 
currents with probable line-surge impedance 
gives indicated conductor voltages which 
appear highly questionable. This situa¬ 
tion appears not only on the line proper 
but also adjacent to stations. 

9. Currents measured in line conductors 
at stations are of the same general order as 
currents which have previously been re¬ 
ported 12 as measured in lightning arresters, 
thus tending to indicate that protective 
equipment at the station is not subjected to 
high lightning currents unless by direct 
stroke. 

10. In no case has there been an apparent 
direct stroke to any of the five stations in¬ 
volved in this investigation. 

11. The maximum rate of measured volt¬ 
age rise of lightning surges measured at the 
entrance to a station was 600 kv per micro¬ 
second with a median value of 200 kv per 
microsecond. Ten per cent of the records 
showed over 300 kv per microsecond. 
While it might seem that voltages of 1,000 
kv per microsecond are not prevalent, it 
should be pointed out that the records ob¬ 
tained cover only three years of investiga¬ 
tion work, were taken at only five stations, 
and were not measured at the equipment 
terminals within the station. 
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Table III. Division of Lightning Currents Between Counterpoises, Ground Rods, and Tower 

Legs 


» 

Structure 

Tower and 

Leg Length 

Number (Feet) 

Resistance Measured 
(Ohms) Amperes 

Per Cent 
Conduc¬ 
tivity Current 

Ratio of 
Per Cent 
Current 
to Per 
Cent 

Conductivity 

Case 1 








Counterpoise 

) 

[260 .. 

... 15... 

...7,800... 

...82.3... 

...64.5.., 

,...0.78 

Ground rod 

> . • 

60 .. 

... 110 ... 

...2,500... 

...11.4... 

... 20 . 6 ... 

,...1.80 

Tower leg below ground ) i 

f 10 *.. 

... 200 ... 

...1,800... 

... 6.3... 

.:.i5. ... 

...2.37 

Case 2 








Counterpoise 

) 1 

[260 .. 

... w!.. 

...3.300... 

...69.5... 

...51. ... 

...0.73 

Ground rod 

h .. .29-2.■ 

10 . . 

... 100 ..., 

... 200 ... 

... 9.8... 

... 3• . * * 

...0.31 

Tower leg below ground ) 1 

' 10 *.. 

... 48..., 

...3,000. .. 

...20.7... 

...46. ... 

...2.23 

Case 3 








Counterpoise 

) I 

[250 . . 

... 10 ..., 

...5,100. . . 

...61.0... 

...43.5... 

...0.72 

Ground rod 

K..29-3...J. i 

40 .. 

... 25.... 

...8,800. .. 

...26.2... 

...28.3... 

...1.08 

Tower leg below ground) 1 

' 10 *.. 

... 48.... 

...3,800... 

... 12 . 8 ... 

...28.2... 

... 2.20 

Case 4 








Counterpoise 

l 97 9 1 

250 .. 

... 13.... 

..7,100. . . 

...94.1... 

...70.0... 

...0.74 

Tower leg below ground) “ ‘ '*'**( 

. 10 *.. 

... 200 .... 

..3,000... 

... 4.9... 

...30.0... 

... 6.1 

Case 5 








Ground rod 

l 0*7 1 ( 

53 .. 

... 68 ... 

..3,900. . . 

...85.0... 

...68.5... 

...0.82 

Tower leg below ground J * * * . \ 

10 *.., 

... 200 ..;. 

..1,800. .. 

...15.0... 

...31.6..; 

... 2.10 

Case 6 








Ground rod 

l OV-A 1 

60 . . . 

,.. 35_ 

..7,600. . . 

...75.0... 

...81.0... 

...1.09 

Tower leg below ground ).. ’ ( 

10 *.. . 

.. 200 .... 

..1,800. .. 

...25.0... 

...19.0... 

...0.76 

Average 








Counterpoise. 







n ta. 

Ground rod . i An 

Tower leg.. 







... 3 .00 t 


♦Approximate. 12.25 is probably a better average on account of the high 6.1 value in case 4 . 
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Progress in Development of Trolley-Coach 
Overhead Reflected in Higher 
Service Standards 
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Synopsis: The expansion of trolley coach 
operation to include 50 transit systems in the 
United States and Canada has been greatly 
helped by the progress made in the develop¬ 
ment of overhead distribution materials. 
Beginning with the installation of the first 
transit-type trolley coaches in Salt Lake 
City in 1928, the inadequacy and limitations 
of the earlier designs of equipment were 
recognized. Since 1928 it has been neces¬ 
sary to add many new devices and redesign 
many old devices to provide better relia¬ 
bility and permit of greater flexibility of 
operation. The development of trolley- 
coach overhead materials has been concen¬ 
trated mainly on 

1. Current collection 

2. Hangers and insulation 

3. Curve materials 

4. Turnouts and crossovers 

The improved current collection equip¬ 
ment incorporating the carbon-insert shoe 
has been responsible for the reduction of 
wear on fittings and trolley wire. The car¬ 
bon-insert shoe has also been responsible for 
the complete elimination of trolley-wire 
lubrication formerly required for the all- 
metallic shoe collector. 

Improvements in insulated hangers have 
resulted in a more dependable distribution 
system and have been responsible for the 
elimination of considerable secondary insu¬ 
lation formerly inserted in the supporting 
span wire between positive and negative 
trolley wires. 


Paper 42-81, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
winter convention, New York, N. Y., January 
26-30, 1942. Manuscript submitted November 
12, 1941; made available for printing January 6, 
1942. 

L. W. Birch is engineer in the transportation de¬ 
partment, Ohio Brass Company, Mansfield, Ohio, 


The curve segment, available in any de¬ 
gree, is replacing the conventional pull-over 
arrangement on all trolley-coach overhead 
systems. Today the conventional pull-over 
is only installed on curves used jointly by 
both street car and trolley coach. 

Special assemblies for turnouts and cross¬ 
overs are constructed with the same insu¬ 
lating units. These interchangeable units 
have been strengthened both mechanically 
and electrically to meet the severe service 
on heavy lines. Automatic electrical equip¬ 
ment has been developed for all classes of 
turnouts and has practically replaced the 
older types of manually operated devices. 

Today’s trolley-coach overhead is both 
mechanically and electrically stronger than » 
the overhead available a few years ago. In 
combination with the carbon-insert shoe 
there is less fitting and trolley-wire wear, 
less dewirements, and less maintenance cost. 


A VEHICLE propelled by electric en¬ 
ergy collected from a trolley-wire 
system has this advantage—that power 
is always available. It is not necessary 
to refill a tank or tender. Trolley-coach 
operation is of this type and is successful 
because the overhead distribution system 
is capable of delivering continuous power. 

As electrical engineers we are all inter¬ 
ested in electric transportation. The 
trolley-coach overhead distribution sys¬ 
tem is part of a $70,000,000 trolley-coach 
investment which, in turn, is part of the 
mass transportation systems on 50 prop¬ 
erties. These systems represent a total 
investment of $700,000,000. 


Problems of Operation and Design 

Primarily a trolley-coach overhead 
system differs from a street-car distribu¬ 
tion system in that there is no rail return. 
An aerial negative contact wire replaces 
the rail. The support and insulation of 
two aerial contact wires for operation with 
mobile current collectors presented several 
interesting problems. These include: 

1. The current collector, itself. Numerous 
single-pole and two-pole collection equip¬ 
ments have been built and tried on com¬ 
mercial trolley-coach routes. 

2. Building for operating speeds of 30 to 
40 miles per hour. At these speeds the 
trolley coach may be touring to one side 
of the trolley wires. 

3. Selecting a trolley wire and collector that 
would prevent excessive wear. Experience 
with street-car current collection demanded 
that the trolley wire last as long for trolley- 
coach operation as for street-car operation. 

4. Insulating the positive and negative 
trolley wires. At both crossovers and turn¬ 
outs the positive trolley wire crosses the 
negative trolley wire. 

5. Providing a touring range to permit of 
curb loading, also the passing of other ve¬ 
hicles in traffic. The trolley coach should 
tour over, at least, three traffic lanes. 

6. Automatically selecting the proper path 
at a turnout point. This necessitates the 
selection of either turnout or main line at 
the will of the operator, and the selection 
must be made without the operator leaving 
the coach. 

These problems were not solved on the 
first installation. Our present overhead 
system is the result of the development of 
20 years of experience. The pioneer sys¬ 
tems, such as those installed in Staten 
Island, Philadelphia, Baltimore, Toronto, 
Windsor, Rochester, and Petersburg, as 
well as in English cities, were very simple, 
but they were responsible for many im¬ 
portant developments and standards in 
use today. For example, the advantages 
possible with four trolley wires providing 
two-way operation rather than two trolley 
wires providing “single-track” operation, 
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were recognized during the early ’20’s. Since 1928, when Salt Lake City in- 
Furthermore, considerable additional con- stalled the first modern 40-passenger 

ductivity was made available for the transit type of trolley coach, each new 

canying of electric energy. installation of trolley coaches has added 

The selection of 2/0 and 3/0 trolley- some new features to the overheadsys- 
wire sizes was made on the early installs- tern. These new features have dealt 

tions, because the short life of 1/0 and the chiefly with the improvement and de- 

additional supporting structure necessary velopment of new devices, the dimen- 
for 4/0 were recognized as economically sional standards and limitations having 
unsound. As early as 1923 the American remained unchanged. It is an interesting 
Transit Association selected a 24-inch thought that without some of the early 

spacing between positive and negative standards selected for trolley-coach over¬ 
trolley wires and recommended a trolley- head distribution design, we might have 

wire height of 18 feet above the street. had as many different gauges between 

These limitations are standard today. positive and negative trolley wire as the 

After considerable experimentation with railroads had track gauges 75 years ago. 

a single-pole collector, two individual 

poles were finally accepted on the Staten Typical Distribution System 
Island property as the standard. The 

general method of insulating the positive The standard tangent distribution 
from the negative contact wire, the length system consists of a pole structure either 

of insulation, and the location of the wood, concrete, or steel, which supports 

contact wires with respect to the curb four trolley wires with the poles spaced 

line are other features developed 20 years at approximately 100-foot intervals. The 

ago which have helped to secure a well- trolley wires are attached to insulated 

standardized overhead design. hangers and clamps, and, in addition to 

the insulation placed in the supporting 
hangers, a secondary insulation, either 
porcelain or wood, is inserted in the span 
wire near the pole. The center line of 
one pair of trolley wires is usually located 
13 feet from the curb line thus permitting 
the trolley coach to load at the curb and 
to tour around double-parked vehicles. 

Figure 1. Early single-pole current collector equipped 
with trolley wheels, 1921 

Figure 2. Early two-pole collection equipment, 
Windsor, Ont., 1922 

Figure 3. Standard tangent construction consists 
of a pole structure, either wood, concrete, or steel, 
that supports four trolley wires with poles spaced 
at approximately 100-foot intervals 


Development of Collection 
Equipment 

Early collection equipment included a 
free-swiveling trolley base mounted on 
top of the coach, a long trolley pole, and a 
free-swiveling wheel harp for operation 
under the trolley wire. The trolley base 
was similar to that installed on street cars, 
the trolley pole was a lightweight alloy 
steel pole insulated from the trolley harp, 
and the harp itself was a wheel collector 
similar to an ordinary caster. With this 
combination the trolley coach could tour 
on either side of a pair of trolley wires, the 
limitation to the touring range being 
chiefly the length of the poles. This early 
assembly of equipment is similar to that 
employed today except that the wheel 
collector has been replaced with a shoe 
collector. Owing to the point bearing of 
the trolley wheel and to the swiveling ac¬ 
tion of the device, the wheel collector was 
subject to many dewirements when pass¬ 
ing through frogs and crossovers, and 
milling action of the spinning wheel on 
the trolley wire, particularly with the 



Figure 4. Early collection equipment in¬ 
cluded a free-swiveling harp equipped with a 
four-inch trolley wheel 

The harp was insulated from the steel trolley 
pole 



Figure 5. Higher trolley-coach speeds were 
responsible for the development of the col¬ 
lector shoe 

This shoe is all-metallic. The harp is insulated 
from the trolley pole 
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Figure 6. Grooves 
wore in the early 
forged-steel and mal¬ 
leable-iron collector 
shoes 

These grooves were 
injurious to over¬ 
head equipment and 
trolley wire 



trolley coach touring off-center, was quite 
injurious. These facts were responsible 
for the development of the shoe. 

With the installation of the larger fleets 
of trolley coaches and the use of higher 
accelerations and higher speeds, the wheel 
collector was abandoned in favor of a shoe 
collector. The history of the develop¬ 
ment of the shoe collector is interesting. 
The first shoe collectors were all-metallic, 
either malleable iron or forged steel. The 
wearing of a groove in these collectors 
produced a cutting edge that was injuri¬ 
ous to trolley wire, particularly round 
trolley wire that was supported with a 
trolley ear encircling the wire. Soft-nosed 
or bronze-tipped shoes diminished this 
cutting action but did not prove entirely 
satisfactory. All of these metallic shoes 
required lubrication of the contact wires 
for the prevention of excessive wear to 
wire and fittings. Usually a graphite 
lubricant was applied with special roller- 
type lubricator attached to trolley poles 
mounted on a line truck or a service truck. 



Figure 8. This shoe collector widely used in 
the United States and England is equipped 
with a bronze holder in which is clamped a 
carbon insert 

Only the carbon insert contacts the trolley 
wire 


Figure 7. A lubrication truck equipped with 
two trolley poles and roller type of lubricator 
for spreading graphite lubricant on the trolley 
wires 

This lubricant was necessary with an all- 
metallic shoe 

Five years ago a collection shoe consist¬ 
ing of a solid piece of carbon permanently 
embedded in a bronze shoe was installed 
on a complete system. This was a real 
step in the right direction, but trolley- 
wire lubrication was still necessary since 
the bronze of the shoe continued to rub 
the wire. The final step was the develop¬ 
ment of a collecting shoe consisting of a 
bronze holder in which is clamped a car¬ 
bon insert that collects electric energy 
from the trolley wires and operates in a 
manner similar to a carbon brush on a 
commutator. This small carbon insert is 
replaced when it is worn to the allowable 
limit. Lubrication of trolley wire has 
been completely eliminated since the car¬ 
bon insert lubricates and burnishes the 
trolley wire. 

Effect of Shoes on 
Trolley-Wire Life 

When the metallic shoe was first intro¬ 
duced for collection purposes, dewirements 
diminished, there was less arcing, and 
collector noise disappeared, but, on the 



Figure 9 (left). Carbon insert installed in 
bronze holder 


Figure 10 (right). Pregrooved carbon insert 



Figure It. A molded-insulation hanger with 
adjustable feature for alignment on sloping 
span wires 


other hand, the cutting effect of the 
groove worn in the metallic shoe, and the 
wear on trolley wire and fittings was 
greatly increased. 

This wear was controlled by the sub¬ 
stitution of grooved trolley wire for round 
trolley wire. All fittings were attached 
to the upper lobe of the grooved trolley 
wire, the lower lobe being free of attach¬ 
ments, thus presenting a smooth under- 
run to the collector. At this time it was 
estimated that the life of a 2/0 grooved 
trolley wire would be 500,000 bus passes. 
Actual experience showed figures as low as 
300,000 bus passes. At the present time 
the combination of a carbon-insert shoe 
operating on grooved trolley wire has in¬ 
creased 2/0 grooved-trolley-wire life to 
figures varying from two million to seven 
million bus passes. This is equivalent to 
saying that 2/0 grooved trolley wire 
might last on the average line from 20 to 
70 years. Most installations today are 
being equipped with 2/0 wire. The 3/0 
wire is selected only where conductivity 



Figure 12. The wood-stick hanger provides a 
longer leakage path than is possible with most 
of the hangers equipped with molded insula¬ 
tion 
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Figure 14. The segment is the equivalent of a 
large pull-over; however many 90-degree 
curves are built with either two 45-degree 
segments or three 30-degree segments 


Figure 13. The usual conventional curve de¬ 
signed for street-railway work requires the 
frequent installation of pull-overs in order to 
align the trolley wire with the curvature of the 
track 


demands. Bronze trolley wire, because 
of its greater life and ability to hold suffi¬ 
cient tension, so necessary for good opera¬ 
tion, is almost universally used. 

Trolley-Coach Hanger 

A trolley-coach hanger or insulator used 
for supporting the trolley wires has been 
developed for this class of two-wire sus¬ 
pension. The hanger carries sufficient in¬ 
sulation in itself to eliminate further sec¬ 
ondary insulation, with the exception of 
that-placed in the span wires near the 
poles. However, in some instances a 
secondary insulator, usually a wood 
stick, is placed between the positive and 
negative hangers in the supporting span. 
Insulation in the hanger is usually a 
molded insulation of high dielectric and 
has sufficient resistivity to heat, moisture, 
and mechanical injury to permit of long 
life. Recently several installations have 
been made with a wood-stick hanger. 
This type of hanger provides a longer 
leakage path than is possible with the 
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Figure 15. Segments can be used for trolley- 
coach overhead since the collection equip¬ 
ment permits of touring either side of the trolley 
wires 

Figure 16. Long radius segments do not re¬ 
strict speeds 

Figure 17. Recent feeder span installations 
make use of the copper feed span for sup¬ 
porting the trolley wires 

Figure 18. A typical crossover showing a 
location of insulating units in one line; the 
other line is not insulated 


molded insulation hanger. Hangers are 
built with adjustability in order to prop¬ 
erly align the trolley clamps to prevent 
interference with the collecting shoes. 

Curve Segment 

The usual conventional curve designed 
for street-railway work requires the fre¬ 
quent installation of pull-overs in order 
to align the trolley wire of the street car 
with the curvature of the track. This 


is necessary because of the type of rigid 
collection equipment normally used on 
street cars. In the case of the trolley 
coach, it is not necessary that the vehicle 
follow beneath the line of trolley wires 
since the swiveling action of both the 
trolley base and the harp permit off-center 
touring. With this equipment it is not 
imperative that a trolley wire follow any 
particular curve except that it must be 
within reach of the collection equipment. 

The conventional curve employing nu¬ 
merous pull-overs has been almost en¬ 
tirely replaced by segment construction 
where the trolley coach does not operate 
jointly beneath the same trolley wire as 
the street car. The segment is a large 
pull-over built to provide an easy means 
of aligning trolley wires over the path 
of the coach and, at the same time, to 
eliminate many fittings and cables for¬ 
merly used on the conventional street- 
railway curve. The segment is built with 
a comparatively large radius and, of 
course, connects the several chords on 
the curve. An adjustable feature reduces 
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the total number of segments for a given 
job to a few. This device does not re¬ 
strict speeds on curves, inasmuch as it 
has been designed to handle the maximum 
speeds possible for the various curves. 
It has been responsible for the elimination 
of some unsightly pull-over wires and has 
contributed to considerably less labor 
cost during installation. 

Feeder Span 

The frequency of feeder spans for 
tapping either positive or negative con¬ 
tact wires to aerial feeders is dependent 
upon electrical loads, cost of annealed 
trolley wire occasioned by a trolley wire 
break and the total cost of feed span 
installation. As a general rule feed sp ans 
for the same polarity are located at 800- 
foot intervals. This means one negative 
feed span and one positive feed span in an 
800-foot section. Since tapping of the 
positive trolley wire requires good insula¬ 
tion in the feed span because of the close¬ 
ness of the negative contact wires, special 
equipment has been designed for making 
these taps. The most recent arrange¬ 
ment uses the copper feed span as a sup¬ 
porting span, direct taps being taken from 
the span to the trolley ear as illustrated 
in Figure 17. 

Special Work for Intersections 

At locations where one trolley-coach 
system crosses another trolley-coach 
system, or where a trolley-coach system 
crosses a street-car line, insulated cross¬ 
overs must be installed. At locations 
where one trolley-coach line leaves an¬ 
other trolley-coach line, or where a street¬ 
car line leaves a trolley-coach line, spe¬ 
cial turnout equipment is required. In 
all cases the special equipment includes 
devices to which a trolley wire is attached. 
These devices may be for the purpose of 
crossing two lines or for the purpose of 
taking one line off another line. In any 
event, the design of these devices has 
been made so that the cross section of the 
runner pieces, metallic or insulated, is 
approximately equivalent to that of the 
trolley wire. This uniform cross section 
of trolley wire and fittings reduces bump¬ 
ing and scrubbing and consequent arcing 
by the collector and also prevents consid¬ 
erable damage and wear. To the trolley- 



coach rider, it is important, because it is 
responsible for very quiet collection opera¬ 
tion. Even the trolley-wire splicer is at¬ 
tached to the upper lobe of the trolley 
wire itself, in such a manner that there is 
no obstruction to the passage of the col¬ 
lector. 

There are many types of crossovers 
and turnouts, most of which are con¬ 
structed with standard parts. For in¬ 
stance, in Figures 18 and 20, similar 
crossover pans have been used, and the 
same insulation unit occurs repeatedly. 
The tips for connecting the trolley wire 
to the devices are the same for the same 
size of wire. In the case of the turnout, 
the standard arrangement shown in 
Figure 19 is equivalent to that used on 
all turnouts, the frog pan itself being the 
only piece that is selected for some par¬ 
ticular type of operation. In these illus¬ 
trations the standard insulating unit, 
standard tips, and crossover pan may be 
seen. Of course it is understood that the 
degree of turnout may vary the degree of 
the crossover pan in either a crossover 
assembly or turnout assembly. 

Insulating Unit for Turnouts and 
Crossovers 

The insulating unit used in all crossover 
and turnout assemblies must withstand 
the ultimate mechanical loads of the 
largest sizes of bronze trolley wire. It 
must provide adequate insulation during 
the passage of a collection shoe from posi- 


Figure 19. Typical turnout arrangement where 
one trolley-coach line joins another trolley- 
coach line 


Figure 20. An electrically operated hog 
installed immediately ahead of a segment 

* tive to negative wires and must with¬ 
stand the repeated arcing caused by the 
breaking of electrical loads. Structur¬ 
ally, this unit consists of two phenolic 
tubes, a tension member, and a compres¬ 
sion member. The compression member 
is constructed of insulation only, while 
the tension member is reinforced with a 
steel core, properly insulated at the ends, 
that enables the assembled unit to with¬ 
stand all mechanical loads transmitted 
by overhead trolley wires. The unit pro¬ 
vides 12 inches of clear insulation be¬ 
tween metallic sections, this distance be¬ 
ing adequate to prevent the “carry-over” 
of the 600-volt arcs. 

Types of Turnouts 

Again looking at the standard turnout, 
a set of ordinary cast trailing frog pans 
will permit a trolley coach to “trail 
through” this arrangement from either 
the main line or the turnout, no additional 
guiding of the swiveling shoe being neces¬ 
sary. If the direction of operation is re¬ 
versed, it can be readily seen that further 
guidance of the shoe is imperative, other¬ 
wise the shoe may either enter the 
straight line or the turnout path. Where 
the trolley coach enters a frog assembly 
of this type, the shoe must be guided. 

One type of turnout where the shoe is 
guided to one path only, is equipped with 
a spring frog similar to a spring track 
switch. If the frog is set for the turnout 
at all times, the shoe will enter and take 

. the turnout at all times. With the spring 



Fiber insulation formerly used 
between positive and nega¬ 
tive wires is shown in this view. 
Fiber has now been replaced 
with a phenolic insulation 


arrangement it is possible to trail from 
either the main line or the turnout, the 
same as a rail car trails through the spring 
track switch. 

The movable runner of this frog, as well 
as all electrically operated frogs, is of the 
“double-tongue” type. A shoe collector 
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This frog is operated by the two 
collectors touching the con¬ 
tactors at the same time. In 
this view one collector is lo¬ 
cated ahead of the other; 
therefore, the two contactors 
could only be simultaneously 
touched when a trolley coach 
is turning into a side street. 
When the trolley coach is 
taking a turnout, one collector 
will lead the other collector 


Figure 21. Location of contactors on trolley wires in front of Selectric frog 


passing through the frog, either over the 
turnout or. over the main line, will travel 
over one of the runners. Smooth opera¬ 
tion of the shoe is accomplished in this 
way. 

There are numerous locations where one 
trolley-coach line branches away from 
ahother line. At these locations it is 
necessary for the operator to select 
either the main line route or the turnout 
route. At these locations electrically 
operated frogs are usually installed, al¬ 
though in some minor cases, frogs op¬ 
erated with pull ropes have been used. 

The electrically operated frog is of two 
types, the “power-on—power-off” and 
the Selectric type. In the former type 
the path at the point of turnout is selected 
by the operator of the coach by either 
coasting through the device (power-off) 
or by taking power (power-on) to actuate 
the solenoid-operated frog. In this as¬ 
sembly the frog pan is insulated from the 
trolley wire. It is, however, electrically 
connected to the. trolley wire through a 
solenoid which operates the frog runners. 
If a coach passes through this section 
with the “power off," the runner remains 
in the main-line position. If, however, 
the coach passes through this section with 
the “power on,” current passing through 
the solenoid actuates the frog runner and 
sets it to the turnout position. Many 
modifications of this type of frog are in 
use; however in principle they are s imilar 
to this one. 

The other type of electric frog depends 
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upon the angularity of the trolley-coach 
body with the trolley-coach wires. The 
electrically operated frog used with this 
combination is also equipped with only 
• one solenoid; however, it is also equipped 
with a mechanical reset. The solenoid 
actuates the frog runner, and after a col¬ 
lector passes through the frog, it strikes 
a trigger and resets the frog to its original 
position. 

Two contactors, one on each trolley 
wire, are located ahead of the frog. If 
the two contactors are placed abreast, and 
a trolley coach is continuing over the 
main line, the collector shoes will be 
abreast and will strike the two contactors 
simultaneously. Since these contactors 
are a part of a circuit to the coil, the frog 
runner is actuated as the shoes pass be¬ 
neath them. After the collection shoe 
has passed through the frog, it strikes a 
mechanical resetting device and throws 
the frog runner back to its initial position, 
which in this case would be for the turn¬ 
out. If the coach is to take the turnout, 
one trolley shoe will lead the other; 
therefore the shoes cannot strike the two 
contactors simultaneously and complete 
a circuit to the solenoid. If the trolley 
coach is taking a turnout there will be no 
movement of the frog runner, and since 
the reset position of the runner is for the 
turnout, the action is positive. 

Other variations of this type of electric 
frog are in use, the variations being due 
chiefly to the locations of contactors. 
In addition to these variations, frequent 
installations of one half of an electric 
frog are used where a street-car line either 
enters or leaves the trolley-coach over¬ 
head system. 

At the present time, an intersection as¬ 
sembly, turnout or crossover, is ordered 


and shipped as a unit. Previously, the 
transportation company selected and 
erected a multitude of small devices, but 
the confusion caused by this procedure 
resulted in an effort by all manufacturers 
to simplify the selection of the proper 
assemblies for an installation. Unit as¬ 
semblies are easily identified. 

Research an Important Factor 

The design and development of trolley- 
coach overhead required many laboratory 
and field tests of materials and assemblies. 
Impregnated wood beams were first used 
in crossover assemblies to furnish both 
mechanical strength and insulation be¬ 
tween positive and negative wires. Par¬ 
tially because of bulkiness and weight, 
but chiefly because of occasional me¬ 
chanical failures, the wood beam was re¬ 
placed with a fiber beam. Fiber fur¬ 
nished sufficient insulation for the 600- 
volt system and provided ample strength, 
but fiber has one inherent feature that was 
responsible for the discontinuance of its 
use. Fiber beams warp. As a conse¬ 
quence, a straight, smooth underrun was 
difficult to secure. Variations in mois¬ 
ture even produced warping in stock bins 
before the devices were shipped. The 
present tubular, phenolic members of an 
insulating unit do not warp, have good 
mechanical strength, and furnish excel¬ 
lent insulating qualities over a period of 
years. Many service tests were neces¬ 
sary during the development of this in¬ 
sulation. 

Life tests on the insulation included re¬ 
peated collector passages over the runners 
to determine the deteriorating effect of 
the arc. An insulating unit is tested with 
a shoe passing under it at speeds corre¬ 
sponding to the speeds of trolley-coach 
operation in the street. The life of the 
unit is determined for various values of 
current at 600 volts. These tests are re¬ 
sponsible for the selection of the general 
design as well as the selection of materials 
that will withstand constant arcing. It 
is to be remembered that the auxiliary 
load of a trolley coach for lights, heaters, 
and compressor will reach 70 amperes, 
and this load must be broken at an insu¬ 
lator even when the traction load is cut 
off. 

The development of the current collec¬ 
tion equipment has continued for many 
years. The first carbon inserts used in 
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Figure 22. Wiring diagram of a “power-on- 
power-off" electric frog 


Figure 23. Cut section of the 
phenolic insulating unit used in 
crossover and* frog assemblies 



190 Transactions Birch—Development of Trolley-Coach Overhead 


Electrical Engineering 





the present shoe wore out in less than 10 
miles, the next carbon inserts in less than 
30 miles, and the inserts finally accepted 
and offered for general use would not 
last more than 500 miles. The average 
mileage today for summer and winter, 
dry weather and wet weather, is consid¬ 
erably over 1,000 miles, and it required 
four years to secure this mileage. Be¬ 
cause of the research conducted by the 
London Passenger Transport, the present 
development of the carbon-insert collec¬ 
tor was no doubt hastened. Similar 
experiments were carried out in London 
and in this country. The exchange of 
data was very helpful in expediting the 
production of a satisfactory collector. 

The usual problems with lightning and 
radio interference were encountered, and 
satisfactory modifications and improve¬ 
ments were developed to provide the de¬ 
gree of reliability demanded for city 
transportation service. Today, radio 
complaints are few and there is no record 
of damage to the traction motors due to 
lightning. 

Reduction in Weight 

The weight of the overhead system has 
always been a problem. A one-pound 
weight in the overhead system produces 
from five to eight pounds side load on the 
supporting structure, either pole or build¬ 
ing. The reduction of weight in the over¬ 
head system reduces the side loads on 
the structures and, as a consequence, the 
cost of the system. Substituting 2/0 
grooved trolley wire for 3/0 grooved 
trolley wire has reduced the weight 20 
per cent. The weight of overhead fittings 
has been reduced 35 per cent since 1934. 
This weight reduction has permitted the 
use of many street-car poles that formerly 
supported two trolley wires. Now they 
support four trolley wires. 

The Picture of Trolley-Coach 
Operation Today 

In addition to the study and develop¬ 
ment of fittings for overhead design, each 
new trolley-coach installation has re¬ 
quired a field study, a study of the appli¬ 
cation of the materials. Today, trolley 
coaches are operating in every climate, 
almost in every country. They operate 
at speeds up to 45 miles per hour, accel¬ 
erate at four miles per hour per second, 
collect currents as high as 400 amperes, 
climb 13 per cent grades, run through 
subways, through congested streets, and 
over country highways. They do this 
quietly, swiftly, efficiently, under the over¬ 
head distribution system just described. 
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Synopsis: Results are given of an investiga¬ 
tion of the electric strength of nitrogen, of 
dichlorodifluoromethane (Freon F-12), and 
of mixtures of these gases. Sparking volt¬ 
ages are presented as measured between 
spherical electrodes of brass and aluminum 
and between pointed electrodes of brass, at 
various spadngs, and in gas at pressures 
ranging from one to several atmospheres. 
All measurements are for 60-cycle applied 
voltage. Dichlorodifluoromethane is found 
to withstand much higher voltages than 
either air or nitrogen; this advantage is 
more marked between points than between 
spheres, which suggests its use in certain 
types of insulation applications. A small 
percentage of dichlorodifluoromethane gas 
in nitrogen produces an anomalously large 
rise in the electric strength of the gas, indi¬ 
cating practical advantages of such mix¬ 
tures. 

P REVIOUS studies of the electric 
strength of air under pressure have 
been reported by the authors. 1 * 2 The pres¬ 
ent paper presents data from a continua¬ 
tion of this work for the primary purpose 
of studying the electric strength of the gas 
dichlorodifluoromethane, CCI 2 F 2 , com¬ 
monly known as Freon F-12. This gas is 
readily available as a refrigerant and is 
known to have unusually high electric 
strength. It was studied both alone and 
mixed with nitrogen, and to complete the 
series of tests the electric strength of nitro¬ 
gen was also determined. 

Paper 42-33, recommended by the AIBB committee 
on basic sciences for presentation at the AIBB 
winter convention, New York, N. Y., January 
26-30, 1942. Manuscript submitted November 17, 
1941; made available for printing December 9, 
1941. 

H. H. Skilling is associate professor of electrical 
engineering at Stanford University, Stanford 
University, Calif. W. C. Brbnnbr, formerly a 
graduate student in electrical engineering at Stan¬ 
ford University, is with Westinghouse Electric 
and Manufacturing Company, Bast Pittsburgh, Pa. 

The work reported in this paper was done under 
the auspices of the International Telephone and 
Telegraph Company. . The authors are indebted to 
the company for permission to publish the results 
of the investigation. 
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Freon was obtained in liquid form, in a 
pressure cylinder, and gas from the upper 
part of the cylinder was released into the 
test chamber as desired. Nitrogen gas of 
commercial purity was used; it is guaran¬ 
teed 95 per cent pure but is believed to be 
purer than the guaranteed value. It is 
supplied under pressure, and was released 
into the test chamber when needed. No 
purification of either gas was attempted, 
for it was believed that results obtained 
with gas of commercial purity would be 
more significant from an engineering 
point of view than results obtained with 
chemically pure gases. In the present in¬ 
vestigation no irregularities or incon¬ 
sistencies of data could be traced to the 
presence of impurities in the gases sup¬ 
plied. 

The apparatus used is described and pic¬ 
tured in a previous publication. 2 The 
methods of measurement and technique 
employed in the study of Freon were the 
same as in the previous work with air, ex¬ 
cept as the use of mixed gases required 
special methods. 

In order to obtain mixtures of gases of 
known composition for test purposes, it 
was necessary to evacuate the test cham¬ 
ber before admitting the gas or gases in 
which the test was to be performed. Pres¬ 
sure within the chamber was reduced by 
means of a vacuum pump to a value esti¬ 
mated at one millimeter of mercury before 
admitting nitrogen or Freon. By this 
means practically all of the residual gases 
were removed. This was particularly 
necessary for the purpose of removing all 
traces of Freon gas before testing in an 
atmosphere supposed to contain no Freon. 
The presence of an extremely small 
amount of Freon in nitrogen or air was 
found to be important in determining di¬ 
electric strength, sometimes increasing the 
sparking voltage by fifty per cent or more, 


There are 3,300 trolley coaches now 
operating in the United States and 
Canada, 95 per cent of which have been 
installed within the last 10 years. These 
coaches, operating over 1,100 miles of 
route, totaled 100 million coach miles 
during 1940, and each coach averaged 


over 1,000 miles for each trolley-pole de- 
wirement. 

This is equivalent to saying the trolley 
coach can run at least five days without 
a dewirement, a performance that is a 
measure of the reliability of modem 
trolley-coach overhead. 
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although the amount of Freon could 
hardly have been more than a fraction of a 
per cent. The sparking voltage in such 
cases was highly erratic and undependable. 
Similar results were obtained when a trace 
of carbon tetrachloride was present in the 
test chamber. 

After a series of tests with Freon, it was 
found best for the test chamber to be 
evacuated and left for several hours or 
days. Nitrogen was then admitted to the 
chamber, and it was again evacuated. 
This process removed all indication of the 
presence of Freon in subsequent tests. 
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GAUGE PRESSURE 
POUNDS PER SQUARE INCH 

Figure 1. Comparison of sparking voltages in 
air and nitrogen 

Spherical electrodes 
Length of spark gap: 0.050 inch 
O Experimental points in air 
• Experimental points in nitrogen 

In order to obtain satisfactory mixing 
of gases when Freon and nitrogen were 
used together, it was found necessary to 
stir the gases with an electric fan placed 
within the test chamber. Natural mixing 
by diffusion did not take place in the 
course of several hours. When the fan was 
not used, the heavier Freon went to the 
bottom of the test chamber and remained 
partially unmixed with the nitrogen. Re¬ 
sults without use of the fan were incon¬ 
sistent and meaningless. Less than five 
minutes of operation of the fan was ade¬ 
quate to give thorough mixture of the 
gases, and results obtained with its use 
were consistent and could be repeated 
from day to day. 

For test of sparking between spherical 
electrodes in gas mixtures containing 
Freon, aluminum electrodes were used in 
most cases. Aluminum was used because 
of its greater resistance to corrosive action 
under such circumstances. Brass was less 
resistant than aluminum, and steel was 
less resistant than brass. It is presum¬ 


ably not Freon itself that is harmful to the 
metal electrodes, for it is reported—in 
publications relating to its chemical prop¬ 
erties—to be noncorrosive, and it is used 
satisfactorily for refrigeration. Electric 
discharge in'Freon, however, is reported to 
produce chlorine and other corrosive prod¬ 
ucts of decomposition. It is apparent 
from the present investigation that the 
products of electrical discharge in Freon 
are distinctly corrosive. Moreover, prod¬ 
ucts of electric discharge in a mixture of 
Freon and air are very considerably more 
corrosive than those that result from 
Freon alone or in mixtures of Freon and 
nitrogen. Corrosion of electrodes in mix¬ 
tures of Freon and nitrogen was about as 
severe as in pure Freon, and very much 
less than in mixtures of Freon and air. 

Sparking in nitrogen was remarkably 
free from corrosion of any kind, and hun¬ 
dreds of sparks would barely tarnish the 
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Figure 2. Sparking voltages in Freon 


Spherical electrodes 

Gauge pressure in pounds per square inch 
as noted on curves 

polished surface of either brass or alu¬ 
minum spheres. Pointed brass electrodes 
lost none of their original sharpness after 
forty or fifty sparks in nitrogen, whereas 
they were ribticeably rounded and meas¬ 
urably shortened in length by similar 
sparking in either air or Freon. 

Results in Nitrogen 

In general, sparking voltages between 
spheres in nitrogen are the same as be¬ 
tween spheres in air. This conclusion was 
checked carefully with an 0.050-inch gap 
at pressures from 1 to 21 atmospheres; 
sparking voltages in nitrogen could not be 
distinguished from those in air (see Figure 
1 ). 

A careful study of sparking between 
spheres at various spadngs and pressures 
had been made in air, 2 and because of the 
similarity of results this was not repeated 
in nitrogen. 


Despite the general agreement observed 
between sparking between spheres in air 
and in nitrogen, there were certain differ¬ 
ences in detail. It has been mentioned 1 * 2 
that in air there was a tendency for the 
sparking voltage to rise slightly as a num¬ 
ber of measurements were made in rapid 
succession. No such result was noticed 
in nitrogen. It has also been mentioned 
that a spark would usually result in air 
if voltage was held for a period of several 
minutes at a value as much as five to 
seven per cent below the usual sparking 
value. This effect did not appear in 
nitrogen. The sparking values given in 
this report for nitrogen are average values. 
Most of the individual sparking values for 
pure nitrogen lie within one per cent of 
the average value, the most extreme varia¬ 
tions being about five per cent. 

It should be emphasized that a slight 
trace of Freon in the nitrogen would cause 
very erratic results, but that clean nitro¬ 
gen was quite consistent. 

Results in Freon 

Sparking in Freon was investigated at 
pressures of from one atmosphere to about 
six atmospheres, with gaps varying from 
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Figure 3. Sparking voltages in Freon 

Spherical electrodes 

Points are experimental/ line is computed 
from V'=183P5-|-4.0 kilovolts 
P, absolute pressure in atmospheres 
S, spark-gap length in inches 

10 mils to 250 mils (0.010 to 0.250 inch) 
between both brass and aluminum spheres. 
Sparking between points was also studied 
(see following). The highest pressure pos¬ 
sible at room temperature was about six 
atmospheres, at which pressure the gas is 
in equilibrium with liquid Freon. (The 
vapor pressure of Freon at 70 degrees 
Fahrenheit is 84.82 pounds per square inch 
absolute, 70.12 pounds per square inch 
gauge 6 ). 

Freon was found to have a sparking 
voltage between spheres that was, for all 
pressures investigated, between 2 and 2 Vs 
times as great as the sparking voltage in 
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nitrogen or air at the same spacing and 
pressure (see Figure 2). 

The nature of the spark in Freon was 
not noticeably different from the sparks 
observed in air and nitrogen, except in 
color. Sparks in Freon are intensely blue, 
in nitrogen they are purple, and in air 
white or slightly yellow. The intensity of 
sparks in the different gases, however, 
•appears to be much the same when due 
allowance is made for the amount of cur¬ 
rent flowing. 

Values of sparking voltage obtained in 
Freon were fairly consistent, although a 
variation of two or three per cent from 
the average value was not uncommon. 
Variations of as much as ten per cent were 
occasionally encountered, usually below 
the average sparking voltage rather than 
above. No “trends” of voltage values, as 
found in air, 2 were discovered in Freon, 
and there were no sparks at voltages radi¬ 
cally different from the average value. 

In general, sparking voltage between 
spheres in Freon was found to be propor¬ 
tional to the length of gap, and propor¬ 
tional to the pressure of the Freon gas. 
To be more precise, the voltage-spacing 
and voltage-pressure relations were found 
to be linear, but not Exactly proportional, 
taking the same form as Paschen’s law for 
sparking in air. 

The breakdown voltage of Freon as de¬ 
termined in the present investigation can 
be expressed by the formula 

F-I83P5+4.0' 

where V is sparking voltage in kilovolts, 
P is pressure in atmospheres, and S is 





Figure 4. Sparking voltages in mixtures of 
Freon and nitrogen 

Spherical electrodes 

Length of spark gap: 0.050 inch 

Per cent of Freon by volume as noted pn curves 


spacing iri inches. It will be seen that this 
equation gives voltage values for sparking 
in Freon between 2.4 and 2.5 times the 
values given by Paschen’s law for air. 2 

The preceding formula appears to be 
reasonably accurate over the range of 
conditions of test. The values of sparking 
voltage obtained by experiment, each an 
average of five to ten individual voltage 
readings, are all within ten per cent of the 
value given by the formula. The experi¬ 
mental range of pressure was from one to 
five atmospheres, and the range of spark 
length was from 10 to 350 mils, giving a 
range of the product PS from 0.05 to 0.35 
(atmosphere-inch). This is shown in 
Figure 3. This formula was derived from 
the authors’ results alone. However, it 
was found to give good agreement with 
the sparking voltages measured between 
flat electrodes in Freon by Trump, Saf- 
ford, and Cloud (see Figures 3 and 4 of 
reference 9), for pressures up to about four 
atmospheres (60 pounds per square inch 
absolute). As the vapor-pressure of Freon 
is approached (six atmospheres at room 
temperature) the experimental sparking 
voltages are lower than would be expected 
from the formula. Agreement with the 
work of Trump, Safford, and Cloud ap¬ 
pears to extend the range of applicability 
of the formula to direct voltage as well as 
alternating, to gap lengths as great as 0.7- 
inch, and to values of the product PS as 
great as 2.0 (atmosphere-inches). 

Results in Freon-Nitrogen Mixtures 

The electric strength of mixtures of 
Freon and nitrogen gas was measured 


under a variety of conditions to determine 
the effect of 

(а) Dilution of Freon by nitrogen. 

(б) Change of pressure. 

(c) Change of spark-gap length. 

Results, which will be discussed below, 
were intermediate between those obtained 
in pure Freon and those obtained in pure 
nitrogen. This was the outcome that 
was to be anticipated. One very interest¬ 
ing relation, however, was discovered. It 
was found that a very small amount of 
Freon in nitrogen has a disproportionately 
large effect in raising the electric strength; 
this is discussed below. 

Considerable difficulty was at first ex¬ 
perienced in work with mixed gases, and 
results could not be repeated from time to 
time until an electric fan was used to in¬ 
sure thorough mixing of the gases within 
the test chamber. When the fan was used, 
however, the difficulty was entirely over¬ 
come, and sparking voltages were there¬ 
after obtained with about the same degree 
of consistency as in pure Freon: that is, 
individual readings of sparking voltage 
commonly varied two or three per cent 
above and below the average for a given 
condition, while a variation of as much as 
ten per cent was very unusual. 

Mixtures of Freon and nitrogen that 
were given most attention contained 67 
per cent Freon, 50 per cent Freon, 33 per 
cent Freon, 25 per cent Freon, and 5 per 
cent Freon by volume. Most of the work 
was done with a spark-gap length of 50 
mils (see Figure 4). To give assurance 
that the normal relation between the 
sparking voltage and gap length exists in 



Figure 5. Sparking voltages In « mixture of 
50 per cent Freon and 50 per cent nitrogen 

Spherical electrodes 

Pressure seven atmospheres (90 pounds per 
square inch gauge) 
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Figure 6. Sparking voltages in mixtures of 
Freon and nitrogen 

Spherical electrodes 
Length of spark gap: 0.050 inch 
Pressure in atmospheres as noted on curves 
Points are experimental; lines are computed 
from V=(88P5+1.9) (1+1.080 kv 
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mixed gases, the gap length was varied 
from 10 to 75 mils in a mixture of 50 per 
cent Freon and 50 per cent nitrogen with 
the results shown in Figure 5. As with 
pure gases, the voltage-distance relation is 
linear, and experimental data for this mix¬ 
ture of 50 per cent Freon and 50 per cent 
nitrogen can be represented by the for¬ 
mula 

V =132PS+2.5 kv 

(All experimental points lie within 10 per 
cent of this expression.) 

This suggests the possibility of finding a 
simple equation to represent data for all 
Freon-nitrogen mixtures at all pressures 
and spacings. For this purpose the data 
of Figures 4 and 5 were replotted as 
Figure 6. In this form it is evident that 
the relation between the amount of Freon 
present and the sparking voltage is linear 
when the concentration of Freon is 
greater than five per cent. When the con¬ 
centration of Freon is less than five per 
cent a small amount of Freon produces a 
disproportionately large increase in the 
sparking voltage, as shown in detail in 
Figure 6 at a pressure of three atmos¬ 
pheres. The linear relation shown in 
Figure 6 leads to the following equation 
for sparking voltage in Freon-nitrogen 
mixtures in which the amount of Freon is 
greater than five per cent: 

(88PS -+•1.9) (14* 1.08F) 

where V is kilovolts, P is pressure in 
atmospheres, S is spacing in inches, and F 
is the fraction of Freon by volume, in the 
gas. (For pure Freon F = 1.0; for half 
Freon, half nitrogen F=0.5; note that 
for pure nitrogen it is not correct to let 
F— 0 as the formula does not apply for 
less than five per cent Freon.) 

This equation is proposed with several 
reservations. As noted, it does not apply 
for very low concentrations of Freon. 
Another limitation is that the formula be¬ 
comes inaccurate at high pressure. The 
agreement with experimental data is good 
for pressures up to five atmospheres. At 
pressures of seven atmospheres and more, 
the experimental sparking voltage is uni¬ 
formly less than that predicted by the 
formula. There are two obvious explana¬ 
tions: 

1. It is at about this same pressure tha t 
variation from a straight-line relationship 
becomes evident in pure air or nitrogen. 

2. The discrepancies become more marked 
as the partial pressure of Freon in the gas 
under test approaches the vapor pressure 
of Freon. 

A condition of saturation is approached 
when both pressure and concentration of 
Freon are high, corresponding to the upper 


right-hand comer of the chart. As the 
vapor pressure is approached the inters 
molecular forces become great and the 
Freon no longer approximates a perfect 
gas. 

Finally, the formula given for mixtures 
of Freon and nitrogen is based on a limit ed 
amount of data. Since there are three in¬ 
dependent variables in the equation, it 
would be an extremely lengthy procedure 
to determine the voltage for all possible 
combinations. The data at hand were ob¬ 
tained by recording slightly over a thou¬ 
sand individual sparkin g voltages, how¬ 
ever, and appear adequate to give strong 
support to the above formula for pressures 
greater than one atmosphere, for spacings 
from a few mils to a few hundred mils, and 
for all concentrations of Freon greater 
than five per cent. 

Some work was done with mixtures of 
air and Freon, but was discontinued when 



Figure 7. Sparking voltages in nitrogen, 
Freon, and air 


Pointed electrodes 

Gas tested, and spark-gap length in inches, 
as noted on curves 

it was found that the products of electrical 
discharge were highly corrosive and 
tended to damage the apparatus. In par¬ 
ticular, the spheres used as electrodes were 
tarnished after as few as three or four 
sparks and rapidly became coated with a 
grayish deposit. This corrosion, however, 
had very little effect on the electrical 
strength of the gap between the spheres. 
Indications are that the electric strength 
of air-Freon mixtures is similar to that of 
nitrogen-Freon mixtures. 

Results With Pointed Electrodes 

A short investigation was carried out to 
determine some of the salient characteris¬ 
tics of sparking in air, nitrogen, and Freon, 
between electrodes with sharp points. 

Sparking in air between points was dis¬ 
cussed at some length in a previous paper, 1 
and present measurements agree, where 


comparable, with the results which were 
then obtained. Experimental procedure 
is difficult because the nature of the re¬ 
sults depends to a large extent on the de¬ 
gree of sharpness of the points, particu¬ 
larly for short gaps. In general, however, 
as pressure is raised, the sparking voltage 
reaches a maximum; this maximum oc¬ 
curs at 8 to 12 atmospheres pressure. 
When pressure is further increased, the 
sparking voltage becomes less—sometimes 
very slightly less, sometimes by as much 
as 50 per cent. The large decline of volt¬ 
age with increasing pressure is obtained 
with very sharp points, while with blunt 
points the dip becomes less marked, and 
there may be no dip whatever if the points 
are either quite blunt or quite dose to¬ 
gether. The action is apparently depend¬ 
ent on whether or not corona precedes 
sparking; observation of corona has been 
made possible by the windows installed in 
the present test chamber. 

Sparking in nitrogen between points 
was investigated for three lengths of gap. 
It was found that the sparking voltage in 
nitrogen is considerably lower than that 
in air for the lengths of gap studied. 
Curves of sparking voltage as a function of 
pressure are shown in Figure 7. No direct 
comparison with the strength of air is 
possible because of the different shape of 
the curves, but it is seen from the figure 
that a 0.3-inch gap in air will withstand 
about as much voltage as a 0.5-inch gap 
in nitrogen. There is a decided difference 
in the shape of the curves; the curve for 
the 0.3-inch gap in nitrogen is practically 
flat for pressures above ten atmospheres, 
while the corresponding curve for air has 
a hump in the neighborhood of ten atmos¬ 
pheres pressure. When the gap is in¬ 
creased to 0.5 inches the curve for nitro¬ 
gen is also humped, although to a lesser 
extent. Very short gaps (0.1-inch or less) 
fail to show any hump in either air or 
nitrogen, at least for points of ordinary 
sharpness. It may be mentioned that the 
sharpness of the points used was such that 
they would readily scratch the fingernail, 
and this sharpness was retained during 
sparking in nitrogen but sparking in com¬ 
pressed air tended to burn and blunt the 
points. 

It is probable that difference between 
sparking between points in nitrogen and 
in air results from the high electron af¬ 
finity of oxygen. Oxygen will allow the 
attachment of electrons to form negative 
ions; nitrogen will not.® This will greatly 
affect the mobility of space charge in the 
gas, and since sparking voltage between 
points is largely influenced by space 
charge, it is natural that nitrogen and air 
behave differently between points al- 
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though they behave alike between spheres. 

The voltage required to spark between 
points in Freon is considerably higher than 
for equal distances in air. Curves for 
sparking in Freon are shown in Figure 7. 
Again a general comparison is practically 
impossible, but certain particular values 
may be compared in air and Freon. 

The voltage required to spark 0.1 inch 
between points in Freon is for all pressures 
(from normal atmospheric pressure to the 
vapor pressure of Freon) greater than the 
voltage required to spark 0.3 inch in air 
or 0.5 inch in nitrogen. Over most of the 
pressure range the voltage required for the 
shorter gap in Freon is very considerably 
greater than for the longer gaps in air and 
nitrogen. It was found that a gap of 0.2 
inch in Freon will support voltage com¬ 
parable to published values for a gap of 30 
to 50 millimeters (1.2 to 2.0 inches) in 
nitrogen. 7 

Since this paper was submitted, G. C. 
Nonken has published 10 sparking voltages 
for longer gaps in Freon. His curves for 
sparking between points (square rods) 
show the typical hump. A hump is Just 
beginning to appear in the curve of Figure 7 
of this paper at the highest pressure ob¬ 
tainable in pure Freon, and with longer 
gaps it appears at lower pressure. At gap 
lengths of six and eight centimeters this 
maximum sparking voltage is at almost 
atmospheric pressure, and voltage de¬ 
clines as pressure is raised. 

At atmospheric pressure comparison 
may be made between results obtained in 
Freon and the AIEE standard needle-gap 
sparking voltages for air, as shown in 
Table I. 


Table I 



Length of Spark (Inches) 

Voltage 


In Freon 

In Air 

(Ezperi- 

Kv Crest 

(AIEE Standard) 

mental) 

14.3... 

• 47«••••••• 

..0.10 

24.0... 

•«•••••..0.82•«•»»»•• 

..0.20 


It will be seen that in general the in¬ 
crease of electric strength gained by the 
use of Freon is greater with pointed elec¬ 
trodes than with flat or spherical elec¬ 
trodes. The apparent reason is that with 
pointed electrodes, sparking is preceded 
by corona discharge, while there is no 
corona between spheres. The conclusion 


is that formation of corona is greatly im¬ 
peded by Freon gas. 

One of the more important and useful 
aspects of the behavior of Freon is the 
following. The maximum sparking volt¬ 
age between points in Freon is greater 
than the sparking voltage of the same 
point-gap in air or nitrogen at any prac¬ 
tical pressure of air or nitrogen. With a 
gap of 0.1 inch, for example, between 
points, Freon will withstand about 40 kilo¬ 
volts at 50 to 60 pounds gauge pressure. 
According to data given by H. J. Ryan 8 a 
gap of the same length in air will not sup¬ 
port more than 35 kilovolts even though 
the pressure is raised to 1,500 pounds. 
With longer gaps the advantage of Freon 
appears to be even greater. 

This advantage is peculiar to pointed 
electrodes. In nitrogen or air the spark¬ 
ing voltage between points reaches a maxi¬ 
mum at a pressure of a few atmospheres 
and thereafter decreases with increasing 
pressure, or at the most, rises very gradu¬ 
ally. When the gap in which sparking 
occurs is between smooth surfaces—be¬ 
tween spherical electrodes, for example— 
the maximum strength of Freon may be 
equaled and exceeded in either air or nitro¬ 
gen by sufficiently increasing the pressure, 
but this is not possible if the spark occurs 
between points. 

These facts appear to make Freon po¬ 
tentially more useful to prevent electric 
discharge from points or projections than 
to prevent sparking or breakdown in a sub¬ 
stantially uniform electric field. On the 
other hand, it must be remembered that 
corona or other electric discharge must not 
ordinarily be allowed to take place in 
Freon, because the decomposition prod¬ 
ucts are corrosive and somewhat poison¬ 
ous. 

Conclusions 

1. The electric strength of nitrogen be¬ 
tween smooth electrodes is almost exactly 
equal to that of air. 

2. Sparking voltage between sharp points 
is higher in air than in nitrogen. See 
Figure 7. 

3. Freon gas (dichlorodifluoromethane) be¬ 
tween smooth electrodes will withstand 
about two and a half times as much voltage 
as air or nitrogen at the same pressure, but 
it cannot be used at pressures above about 
70 pounds per square inch, gauge, as that is 
its approximate vapor pressure at ordinary 
temperatures. See Figures 2 and 3. 


4. Mixtures of Freon and nitrogen are 
intermediate in characteristics between the 
two gases used alone. See Figures 4 to 6. 
The most interesting characteristic of mix¬ 
tures is the large increase in electric strength 
produced by a very small amount of Freon 
in nitrogen. See Figure 6. 

5. Freon gas between pointed electrodes 
increases the strength of the gap very 
greatly, the sparking voltage being found in 
some cases to be of the order of magnitude 
of four times that in nitrogen. The maxi¬ 
mum sparking voltage in Freon is greater 
than the greatest sparking voltage that can 
be attained in air or nitrogen at any prac¬ 
ticable pressure. 

6. The greatest advantage in the utiliza¬ 
tion of Freon between smooth surfaces is 
where the pressure of gas that may be used 
is limited by mechanical considerations. 
For most purposes, nitrogen at 300 pounds 
per square inch pressure is superior to 
Freon, for it has as great an electric strength, 
is more consistent in behavior, and does not 
become corrosive in the presence of electric 
discharge. But if the gas pressure is 
limited by mechanical design to 150 pounds 
per square inch, or less, the possible use of 
Freon should be carefully considered. 

7. The possibility of adding a small per¬ 
centage of Freon to nitrogen, and thereby 
increasing its electric strength by 15 to 25 
per cent appears to be a practical considera¬ 
tion. 
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Lightning Investigation on Wallenpau- 
pack—Siegfried 220-Kv Line of 
Pennsylvania Power and Light Company 

EDGAR BELL F. W. PACKER 


NONMEMBER AIEE MEMBER AIEE 


Table I lists the principal measuring 
devices used. Since data obtained from 
these various sources usually have been 
from 5 tp 15 years duration, and since 
additions and improvements to the line 
have been made in steps, and since careful 
analysis and detailed reporting of data 
have been made, a wealth of unique infor¬ 
mation exists, reliable in general to within 
15 per cent. 

The principal measuring devices used 
in large quantities in the field included: 


T HE Wallenpaupack-Siegfried line, 
the pioneer 220-kv circuit in the 
eastern United States, was completed in 
1926. 1 Little information on lightning, 
and most of it incorrect, existed at the 
time, and the design chosen proved in¬ 
adequate to cope with the severe light¬ 
ning conditions encountered. Partly be¬ 
cause of this fact an investigation was 
started that year by the General Electric 
Company, the Electric Bond and Share 
Company, and the Pennsylvania Power 
and Light Company, to learn the facts 
about natural lightning and means for 
protection against its disastrous effects. 
This investigation has been continued for 
15 consecutive years. 2-8 

During 1926 the prevailing theory of 
lightning involved a bound charge on the 
earth due to cloud field, the sudden re¬ 
lease of this charge, and generation of 
steep wave-front and high-voltage surges. 8 
Because of this general conception over¬ 
head ground wires were not considered 
worth their cost, and tower-footing 
grounding was seldom talked of. The 
only investigational work up to this time 
had been carried out in laboratories, and 
was based on conjectured lightning 
strokes. Knowledge of the characteristics 
of natural lightning was very meager. 
By 1930, the direct stroke theory 10 ’ 11 was 
pretty well proved, and data on the re¬ 
markable effectiveness of overhead ground 
wires and buried tower footing gro und ing 
cables were being accumulated. 

The lightning investigation which was 
in very large part conducted on the 
Wallenpaupack-Siegfried line jiad several 
closely interrelated aspects, namely: 

1. Increasing insulation strength of line 
msulators and terminal equipment against 
flashover. 

2. Spillway gap performance at terminals 
of line. 


Paper 42-74, recommended by the AIEE committee 
em power transmissionand distribution for presen¬ 
tation at the AIEE winter convention, New York, 
J* nut wy 26-30, 1942. Manuscript sub- 
nutted November 10, 1941; -made available for 
printing December 19, 1941. 

engineer, system planning division, 

. Pa ckhr is transmission engineer, both 

or the engineering department of Pennsylvania 
Power and Light Company, Allentown, Pa. 


3. Dynamic current measurements at times 
of faults and estimation of fault locations. 

4. Addition of means for shielding against 
lightning. 

5. Lightning-arrester operation and per¬ 
formance. 

6. Lowering structure-footing resistance by 
adding buried metallic cable. 

7. Collection of detailed'operating records 
relating to time of occurrence of flashovers 
and tripouts and to line construction in use. 

. 8. ( a ) Field measurements at many loca¬ 
tions along the line of magnitude, polarity, 
and wave front of surge voltages appearing 
on line conductors. 

(£) Locations of structures hit by lightning 
and polarity of stroke current. 

(c) Magnitudes and polarity of lightning 
currents in overhead ground wires, lightning 
rods, tower-structure members, and buried 
grounding cables. 

(d) Instantaneous and integrated measure¬ 
ments of atmospheric voltage gradients and 
field strength, and induced voltages on aerial 
conductors. 

9. Field measurements of lightning voltage 
and current wave shapes at attended labora¬ 
tories located along the line, and which were 
equipped with cathode-ray oscillographs and 
surge-voltage recorders or rotating prism 
cameras. 


1. The surge voltage recorder, 12,13 a clock- 
driven Lichtenberg figure camera used in 
conjunction with insulator string voltage 
dividers to indicate polarity, magnitude, and 
wave characteristics of lightning voltages 
on line conductors, and voltage-measuring 
antennas. 

2. A simpler instrument without clock 
called a lightning-stroke recorder 14 was later 
used in large numbers to indicate surge 
polarity and location of strokes to structures. 

3. A superior device using small magnetiz¬ 
able links called a surge crest ammeter 15 ’ 10 
has given a wealth of information on light¬ 
ning current magnitudes and polarity. 
Thousands of magnetic links have been em¬ 
ployed on overhead ground wires, lightning 
rods, structure members, buried grounding 
cables, and lightning-arrester leads. 

4. Other devices, such as the lightning 
severity meter and field intensity recorder. 
In addition, field laboratories 4 ’ 17 ’ 18 have 
been operated adjacent to the line during 
1928 and 1929 near Wallenpaupack, during 
1930 42 miles south of Wallenpaupack, 
and during 1939, 1940, and 1941, 12 miles 
south of Wallenpaupack on High Knob 
Mountain. 

Table II lists magnitudes or range in 
value of various quantities measured on 
this line. 


Table I. Principal Measuring or Counting Devices Used on or Adjacent to Wallenpaupack- 

Siegfried Line 


Name 


Purpose and Brief Description 


Max, No. Used 
in Any One 
Year 


Shrge-voltage recorder... 
Cathode-ray oscillograph. 


U 


Lightning-stroke recorder.., 

Field-intensity meter and 1 
rate of change of field [■ . 
meter ) 


Lightning-severity meter. 


Surge indicator (flashover 1 
indicator) ) 


Surge-crest ammeter. 


Graphic ammeter high-} 
speed (Hall) recorder, or I 
magnetic - oscillograph ( 
clement * 


(Lichtenberg figure camera with clock-driven film 
. j For measuring polarity and magnitude of surge volt 
( ages on line conductors and elevated antennas 
(Electron beam in vacuum chamber recording time 
( voltage graph on photographic film , 

| Small and inexpensive surge-voltage recorder using 1 
1 stationary film J 

(Light-beam recording on moving film, for recording) 
. j atmospheric electric-field intensity, or rate off 1 

» change of field ) 

| Modified Kodak recording on photographic film an in-'i 
) tegrated measure of light from neon lamp energized ( 

. < from antenna and recording atmospheric voltage. > 
1 Not all used adjacent to Wallenpaupack-Siegfried ( 
Line J 

{ Semaphore device with frangible link exploded by} 
voltage drop across tower bridge, such as oc-( 
casioned by insulator flashover. Exposed target | 
easily visible to patrolman on ground ' 

J Small laminated alloy steel cartridge held by wooden) 
bracket in magnetic field surrounding conductor [■ 

carrying lightning-surge current ) 

(For recording dynamic current or voltage at line 1 
l terminals at times of line faults ) 


42 

2 

378 

I! 


9 


1,062 


< 1.000 

l Approx. 

29 
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The success of this investigation has 
been due to the careful correlation be¬ 
tween records of operating experience and 
the research measurements. One essen¬ 
tial part of this investigation has been 
detailed information on insulator flash- 
overs. During the fall of 1927 it became 
apparent that flashed insulators were not 
being properly recognized and reported, 
and so during 1928, 1929, and part of 
1930 tower climbing patrols were made 
after every storm at every tower. In 
1930 the surge indicator 4 ' 14 had been 
invented. This was a device showing a 
large target to indicate insulator assem¬ 
blies which had been subjected to high 
voltages. The surge indicator permitted 

Table II. Maximum Magnitude or Range in 
Value of Lightning-Research Measurements 
Obtained on or Adjacent to Wallenpaupack- 
Siegfried Line 

Potentials due to lightning 
Steel tower lines, 
conductors 

to ground.3,000 kv 

Across 40 to 50 feet 
of vertical length 

of tower.50 kv approx. 

Across 6 feet of 
earth near tower 

footing.Greater than 60 kv 

Potentials due to) j4.9 X normal crest line 
switching I I to neutral voltage 

Attenuation of volt¬ 
age surges.Proportional to e J 

2,000-kv surge,.to »/j value in 3.1 miles 

1,000-kv surge....to */j value in 6.2 miles 

500-kv surge.to ‘/a value in 12.6 miles 

Traveling waves due to lightning 
At end of. line , 

Time of crest. ......... 1 to 80 microseconds 

Time to l /> value 

on tail.4 to 160 microseconds 

At middle of line 

Time to crest.0.1 to 15 microseconds 

Time to l /t value 

on tail..0.3 to 50 microseconds 

Direct lightning stroke) (. 

to line / ' ’ V“ 300< *■ amperes 

( t = microseconds 

(Calculated from 
voltage oscillo¬ 
gram) 

(Current, 700 amperes 

.. 1 microsecond ..-j Rate of rise, 600 am- 

l peres per microsecond 
(Current 16,000 amperes 

5 microseconds.j Rate of rise, 13,000 am* 

( peres per microsecond 

8 microseconds.( Current 200,000 am- 

l peres 

Atmospheric potential gradient 

Near earth at time) f Positivel80kvpermeter 
of lightnings " j Negative 270 kv per 
strokes ) C . meter 

Current due to lightning stroke • 

(By surge-crest ammeter measurements) 

In tower struc-) _ _ ( Up to 140,000 amperes 
ture* ) l (approx.) Nfij 

Probable stroke ) ( Up to 218,000 amperes 

current** 1 ’ * l (approx.) 

Polarity negative 
(neglecting 
trace records 
and very small 

strokes)... 99 per cent 

♦Two other next highest records 102,000 and 108,800 
amperes. 

♦♦Summation of 5 adjacent and associated records 
of 20,500, 57,700, 108,800, 14,800, and 16,500 am¬ 
peres. .. 


overhead patrolling to be reduced to 
reasonable amounts and yet enabled prac¬ 
tically all of the flashed insulator assem¬ 
blies to be promptly found. 

Another equally essential result of the 
investigation has been the obtaining of 
complete information on individual line 
tripouts, including time, relay operation, 
fault location,, estimates from magnetic or 
cathode-ray oscillographs, actual fault 
locations, insulators flashed, surge volt¬ 
ages measured, lightning-stroke-recorder 
records, surge-crest-ammeter measure¬ 
ments, structure-footing resistances, and 
so forth. 

The original 64.7-mile line without over¬ 
head ground wires operated very poorly 
for iy 2 seasons With 27 lightning trip¬ 
outs. 18 In addition lightning caused a 
Wallenpaupack transformer to fail within 
3V 2 months, and a second transformer 
failed three weeks later. The line was 
then operated at 66 kv and all trans¬ 
formers at Wallenpaupack and Siegfried 
were rebuilt at the factory. All were 
found to be well along the road to failure, 
but since rebuilding and the installation 
of protective spillway gaps at their ter¬ 
minals, no more failures have occurred. 
During 1927, 24 line miles were equipped 
with conventional 184,000-circular-mil 
ACSR overhead ground wires spaced ten 
feet six inches above conductors at 
towers. Figures 1 and 2 show the gen¬ 
eral construction design. * Lightning flash- 
overs still occurred on the “protected” 
section, and the 1928 record for the entire 
line was 15 lightning tripouts, at least 
one of which was on the overhead ground- 
wire section. By this time other inter¬ 
connected 220-kv lines, completely 
equipped with similar overhead ground 
wires were used, and during that year 
these circuits experienced 5 lightning 
tripouts. 

It was evident and has since been 
thoroughly proved that overhead ground 
wires are very desirable but are not neces¬ 
sarily fully effective. The next move was 
to lower the resistance of tower-footing 
grounding. As an experiment a 2.6-mile 
long continuous 2/0 copper cable, buried 
Where possible, and connecting 14 towers 
over High Knob Mountain, 6 ' 18 was in¬ 
stalled early during 1929. This region 
had still experienced flashovers, and dur¬ 
ing subsequent years lightning strokes of 
large magnitude have been measured to 
steel structures and overhead ground 
wires, and the effects of lightning strokes 
have been observed to nearby poles and 
trees. No insulator flashovers have oc¬ 
curred since this pioneer installation of 
continuous counterpoise was made, and it 
has proved to be an excellent investment, 


as well as serving as a model for other 
lines and other utilities. 

By 1930 the single season’s record was 
not accepted as proof that continuous 
counterpoise, averaging in length 1,040 
feet per tower, was necessary, and so each 
structure in 16.8 miles of line having over¬ 
head ground wires was equipped with 
four 50-foot-long cables (crowfeet). Dur¬ 
ing 1931 the remaining 4.6 miles of line 
having overhead ground wires were 
similarly equipped. Results to date have 
been excellent but not perfect. During 
1936, 24 towers having the higher re¬ 
sistances had one cable per structure in¬ 
creased in length by 200 feet or to 400 
feet of cable per tower, but these in¬ 
stallations likewise have not had a perfect 
record of complete lightning protection. 
Figure 3 shows schematic plan views of 
tower-footing-grounding cable design. 

During 1930 again as an experiment a 
3.8-mile section of line was equipped with 
nonconventional elevated shielding 
wires, 18 ' 19 insulated from the tower top 
and supported by 40-foot-long wood 
poles and four to six guy cables per struc¬ 
ture, which were bonded to the tower 
base by long crowfoot-type cables. These 
“diverting cables” have had a perfect rec¬ 
ord for lightning protection, but experi¬ 
enced one mechanical failure, due to 
imperfection in a cable socket. Figure 4 
shows the general design employed. 

During 1938 and 1939 the 36.9 miles of 
line still unequipped with overhead 
ground wires were provided with buried 
galvanized three-eighths-inch steel con¬ 
tinuous counterpoise cable, and the re¬ 
sulting low tower-footing resistances ap¬ 
parently avoided a few line flashovers. 
During 1940 and 1941 this section of line 
was also provided with two overhead 
ground wires of conventional configura¬ 
tion and elevation above line conductors. 



Figure 1. Configuration of conventional over¬ 
head ground wires and continuous counter¬ 
poise at standard suspension structures of 
Wallenpaupack-Siegfried line 
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Figures 2 and 5 show the design employed 
to support the overhead ground wires at 
standard suspension structures and at 
mast structures, respectively. Since the 
completion of the overhead ground wire 
no tripouts or flashovers have been ex¬ 
perienced on the entire Wallenpaupack- 
Siegfried line. Inasmuch as this line is 
now completely equipped with overhead 
ground wires, with 39.5 miles of con¬ 
tinuous counterpoise, and all structures 
in the remaining 25.2 miles having non- 
continuous grounding cables which have, 
a record of avoiding all but three or pos¬ 
sibly five flashovers during 11 to 12 years, 
it is anticipated that the future lightning 
record of this line will be nearly ideal. 

Of the references cited number 18 
gives an excellent summary of the in¬ 
vestigation up to 1938, including history, 
construction, photographs, measure¬ 
ments, results, and conclusions, and the 
reader is urged to refer to it. 

Overhead Ground Wire and Buried 
Tower-Footing-Grounding Cable 
Construction 

In Table III are listed data on lengths 
of line equipped and construction details. 
Of particular interest is the fact that the 
1940—41 overhead ground wires were in¬ 
stalled at 40 per cent of the estimated 
cost of duplicating 1927 construction. 
This saving was the result of a combina¬ 
tion of circumstances. The selection of 
smaller and lighter conductor resulted in 


not only a saving in the cost of conductor 
material, but sufficient reduction in 
transverse loading on the suspension 
towers so as not to require any strength¬ 
ening in order to maintain the desired 
factor of safety. The conductor selected 
was also of sufficient mech an ical strength 


200' EXTENSION 
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Figure 3. Plan of various tower-footing- 
grounding cable designs used on Wallen- 
paupaek-Siegfried line. For diverting cables 
see Figure 4 



Figure 4. Configuration of 1930 lightning- 
stroke diverting cables, employing two wood 
poles to support and insulate the overhead ' 
ground wires from the structure 


to maintain proper sag and clearance 
characteristics with a normal tension of 
16 per cent of the ultimate which was felt 
to be well within the limits necessary to 
prevent any damage from high-fre¬ 
quency vibration. 

The mast type of structure used at 
angle locations as well as on very long 
spans necessitated a special design of 
additional structure due to the fact that 
operating conditions made it imperative 
that the line be restored to service every 
evening. The existing mast structures 
supporting the conductors could not be 
dismantled, lengthened, and rebuilt as 
was done during 1927. The design 
finally selected called for a pair of guyed 
steel masts, installed entirely independent 
of the existing triple mast structure, and 
supporting the overhead ground wires in 
their proper positions by means of a bridle 
arrangement. These 11 pairs of new steel 
masts were installed at approximately 40 
per cent of the 1927 cost of dismantling 
and reconstructing existing mast struc¬ 
tures. The bridle arrangement also pro¬ 
vided excellent shielding over all the dead¬ 
end insulator assemblies at these points. 

For counterpoise the use of galvanized 
steel has the advantage of reducing ma¬ 
terial costs over copper or other accept¬ 
able material, minimizing danger of 
theft (which generally exists where copper 
or copper-coated steel conductor is used), 
and providing grounding facilities at least 
very nearly as good as and possibly better 
than with smaller-size conductor ma- 



Figure 2. Configuration of overhead ground wires installed during 
1927 at mast structures. These structures were rebuilt, strengthened, 

end lengthened 





Figure 5. Configuration of overhead ground wires installed during 
1940 and 1941 at mast structures. The original structures and guys 
were not altered. The additional masts and guys are entirely inde¬ 
pendent and self-supporting structures 
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tenal. It is believed that this steel cable 
will function adequately for many years. 

Tripouts of Wallenpaupack- 
Siegfried Line 

During 1932, 47.1 additional circuit 
miles were added to the original 64.7 
miles. The new circuit extended from 
Bushkill (roughly midway between Wal- 
lenpaupack and Siegfried) to Roseland, 
N. J. During 10 years, 9 tripouts oc-, 
curred on the new circuit, and during 
16 years, 295 tripouts occurred on the 
original circuit. Of these latter, 8 oc¬ 
curred on overhead ground-wire sections 
as follows: 

1—Caused by sleet on line conductors 
(1933). 

1— Caused by diverting guy-cable failure 
(1938). 

3—Caused by direct lightning strokes before 
tower-footing grounding had been improved 
(1928,1929,1930). 

2— Caused by direct lightning strokes after 
tower-footing grounding had been improved 
(1930, 1932). 

1—Same as above, except that it also in¬ 
volved mechanical failure of an insulator 
assembly (1939). 

Of the remaining 287 faults, 20 were 
caused by incorrect relay operation, op¬ 
erating mistakes, foreign objects against 
line conductors, system instability, or 
other causes, and one involved mechani¬ 
cal failure of an insulator assembly caused 
by a direct lightning stroke. Most, if not 
all of the rest, totaling 256 tripouts were 
caused by direct lightning strokes to 
unprotected line conductors. No per¬ 
manent damage ever resulted except 
bums on insulators and occasionally 
shattered porcelain which was replaced 
later on a maintenance schedule. 

In 1928, 1930, and 1932, other 220-kv 
circuits, totalling 283.7 miles equipped 
with twin conventional ACSR overhead 
ground wires, were placed in 220-kv inter¬ 
connection service. On these, 98 trip¬ 
outs have occurred at a rate of 2.7 trip¬ 
outs per 100 circuit miles per year. The 
majority of these faults was caused by 
lightning. For the Wallenpaupack-Sieg- 
fried line where overhead ground wires 
were in use, 3 faults in 3 years were oc¬ 
casioned by lightning prior to installation 
of improved grounding and 3 faults in 11 
years were caused by lightning subse¬ 
quent to installation of crowfoot grounds. 
These figures reduce to 4.6 and 1.3 trip- 
outs per 100 circuit miles per year and 
substantiate the conclusion that the 
WaUenpaupack-Siegfried line is subject 
to lightning and that, although once very 


Performance of Buried Tower- 
Footing-Grounding Cable 

In reference 7, Tables II through V, and 
Figures 1 and 2, data are presented on 
lightning-current measurements in light¬ 
ning rods, overhead ground wires, tower- 
structure members, and buried cables. 
Measurements have not been made 
directly of current flowing through tower 
footings, but measurements of currents 
in structure members and buried ground¬ 
ing cables show: 

(a) . Continuous counterpoise conducts up 
to 75 per cent and on the average 58 per 
cent of the total structure current; non- 
continuous crowfeet conduct 11 to 48 per 
cent of the total structure current depending 
upon their lengths, and combinations of four 
crowfeet per structure conduct 42 to 70 per 
cent of the total structure current. 

( b ) . The presence of continuous counter¬ 
poise causes 77 to 83 per cent of the total 
structure current to crowd to that side of 
the tower. Since the counterpoise con¬ 
ducts 58 per cent of this current, the footings 
must conduct the remainder or 19 to 25 
per cent as compared with 17 to 23 per cent 
for the other two footings. The presence 
of one 250-foot crowfoot and three 50-foot 
crowfeet causes 52 to 58 per cent of the total 
structure .current to crowd to the tower 
comer having the long crowfoot and leaves 
14 to 16 per cent of the tower current in 
each of the other comers. Since the crow¬ 
feet conduct 70 per cent of total structure 
current, the remaining 30 per'cent is distrib¬ 
uted among the four footings, and there 


seems to be no tendency for any one footing 
to conduct more current than any others. 

From these measurements it might be 
concluded that noncontinuous crowfoot 
cables* are all that are required to pro¬ 
duce ideal grounding, and that they are 
superior to continuous counterpoise. A 
number of other factors should be men¬ 
tioned and may help explain why con¬ 
tinuous counterpoise so far has a perfect 
performance record, whereas noncon¬ 
tinuous crowfeet cables have not; why 
we feel that economically continuous 
counterpoise is best suited to our condi¬ 
tions; and why we prefer this method of 
grounding on our 220-kv and 66-kv lines. 

1. The 13-year record from High Knob is 
for continuous cable installed over a stony 
mountain where lightning has long been 
known to be prevalent. The cable is not 
buried at all locations. The inherent tower¬ 
footing resistances range from 50 to 148 
ohms. The three largest lightning-rod 
current measurements were 57,000, 62,000, 
and 65,000 amperes. For this 14-tower 
section during 1926 (with no overhead 
ground wire or counterpoise in use) at least 
6 insulator assemblies were flashed. During 
1927 and 1928, 23 more flashed insulator 
assemblies were found. Overhead ground 
wires were in use for about three-fourths of 
this time and at least two of the flashovers 
occurred during 1928, while overhead ground 
wires were in use, but prior to installation 
of counterpoise. For the seven-year period, 
1935 through 1941, at least 25 large light¬ 
ning strokes have been measured; 21 ex- 


Table HI. Data on Overhead Ground Wires and Buried Tower-Footing-Grounding Cable 

Installations 


vulnerable, is now well shielded. 


Overhead Ground Wires 

Year installed.1927.1930.1940-41 

Length in miles.24.0.3.8. 36.9 

Conductor material.ACSR.ACSR.Copperweld 

Conductor size..184,000 cir mil... . 184,000 cir mil.. . J /» inch special 

B.H.S. 7 strand 

Spacing between cables.22 feet-7 inches.38 feet.22 feet-7 inches 

Elevation above conductors at suspension 

towers..10 feet-6 inches.50 feet.10 feet-6 inches 

Percentage suspension towers requiring 

strengthening. ...100.100 . 0 

Percentage mast towers requiring rebuilding....100. 0 

No. suspension towers equipped. .115. 18.160 

No. mast towers equipped. ,4.. 0. 11 

Percentage of towers where Stockbrldge 
dampers were applied to line conductors 

and overhead ground wires..100. . 0. 0 

Tower-Footing-Grounding Cable 

Year installed.1929.1930-31.1938-39 

Length in miles of line equipped.2.6..25.2.36.9 

Number of structures equipped.14...123.171 

Conductor material..Copper.Copper.Galv. steel 

. Conductor size.’... ,2/OStranded..... .2/0 Stranded.Vs" Stranded 

- Nomenclature... Counterpoise.Crowfeet.Counterpoise 

{ Continuous) /4 50*-foot-) /Continuous 

along one side f 1 cables per- ( 
of line and / • • < pendicular to i 
bonded to 21 j each other 
tower footings/ V. 

{ About 1 foot in 
wooded areas, 
and l»/a to 2 feet 
elsewhere 

Extensions added* 1 * 1 .....None.To 24 towers.To 5 towers 

*At 18 structures equipped with 1930 diverting cables, crowfoot cables were much longer in order to 
connect with the guy-cable anchors. Two structures had 6 guys and 6 cables. 

**Extensions added to crowfeet consisted of 200 feet of cable added to one of the 4 existing cables. Ex¬ 
tensions added to counterpoise consisted of two 250-foot-long crowfeet per structure. 


{ along one side 
of line and 
bonded to 2 
tower footings 
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ceeded 20,000 amperes, 8 exceeded 40,000 
amperes, 2 exceeded 60,000 amperes, and 
the highest was 70,000 amperes. 

2. The record of noncontinuous crow¬ 
foot-type cable shows three flashovers 
during two years before cables were installed 
and five flashovers during the 10- to 11-year 
period since cables were installed. Three 
of these latter flashovers caused line trip¬ 
outs, but two apparently did not. In no 
case are lightning-current measurements 
available. In the last case (1939), an insu¬ 
lator-assembly failure also occurred at a 
tower having originally 114 ohms resistance. 
The failure was due to the spreading of a 
cracked insulator cap at the time of an un¬ 
usually severe lightning stroke, but it is not 
certain that this insulator failure and line 
tripout would have occurred, had the insu¬ 
lator cap been in perfect condition, and it 
may be that the long crowfoot cables would, 
otherwise, still have a perfect performance 
record. 

3. At the time the High Knob counter¬ 
poise and crowfoot cables were installed, 
2/0 copper conductor was used, and it was 
all installed by hand labor (pick and shovel). 
In recent years it .has been felt that gal¬ 
vanized steel counterpoise is perfectly satis¬ 
factory, and the 1938-39. installation con¬ 
sists of 36.9 miles of 'three-eighths-inch 
Siemens Martin stranded guy wire. It 
was, in general, installed by means of a 
tractor and special "counterpoise plow,” 
which digs a trench 18 to 24 inches deep, 
lays the cable, and partly backfills the 
trench. The labor and material cost of 
installing galvanized steel Tadial crowfeet 
exceeds the labor and material cost of. in¬ 
stalling such a counterpoise. 

4. Since the Pennsylvania Power and 
Light Company is not confronted with 
exceptionally dry and sandy soil conditions 
where deeply driven rods may be superior 
to buried cable, and since, except in very 
rare cases, no additional gro un ding is re¬ 
quired beyond that provided by a single 
continuous counterpoise, we feel that, for 
our conditions, such installations are both 
electrically and economically ideal. For 
towers having exceptionally high footing 
resistance, supplementary grounding can be 
added. This was done for five towers over 
a mountain whete the underlying strata are 
of slate formation and where resistances 
were 200, 237, 319, 165, and 329 ohms, 

Another factor which may help explain 
the performance of continuous counter¬ 
poise is that current measurements are 
obtained at many towers, even seven or 
eight towers distant from , the stroke, 
or iy 2 miles away in both directions. 
These measurements show a definite 
division of current at each structure, with 
part of the incoming current diverted up 
the structure and the remainder flowing 
in the counterpoise toward the stroke. 
At the end of the span, the counterpoise 
current is increased by current picked 
up from the earth. This current increase 
is of the order of 10,000 amperes in the 
span nearest the stricken tower, and drops 
to 1,000 amperes three or four spans 
away. In a similar manner, the over¬ 


head ground wire currents increase at 
each tower by the amount going up the 
structure, and thus serve to conduct cur¬ 
rents as high as 30,000 or more amperes 
in stricken overhead ground-wire spans, 
and currents on the order of 10,000 am¬ 
peres for strokes to structures. 

On the other hand, where crowfoot 
cables are used, measurable currents in 
crowfeet are usually limited to 3 or 4 
structures instead of 12 to 14 structures. 
Continuous counterpoise thus enables 
the lightning stroke to be fed by many 
multiple grounds (for example 10,000 
to 14,000 feet of buried cable and 50 or 
more tower footings) rather than by 
1,000 to 2,000 feet of cable and 12 to 16 
tower footings. Current measurements 
obtained since 1933 when plotted on 
charts similar to Figures 1 and 2 of refer¬ 
ence 7 are very striking. They confirm 
our belief that continuous counterpoise 
is a very effective device for conducting 
lightning currents and keeping tower¬ 
footing potentials low, and that con¬ 
tinuous counterpoise is adequate for our 
conditions. 

Summarized Results 

1. Lightning-surge voltages were early 
found to be caused by negative strokes in 
almost every case. Practically every posi¬ 
tive-voltage record was found to have 
occurred at time of insulator fiashover at 
the tower and line conductor to which the 
surge-voltage recorder was connected. Such 
positive voltage records were caused by the 
recorder and earth being temporarily posi¬ 
tive with respect to the stricken line con¬ 
ductor. Many thousands of surge-crest- 
ammeter records have likewise rarely indi¬ 
cated positive lightning strokes and never 
any of large magnitude. 

2. Measurements of induced voltages, or 
usually failure to obtain measurements of 
induced voltages and absence of flashovers 
which were not clearly associated with direct 
lightning strokes, showed 12 to 15 years 
ago that induced lightning voltages are 
insufficient to cause trouble on lines insu¬ 
lated for 220-kv operation. 

3. Hundreds of measurements of voltage 
across 40 to 50 feet of structure steel seldom 
indicated voltages exceeding 40 kv, and 
practically never indicated voltages ex¬ 
ceeding 50 kv, and showed that most of the 
rise in tower potential at times of lightning 
strokes occurred in the earth surrounding 
the footings. 

4. Twenty-eight measurements of voltage 
in the earth around tower footings at times 
of lightning-current discharge indicated 
that 20 per cent of the potential drop from 
tower to true earth, exists within five feet 
of the footings. The voltage across five 
feet of earth exceeded 50 kv and 40 kv for 
seyen and five cases, respectively. In 
eight other cases the discharge seemed to be 
of long continued duration rather than a 
rapid and violent impulse. 


5. Well-defined lightning-current measure¬ 
ments show that strokes either contact 
structures directly or else one (but not both) 
of the overhead ground wires between 
structures. For unprotected sections of 
line, it was early found that the middle con¬ 
ductor rarely flashed over, but that the 
outer conductors (and particularly the con¬ 
ductor nearest to approaching storms) ex¬ 
perienced frequent flashovers. Further¬ 
more, nearly all flashovers were confined to 
one conductor with two flashed assemblies 
(one at each of two adjacent structures) 
being the usual condition. 

6. No flashovers are known to have oc¬ 
curred to overhead ground-wire structures 
of the Wallenpaupack-Siegfried line having 
meggered tower-footing resistances of less 
than 13 ohms. For towers of about 20 ohms 
resistance, strokes up to 50,000 amperes 
usually if not always are safely conducted, 
and strokes up to 100,000 amperes have been 
safely conducted occasionally. 

7. Increasing the number of insula tor 
units on outside conductors from 14 to 16 
during 1929 and 1930 resulted in no dis¬ 
cernible improvement. After the two trans¬ 
former failures during 1926 and examination 
of the remaining transformers, all eight 
single-phase units were rebuilt, and spill¬ 
way protective gaps set at 42 Vs inches were 
installed on each phase conductor near their 
terminals. No transformer failures have 
since occurred, and periodic examination 
has, disclosed no more lightning damage, but 
spillway gap flashovers were frequent at 
Wallenpaupack until 1934 when 220-kv 
lightning arresters were in successful opera¬ 
tion. Since then three spillway gap flash¬ 
overs have occurred, but none were on the 
two protected phases. Of 15 arrester cur¬ 
rent discharges measured, 6 exceeded 1,500 
amperes. 

8. During 1930 fault location was facili¬ 
tated by cathode-ray oscillograph measure¬ 
ments of the time between surge reflections 
from the faults and from line terminals. 
Since that time fault-location estimates have 
been made by relating dynamic-current 
measurements obtained at Wallenpaupack, 
Siegfried and Roseland substations. 

9. Many cathode-ray oscillograph time- 
voltage records were obtained during 1928, 
1929, and 1930 of lightning voltages on line 
conductors. The first oscillogram of this 
nature was obtained during 1928 at the 
Wallenpaupack laboratory. Another was 
occasioned during 1930 by a typical nega¬ 
tive stroke close to the oscillograph, and, 
contacting the conductor to which it was 
coupled, and, causing line insulation flash- 
over less than 100 feet away showed a 
negative rise in voltage exceeding 2,760 kv 
and with a rdte of rise of 1,540 kv per micro¬ 
second between the ranges of 750 and 2,760 
kv. This record is believed to be the only 

one of its kind ever obtained. 

0 

10. Unfortunately, the High Knob light¬ 
ning laboratory equipped with a cathode- 
ray oscillograph and special cameras has 
faded to obtain any important data. This 
has been due to failure of strokes to contact 
the lightning rod on the structure over the 
laboratory building, or the overhead ground 
wires within one span, during periods of 
laboratory operation. The lightning rod 
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on the laboratory tower was struck during 
1936, 1937, 1938, and 1939 by negative 
strokes measuring 33,000, 62,000, 38,000, 
and 17,400 amperes, and strokes measuring 
15,000 and 47,000 amperes occurred to the 
overhead ground wires in the immediately 
adjacent spans during 1936 and 1938- Of 
the 25 large strokes measured to the counter¬ 
poise section of line between 1935 and 1941 
13 were to lightning rods on the five towers 
atop High Knob summit. 


Lightning Investigation at High Altitudes 

in Colorado 


L. M. ROBERTSON 

MEMBER AIEE 


W. W. LEWIS 

FELLOW AIEE 


C. M. FOUST 

MEMBER AIEE 


11. None of the measuring devices or 
auxiliary equipment used has ever caused a 
service interruption, and none has ever 
failed with the exception of a few lightning- 
stroke recorders connected to measure volt¬ 
age near tower footings. 

References 


1. W ALLBNPAUP ACK HYDROELECTRIC AND 220-Kv 
Transmission Development, A. £. Silver and 
A. C. Clogber. Electrical World, July 24,1926. 

2. Surge-Voltage Investigation on 220-Kv 
System of Pennsylvania Power and Light 
Company, N. N. Smeloff. AIEE Transactions, 
volume 47, 1928, pages 1140-7. 

3. Lightning Investigation on 220-Kv System 
op Pennsylvania Power and Light Company 
(1928 and 1929), N. IT. Smeloff and A. L. Price. 
AIEE Transactions, volume 49, 1930, pages 895- 
904. 

4. Lightning Investigation on the 220-Kv 
System op the Pennsylvania Power and Light 
Company (1930), Edgar Bell and A L. Price. 
AIEE Transactions, volume 50, 1931, pages 
1101 - 10 . 

5. Lightning Investigation on a 220-Kv Sys¬ 
tem (1931-1933), Edgar Bell. AIEE Transactions, 
volume 53, 1934, August section, pages 1188-94. 

0. Lightning Investigation on a 220-Kv Sys¬ 
tem— II, Edgar BelL AIEE Transactions, 
volume 55, 1936, December section, pages 1306-13. 

7. Lightning Investigation on a 220-Kv Sys¬ 
tem — III, Edgar Bell. AIEE Transactions, 
volume 59, 1940, pages 822-8. 

8. Lightning Surges on Transmission Lines— 
Natural Lightning, W. W. Lewis and C. M. 
Foust. General Electric Review, November 1936. 

9. Lightning, F. W. Peek, Jr. Franklin Insti¬ 
tute Journal, February 1925. 

10. Direct Strokes to Transmission Line, 
W. W. Lewis and C. M. Foust. General Electric 
Review, August 1931. 

11. Lightning Discharges and Line Protec¬ 
tive Measures, C. L. Fortesque and R. N. Conwell. 
AIEE Transactions, volume 50, 1931, pages 
1090-1100. 

12. The Measurement op Surge Voltagrs on 
Transmission Lines Dub to Lightning, E. S. 
Lee and C. M. Foust. AIEE Transactions, 
volume 46, 1927, pages 339-48. 

13. Measurements of Transients by the 
Lichtenberg Figures, K. B. McEachron. AIEE 
Transactions, volume 45, 1926, pages 712-17. 

14. Instruments for Lightning Measure¬ 
ments, C. M. Foust. General Electric Review, 
April 1931. 

15. A New Surge-Crest Ammeter, C. M, Foust 
and G. F. Gardner. General Electric Review, 1934. 

16. Direct Measurement of Surge Currents, 
C. M. Foust and J, T. Henderson. AIEE Trans¬ 
actions, volume 54, 1935, April section, pages 
373-8. 

17. Cathode-Ray Oscillographs and Their 
Uses, E: $. Lee. General Electric Review, 1928. 

18. Lightning Investigations Reveal the Na¬ 
ture of Lightning, Also Disclose Lightning 
Control Principles for Improving the Opera¬ 
tion of the Wallenpaupack-Siegfried 220-Kv 
Line op the Pennsylvania Power and Light 
Company, A. E. Silver, Edison Electric Institute 
publication F-6, July 1938. 

19. Diverting Direct Strokes, A. E. Silver. 
Electrical World, August 16, 1930. 


I. Introduction 

T HE operation of transmission and 
distribution lines in the high altitudes 
of the Rocky Mountain region had indi¬ 
cated that lightning strokes were not so 
severe as at lower altitudes. Also glow 
discharges or corona currents from the 
earth have been observed at high altitudes 
from pointed objects and rocks. This in¬ 
vestigation was made to determine the 
probable lightning current at altitudes 
from 6,000 feet to 13,500 feet and to meas¬ 
ure corona current. It has been found 
that the probable stroke current decreases 
with increase of altitude from sea level to 
approximately 18,000 feet altitude at 
which point it appears that no current 
would be present. The highest mean tem¬ 
peratures at 18,000 feet do not exceed 32 
degrees Fahrenheit, and comparison of 
temperatures in free air at altitudes up to 
13,500 feet check temperatures on the 
earth’s surface and indicate that freezing 
temperatures may limit the formation of 
lightning. 

Measurements of corona current from 
the earth during lightning storms- indi¬ 
cated as much as 480 microamperes with 
a potential gradient of 94 kv per foot. 

II. Description of Line and 
Territory 

The Shoshone.-Denver 100-kv transmis¬ 
sion line of the Public Service Company of 
Colorado was constructed in 1908 and 
1909 on steel towers and is not equipped 
with overhead ground wires. However, a 
single continuous counterpoise wire has 
been installed from Leadville to Denver 
and a double counterpoise over the high 
passes at Argentine and Hagerman. Fig¬ 
ure 1 shows a profile of the line and the 
location of the counterpoise wire and mag¬ 
netic links. These counterpoise wires are 

Paper 42-16, recommended by the AIEE committee 
on power transmission and distribution for pres¬ 
entation at the AIEE winter convention, New 
York, N. Y., January 26-30, 1942. Manuscript 
Submitted November 6, 1941; made available for 
printing November 28,1941. 

L. M. Robertson is transmission engineer in charge 
of transmission and station engineering, Public 
Service Company of Colorado, Denver, > Colo. 
W. W. Lewis is transmission line engineer, central 
station engineering department, and C. M. Foust 
is of the general engineering laboratory, both with 
General Electric Company, Schenectady, N. Y. 


buried in the ground to a depth of approxi¬ 
mately one foot wherever possible. The 
line passes through the heart of the Rocky 
Mountains starting at Shoshone Plant at 
an altitude of 6,000 feet and terminating 
at Denver at an altitude of 5,280 feet, 
passing over the Continental Divide three 
times: Hagerman Pass, altitude of 12,000 
feet; Fremont Pass, altitude of 11,300 
feet; and Argentine Pass, at an altitude of 
13,500 feet. The average altitude of the 
line is about 10,000 feet. 

The type of territory varies widely from 
plains and hills to rugged mountains and 
includes cultivated lands, sand and gravel, 
and various rock formations, some of 
which are mineralized. 

HE. Measurements and Measuring 

Equipment 

It had long been noted that lightning 
strokes at high altitudes did not appear to 
be so destructive as at lower altitudes, as 
indicated by the operation of transmission 
and distribution lines and it was assumed 
that the currents in lightning strokes 
might be smaller. Measurements were 
started in 1937 by installing surge-crest 
ammeter links on some of the towers. The 
complete investigation was underway in 
1938 with brackets on certain towers 
where past experience had indicated the 
most lightning activity, and brackets were 
placed on the counterpoise on most of its 
length. The surge-crest ammeter links 
have been described dsewhere. 1 In some 
cases a complete installation of brackets 
was made on a tower which included four 
legs and eight braces. Figure 2 shows one 
of the typical towers with brackets on one 
of the legs and two braces. 

In 1940 a corona and surge-voltage-re¬ 
cording installation was made on top of 
Argentine Pass at 13,500 feet elevation, 
and a similar installation a few miles west 
of Denver at about one mile elevation. 

The installation at Argentine Pass is 
shown in Figure 3, and the connection ar¬ 
rangement in Figure 4, To measure co¬ 
rona currents at the tip of the lightning 
rod, a recording microammeter was Con¬ 
nected between the lightning rod and the 
ground. For protection of the micro¬ 
ammeter should a direct stroke hit the 
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Figure 1. Profile 
of Shoshone-Denver 
100-kv transmission 
line, showing ground 
elevation above sea 
level, and location 
of counterpoise and 
surge-crest ammeter 
links 


lightning rod, an inductance was connected 
in series and a protective gap in parallel. 
Lightning-rod discharge currents are a 
measure of cloud field gradient at the 
earth’s surface. Accordingly, current 
measurements were especially desired im¬ 
mediately before and after direct lightning 
strokes. To record the time of such strokes 
and to measure crest-current values a series 
resistance was inserted in the lightning-rod 
circuit and a surge-voltage recorder con¬ 
nected across this resistance. Magnetic 
links were mounted on the lightning-rod 
down lead to obtain a check reading qf 
crest-current values. The recording micro¬ 
ammeter was adjusted to indicate both 
positive and negative currents. The surge- 
voltage recorder, because of its double 
polarity registration characteristics, was 
capable of measuring crest-current values 



Figure 2. Typical tower showing location of 
surge-crest ammeter brackets (circled) on tower 
leg and braces 


of either positive or negative lightning 
strokes. 

With one such installation at the high 
elevation of Argentine Pass, one at the 
medium elevation of Denver, and a third 
at a much lower elevation on a line in 
Eastern Pennsylvania, it was planned to 
obtain data on discharge levels and polari¬ 
ties over a wide range of elevations. Ac¬ 
companying this program of field-data 
taking is a laboratory investigation in 
which the discharge characteristics of 
points under different conditions of elec¬ 
tric field configuration are being studied. 

IV. Direct-Stroke Record 

After each lightning storm the transmis¬ 
sion-line patrolmen checked the magnetic 
links, and those which were magnetized 
were sent into the central office where they 
were calibrated and each case studied to 
determine the tower and stroke current. 
This information was co-ordinated with 
the patrolman’s observations of the time 
of day of the lightning storms and loca¬ 



Figure 3. Installation on Argentine Pass at 
altitude of 13,500 feet for measuring earth 
corona current and surge voltages 


tion along the line. This was checked 
with the records and oscillograms of 
Petersen coil operations and line tripouts. 
In this way it was possible to locate where 
one - phase - to - ground, two - phase - to- 
ground, and three-phase faults occurred 
and to determine tower and stroke current 
for each case. After the stroke current 
was calculated the altitude of the tower 
was deter mine d, and a point was plotted 
on Figure 5 which shows stroke-current 
values against altitude. Table I shows a 
summary of the stroke currents for vari¬ 
ous altitude groups, namely, 6,000 to 8,000 
feet, 8,000 to 10,000 feet, 10,000 to 12,000 
feet, 12,000 to 14,000 feet, for the four 
years 1938 to 1941 inclusive. Each one of 
these groups was analyzed individually to 
determine the probable stroke current in 
the group. 

The probable stroke current curves are 
shown in Figure 6. The upper curve has 
been presented by Lewis and Foust 2 and 
was derived from investigations made at 
altitudes below 2,100 feet. It has been 
used to represent conditions at low alti¬ 
tudes. The other curves indicate the 
probable lightning current as derived from 
the Colorado investigation for three alti¬ 
tude groups as well as a summarizing 
curve for this investigation, extending 
from-6,000 to 14,000 feet. The curves in¬ 
dicate a decrease in probable stroke cur¬ 
rent with increase in altitude. This con¬ 
forms to observations over 30 years of 
operation in this district. 

The curves in Figure 6 were studied to 
determine the relation of this decrease of 
current with the increase of altitude. This 
was done by selecting the values of cur¬ 
rent on the five per cent abscissa line for 
the various altitude group curves of 
Figure 6. Thus were obtained the four 
points in Figure 7 marked with circles, in¬ 
cluding one point at sea level, one at 
7,000 feet, one at 11,000 feet, and one at 
13,000 feet,, and curve A was drawn 
through these points. The average alti¬ 
tude for each group was used as the ordi- 

f LIGHTNING ROd"'* 




SERIES 

RESISTANCE- 


SURGE 
VOLTAGE 
RECORDER 

PROTECTIVE GAP 


=2=2. MAGNETIC LINKS 


(- l QOOO r - 

PROTECTIVE 

INDUCTANCE 


Jr 


IVE I 


RECORDING 

MICROAMMETER 


Figure 4. Schematic diagram of earth-corona- 
current and surge-voltage-recorder equipment 


202 Transactions Robertson, Lewis, Foust—Lightning Investigation at High Altitudes Electrical Engineering 










it*-* 


fiaooo 


C} 16000 

w14000 



20 40 60 80 100 120 140 160 160 200*220 

STROKE CURRENT IN THOUSANDS OF AMPERES 


220000 - 
200000 
160000 
§ 160000 
at 140000 
< 120000 
z 100000If 
7 80000 


QC 

cc 

3 


60000 

40000 

20000 






















' 




















r 




















Y~ 




LOV 

. .. 


\LT 

TUC 

)£ 

JO 

1 - . 1 

TN 

_ 

ttG 









\ 



- 1 - 

^-eoc 

0-i 

OOC 

-F- 

IFT.AL 

T -L 

IGHJNI 

<JG 








A 


/ 

reooo-1400 

10000-1200 

OFT. ALT. LIGHTNII 
OFT. ALT LIGHTNI 

'TCT 








1! ' 


/j 


120 

>0-1- 

*00 

OFT 

AL 

.T. L 

IGI- 

TNI 

<IG 








£ 


1 

V 

















s 
























r- 




s 

£ 


— 

— 

Is 


3= 

— 

_ _ 

— 

— 


PERCENTAGE EXCEEDING CURRENT INDICATED BY ORDINATE 


Figure 5. Elevation above sea level at which 
the strokes occurred on the Shoshone-Denver 
10O-kv line and the probable maximum current 
at various altitudes from sea level to 20,0001 
feet 

This also shows the current for various per¬ 
centages of maximum current at the same 
altitudes 

mate. In obtaining the point in Figure 7 
marked with a square, the value of current 
which the highest five per cent of all ob¬ 
served strokes exceeded was plotted 
against the average of the altitudes at 
which occurred the strokes in this highest 
five per cent. Line B was then drawn 
from the five per cent value for sea level, 
obtained from the upper curve of Figure 6, 
through this last point marked with a 
square. This line intersects the zero cur¬ 
rent at about 18,000 feet. 

It will be noted in Table I that the 
greatest number of strokes observed was 
in the group from 6,000 to 8,000 feet alti¬ 
tude. Also, it can be noted in Figure 7 
that the five per cent point for this alti¬ 
tude group is the closest to line B. This 
shift of the points in the various altitude 
groups has been noted-from year to year 
and it is assumed that with a larger num¬ 
ber of observations the two lines would 
approach an intermediate line indicated 


as line C of Figure 7. The same procedure 
was used for the highest 10 per cent, 15 
per cent, 20 per cent, and 40 per cent of 
the stroke currents, and the resulting 
curves are plotted on Figure '5. All of 
these lines of Figures 5 and 7 appear to 
intersect the zero current at about 18,000 
feet altitude. This had been noted in 1938 
and has continued through each year of 
the investigation. It therefore appeared 
to be of interest to attempt to verify this 
indicated absence of lightning above 
18,000 feet and to attempt to find an ex¬ 
planation. 

V. Temperature Observations 

Temperature is one of the factors which 
decreases with increase of altitude, and 
studies were made to determine the rela¬ 
tionship which this might bear to the con¬ 
clusions previously mentioned. A graphic 
thermometer was set on top of Argentine 
Pass during the summer of 1941 to obtain 
temperatures at 13,500 feet, since the 
highest altitude for which Weather Bureau 
information is available is at Leadville 
which is at an altitude of 10,200 feet. 
Data were also obtained from the Denver 
weather bureau of temperatures in the 
upper air as obtained by balloon sondes 
and described elsewhere. 8 Data for the 


Figure 6. Cumulative curves of probable 
stroke currents from 734 strokes on transmission 
lines at low altitudes, 8 and 145 strokes to the 
Shoshone-Denver 100-kv transmission line 
at altitudes from 6,000 to 13,500 feet 

year October 1940-September 1941 are 
presented in Table II. The straight lines 
in Figure 8 indicate, for example, the vari¬ 
ation of temperature with altitude from 
the balloon readings for three days in 
July 1941. The corresponding mean tem¬ 
peratures for Argentine Pass, Leadville, 
and Denver are also indicated. It will be 
noted that the temperature in free air 
corresponds rather dosety with tempera¬ 
tures at the three locations just mentioned. 
In Figure 9 are similar average curves for 
each month of 1941 and for the year, 
plotted from the data of Table II. This 
figure itidicates that the mean tempera¬ 
tures on the earth at any particular alti¬ 
tude correspond very closely to those at 
the same altitude in free air, and it ap¬ 
pears that the temperature which might 
exist at altitudes on the earth at 18,000 
to 20,000 feet would be as indicated in 
Figure 9. This shows that at this altitude 
the temperature never exceeds 32 degrees 
Fahrenheit, which may be a significant 
fact. 

Minser obtained observations from air¬ 
planes, 8 and Figure 10 is a generalized 


Table I. Range of Probable Stroke Currents at Various Altitudes 

1938,1939,1940,1941 


Altitude 6,000 to 8,000 Feet 8,000 to 10,000 Feet 10,000 to 12,000 Feet 12,000 to 14,000 Feet 


Amperes 

1938 

1939 

1940 

1941 

Four 

Years 

1938 

1939 

Four 

1940 1941 Years 

00 

3 

1939 

1940 

1941 

Four 

Years 

1938 

1939 

1940 

1941 

Four 

Years 

All 

Years 

1,000- 5,000. 

.... 6 . 

.. 3.. 

..14.. 

... 6 .. 

..29.. 

.... 2 .. 

.. 0 .. 

. . 0 .. .0 _ 2 ... 

.. 2 .. 

.. 2 .. 

..3.. 

.. 0 .. 

.. 7.. 

... 4.. 

.. 0 .. 

. . 0 .. 

. . 0 .. 

.. 4... 

...42 

5,001- 10,000. 

_ 1 . 

.. 0 .. 

... 6 .. 

.. 2 .. 

..9.. 

.... 2 .. 

. . 0 .. 

. .1... .0-3... 

V.O.. 

... 1 . . 

.. 3.. 

.. 2 .. 

... 6 .. 

... 4.. 

.. 0 .. 

.. 1 .. 

. . 0 . . 

.. 5... 

...23 

10 , 001 - 20 , 000 ; 

.... 10 ; 

.. 5.. 

.. 3.. 

.. 3.. 

.. 21 .. 

-4.. 

. . 0 . . 

., 2 ..., 2 «... 8 ... 

.. 0 .. 

.. 1 ., 

.. 7.. 

.. 2 .. 

.. 10 .. 

... 2 .. 

..0.. 

. .1. . 

. .0.. 

.. 3... 

...42 

20 , 001 - 80,000. 

_ 0. 

.. 0.. 

,.5.. 

.. 1 .. 

.. 6.. 

- 1 .. 

..0.. 

. . 1 .i;. 0 .,.. 2 ... 

. .0, . 

.. 1 .. 

., 3.. 

..0.. 

.. 4.. 

... 0.. 

.. 1 .. 

..0.. 

. .0.. 

.. 1 ... 

...13 

30,001- 40,000. 

_5., 

.. 1.. 

..5.. 

.. 0.. 

.. 11 .. 

.... 1 .. 

..0.. 

..0 . 0. .;. 1... 

. . 0 .. 

. .0. . 

.. 2 .. 

..0.. 

.. 2 .. 

... 0.. 

..0.. 

..0.. 

. .0. , 

.. 0... 

... 14 

40 001- 50.000. 

.. .. 0 . 

.. 1 . . 

.. 1.. 

0.. 

.. 2 .. 

_ 1 .. 

. .0. . 

. .0. .. . 0 . ... 1 . .. 

. .0; . 

. .0, . 

2 .. 

.. 1 . . 

.. 3. . 

... 0. . 

. .0. . 

, . 1.. 

o 

1 

# . 7 

50,001- 60,000. 

.... 0;. 

.. 1.. 

.. 0.. 

.. 0.. 

.. 1 














i 

60,001- 70,000. 

_ 0 . 

.. 0.. 

.. 0., 

.. 0.. 

.. 0 



.' . • • 








■ L 



0 

70,001- 80,000. 

.... 0 . 

.. 0.. 

,. 0.. 

.. 0.. 

.. 0 














0 

80,001- 90,000. 

_ 1. 

.; 1.. 

.. 0.. 

.. 0.. 

.. 2 














2 

90,001-100,000. 

_ 0.. 

.. 0.. 

.. 0.. 

., 1.. 

.. 1 















Total. ....... 

.28.. 

.. 12 .. 

..34.. 

.13.. 

.82.. 

_ 11. . 

. . 0 .. 

»*4*«•«2«•,•17••• 

• .21 • 

• *5* ♦ 

.. 20 .. 

..5.. 

..32.. 

....10.. 

..1.. 

..3.. 

..0.. 

..14... 

...145 
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..82.. 
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THOUSANDS OF AMPERES 

Figure 7. Illustrates method of obtaining per¬ 
centage lines in Figure 5 

Shows the value of the five per cent largest 
strokes occurring In altitude bands of 6,000 
to 8,000 feet, 10,000 to 12,000 feet, and 
12,000 to 14,000 feet, plotted against mean 
altitude for each band. Also shows the 
average altitude of the five per cent largest 
strokes 



MEAN TEMPERATURE-DEG. FAHRENHEIT 

Figure 8. Temperature in free air above 
Denver from balloon sondes up to 25,000 
feet altitude for July 1, 10, 20, 1941, and 
mean temperatures at Denver, Leadville, and 
Argentine Pass on corresponding days 



Figure 9. Balloon sonde mean temperatures 
above Denver for January through September, 
and for the year 1941, for altitudes up to 
25,000 feet, and mean temperatures for same 
months at Denver, Leadville, and Argentine 
Pass 


diagram showing that at altitudes be¬ 
tween 12,000 and 20,000 feet there is a 
mixture of sleet and water with tempera¬ 
tures between 32 degrees Fahrenheit and 
—6 degrees Fahrenheit. This region of 
somewhat mixed charge lies between the 
upper region predominantly positive and 
the lower region predominantly negative. 
From an analysis of a large number of 
actual cases, he found that lightning dis¬ 
charges to aircraft in flight occur most 
frequently in the zone adjacent to the 
freezing isotherm, that is, from 26 degrees 
Fahrenheit to 34 degrees Fahrenheit. 
The mean altitude at which discharges to 
aircraft were encountered was 10,000 feet 
with a maximum of 18,000 feet and a 
minim u m of 2,000 feet, with no one level 
predominant. 

Simpson and Scrace 8 also found by 
sending up balloons that a separation of 


charges in the cloud takes place, the lower 
portion of the cloud being predominantly 
negative and the upper portion predomi¬ 
nantly positive, and that the region of 
separation between the negative charge 
and the upper positive charge occurs at a 
level where the temperature is between 
—10 degrees centigrade and —20 degrees 
centigrade (14 degrees Fahrenheit and 
—4 degrees Fahrenheit), as shown in 
Figure 11. The recording thermometer 
on Argentine Pass near the microammeter 
showed. temperatures ranging from 26 
degrees Fahrenheit to 51 degrees Fahren¬ 
heit at times when records of corona dis¬ 
charge were obtained. 

Transmission line patrolmen have ob¬ 
served for a long time that lightning might 
occur in a snow storm, but it had also 
been noted that under these conditions 
the temperature was near freezing and ac¬ 


table II. Balloon Sonde Temperatures in Air Above Denver and Mean Temperatures at 

Denver, Leadville, and Argentine 


Mean Temperatures 
Denver Leadville Argentine 


Balloon Sondes at Denver (Ft) 


January .. 
February... 
March.... 
April..... 
May ..... 

June. 

July....... 

August ... 
September. 
October... 
November. 
December, 
Year...... 


1941.... 

1941.... 

1941_ 

1941.... 

1941.. .. 
1941.; .. 

1941.. . 

1941.. .. 

1941.. .. 

1940. 

1940.. .. 

1940. 


.34.3... 

.37.2... 

.37.2... 

.40.8... 

.61.0... 

.65.6... 

.72.8... 

.7i:7... 

.61.7... 

.55.8... 

.37.8... 

.35.6... 

.51.2... 


.. 21 . 0 . 
..25.6. 
..20.4. 
..31,4., 
..44.8., 
..49.4., 
..55.0., 
..55.2;. 
.46.0.. 
..41.2.. 
; .25.4.. 
. .25.0.*. 
. .36.7.. 


5,000 

10,000 

15,000 

20,000 

.33* . 

.....20* .... 

. 0* . 

.- 21 * 

.31* . 

....23* . 

. 2* . 

.-18* 

.41* . 

....31* .... 

. 12* . 

0* 

.50**. 

....32**..,. 

. 12**. 

.... — 8** 

.55**. 

....38**.... 

. 19**. 

. 0 ** 

.70**. 

....50**.... 

; 28**. 

.... 7** 

.75**. 

....55**.... 

. 34**. 

. 13** 

,80**. 

....00**..., 

. 38**. 

.... 17*# 

.08**. 

... .54**.... 

. 33**. 

. 11 *# 

.40* .. 

....42* .... 

. 25* . 

. 7* 

.30* . 

....28* .... 

. 14* . 

..... 0* 

. 0* .. 

.... 0* .... 

.-15* . 

.—36* 

.49 .. 

....36 .... 

• 16.8. 

.- 2.8 


Observations at midnight only. 


♦♦Average of observations at noon and midnight. 


companied by wet heavy snow. This has 
taken place at all altitudes. 

All of these observations indicate some 
correlation between temperature and alti¬ 
tude and the presence or absence of light¬ 
ning discharges, but the exact relation is 
still somewhat obscure. However, the ob¬ 
servations do indicate that freezing tem¬ 
peratures may limit the formation of 
lightning. 

Another set of contributing factors per¬ 
tinent to the decrease of lightning current 
with altitude are the following: The 
breakdown strength of air decreases about 
three per cent per 1000 feet, so that at the 
altitudes of this investigation the break¬ 
down strength of air varies between ap¬ 
proximately 60 and 80 per cent of the sea 
level value. With less voltage available 
between doud and earth, it would be ex¬ 
pected that the lightning-current values 
would be lower. Furthermore, it is pos¬ 
sible that in some cases the line itself is 
very dose to the doud, if not in the doud. 
In such cases the . difference of potential 
between doud and line would be very 
small. In such high altitudes many dis¬ 
charges would be expected, each of small 
current magnitude, and further, some alti¬ 
tude would be reached at which disruptive 
discharges would be of insignificant pro¬ 
portions. This is for the reason that the 
projection of the mountains into the doud 
regions limits the accumulation of charges 
by increasing doud-to-ground leakage, at 
the same time predpitating discharges 
before doud charge can build up to aver¬ 
age low-altitude lightning proportions. 
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VI. Effective Counterpoise 
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Tower-footing resistance tests were 
made in 1934, using ground Megger, be¬ 
fore counterpoise wires had been installed. 
This was a very dry year with only 8.93 
inches precipitation which was 63.5 per 
cent of normal. Tests were made on vari¬ 
ous towers ranging in altitude from 6,000 
to 13,500 feet and located in various types 
of earth including day or loam, sand and 
gravel, and rock. The resistances are 
plotted in Figure 12 against altitude and 
found to vary from 40 ohms to 950 o hms . 
The same towers were tested again in 1935 
when the predpitation was 17.2 inches or 
21.8 per cent in excess of normal. The re¬ 
sults are also plotted in Figure 12 and 
show that the resistance varies from 30 
ohms to 360 ohms. These curves indicate 
that the moisture had a considerable in¬ 
fluence on resistance values. The curve 
also shows that the resistance increases 
with increase in altitude, This may be 
accounted for by washing of salts from 
the ground by rains and snow and by the 
high-resistance type, of rocky territory en¬ 
countered at high altitudes. 

During the course of observation of 
lightning strokes and their measurements, 
the record of the one-phase-to-ground, 
two-phase-to-ground, and three-phase 

Figure 10. Generalized diagram by Minser, 5 
showing the distribution of meteorological 
elements and mechanism of the separation of 
electrical charges in a typical thunderstorm 


faults was noted. This was obtained from 
automatic oscillograph, Petersen coil 
operation, and relay indications. The line 
operation was co-ordinated with the 
strpke measurements to determine what 
type of fault occurred. For the four years 
covered by the investigation, 145 strokes 
were recorded, of which 56 produced 
single-phase-to-ground faults, 20 two- 
phase-to-ground and 5 three-phase faults, 
64 strokes were observed where no line 
faults were produced. It is probable that 
a majority of the strokes occurred to a 
conductor, thus causing flashover at an 
adjacent tower, sometimes with very little 
current in the stroke. If the stroke cur¬ 
rent were of sufficient magnitude so that 
the product of current times footing re¬ 
sistance exceeded the flashover of the in¬ 
sulator strings, then one or two additional 
phases might flashover, possibly in¬ 
fluenced by the phase position of the gen¬ 
erated voltage. Strokes to towers would 


Figure 11. Generalized diagram by Simpson 
and Scrace,® showing air currents and distri¬ 
bution of electricity in a typical heat thunder¬ 
storm 

flash over one, two, or three phases, if the 
tower were raised in potential above the 
insulator string flashover, the number of 
phases depending on the condition of the 
individual strings and the phase position 
of the generated voltage. 

Table III shows the length of counter¬ 
poise at which readable values of current 
were read. These distances are plotted 
against current magnitude in Figure 13. 
This figure indicates that the greater the 
lightning current the greater the distance 
readable current was carried by the 
counterpoise. A possible explanation for 
this is that the larger current values are 
associated with more extensive clouds. 
The electrostatic field under these clouds 
covers a large area, and on the occurrence 
















COUNTERPOISE CURRENT READABLE 


Figure 13. Length of counterpoise at which 
readable values of current were read for 
various tower currents 


Triangle points are from Table II! 


of a stroke, thereby collapsing the field, 
current flows from the entire area into the 
stroke. Much of this current makes its 
way to the extensive counterpoise system, 
which offers a low resistance path to the 
tower involved in the stroke. However, 
since only a portion of the entire counter¬ 
poise is involved with any one cloud, the 
effective resistance of the counterpoise is 
always somewhat greater than indicated 
by Megger measurements, which presum¬ 
ably include the entire length of counter¬ 
poise. 

VII. Cloud-Field Current 
Measurements 

Investigational work on the high alti¬ 
tude Shoshone—Denver line provided an 
excellent opportunity to study discharge 

Figure 14. Corona-current record obtained 
on Argentine Pass during storm of August 21, 
1941 



Figure 15. Thermometer record at Argentine 
Pass during the period corresponding to the 
corona record of Figure 14 

currents from the ground surface during 
lightning storm periods. Such corona 
streamers had been observed visually on a 
number of occasions, but had never been 
measured. Accordingly, the measuring 
equipment described in section III was 
set up at Argentine Pass and near Denver 
in 1940 and again in 1941. No direct 
strokes occurred to the lightning rods and 
no surge-voltage records were obtained. 

Discharge-current records for 51 storms 
were obtained on the Argentine Pass in¬ 
stallation during the 1941 lightning sea¬ 
son. In Table IV axe summarized all rec¬ 
ords obtained at Argentine Pass and at 
Denver. The latter are few in number, 


particularly because the recorder was not 
in operation during a portion of the period 
of data taking. This table shows time of 
occurrence of a storm, the maximum am¬ 
plitudes of both positive and negative 
polarity currents occurring in each storm, 
the temperature at the beginning and end 
of the storm, and an estimate of the cloud- 
field gradients at the earth as indicated by 
the corona current. 

In the specimen record of Figure 14 ob¬ 
tained during the storm of August 21 from 
9:00 p.m. to 10:30 p.m. it will be noted 
that beginning at 9:10 and extending over 
a period of some 20 minutes, sharply in¬ 
creasing corona currents were repeatedly 
interrupted by discharges, undoubtedly 

Figure 16. Corona-current record obtained 
on Argentine Pass, July 15,1941 
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due to nearby lightning strokes. The ex¬ 
treme deflections of the microammeter 
pointer which leave only single line traces 
on the record show that a ligh tnin g stroke 
occurred with resulting abrupt change in 
field gradient. The amplitudes of these 
wide swings are due partly to sudden re¬ 
lease of induced charge in the lightning 
rod, that is, induced surge voltage and 
overswing of the sensitive instr umen t, 
movement. Following this early period 
of the storm came a steady flow of rod dis¬ 
charge current extending over a period of 
about 40 minutes and of negative polarity. 
During the next five or six minutes there 
occurred a gradual change of cloud field 
from negative to positive polarity without 
the sharp lightning stroke changes and ap¬ 
parently due to the movement of a posi¬ 
tively charged portion of the doud to the 
vicinity of the lightning rod. Several rec¬ 
ords of this general type were obtained 
during the 1941 lightning season. In 
Figure 15 is reproduced the thermometer 
record at Argentine Pass during the period 
corresponding to Figure 14. 

Typical of a storm not accompanied by 
frequent nearby lightning discharges is 
the record shown in Figure 16 and ob¬ 
tained at Argentine Pass on July 15 from 
6:50 p.m. to 8:20 p.m. This record shows 
a gradual increase in gradient beginning 
at 7:05 p.m. over a period of 10 minutes 
and reaching a high negative gradient of 
94 kv per foot at 7:15 p.m. At this time, 
a single stroke discharged this high gradi¬ 
ent down to about half of its previous 
maximum level. Continuing, the gradient 
changed gradually to positive in about 20 
minutes, building up to a gradient of 75 kv 
per foot, which disappeared within three 
or four minutes time, presumably as this 
portion of the doud moved away from the 
lightning rod. 

In considering the records obtained at 
Argentine Pass, it is well to carry in mind 
that this elevation places the lightning rod 
well up into the doud fidd on many oc¬ 
casions. Under these conditions the ideal 
case of a lightning rod projecting from the 
earth surface up into a uniform fidd is not 
obtained. Such an arrangement could, 
therefore, not be used in the laboratory to 
calibrate for gradients indicated by the 
Argentine Pass setup. The tip of the 
lightning rod at Argentine Pass extends 18 
feet above the levd of the earth surface, 
and it is presumed that doud charges may 
at times be within a very few feet of the 
rod. Accordingly, in the laboratory cali¬ 
bration, corona currents were measured 
for a long rod extending more than 10 feet 
above the grounded plane with the tip 
located only four feet away from a high 
potential plane which was some three feet 


in diameter. Voltage from a continuous 
voltage-rectifying-type generator provid¬ 
ing up to 500 kv was applied to the high 
potential plane over a wide range of volt¬ 
age levds of both positive and negative 
polarity. Corresponding rod currents 


were measured for each voltage level ap¬ 
plied. The figure for voltage gradient was 
obtained by dividing applied voltage by 
the distance between rod tip and high 
potential plane. Correction was made for 
the relative air density of approximately 


Table HI. Length of Counterpoise at Which Readable Values of Current Were Read 


Tower Current 


1038 (Feet) 1030 (Feet) 1040 (Feet) 1041 (Feet) Average (Feet) 


0- 5,000.1,220. 050.1,450.1,110 

5,001- 10,000.1,300.1,300 . 000.1,500.1,250 

10,001- 20,000.1,730'..2,160.1.500.1.400 

20,001- 30,000.3,850.2,000.2,020 

30,001- 40,000.2,870...3,250.3.000 

40,001- 50,000.3,000.4,000.3,500 

50,001- 60,000.3,300.3,300 

60,001- 70,000 
70,001- 80,000 

80,001- 00,000. .5,000.5,000 

90,001-100,000....8,000.8,000 


Table IV. Cloud-Field Current Records 


Cloud-Field 

Current in Gradient Temperature 

Microamperes Kv Per Foot Degrees Fahrenheit 


9. 3:35P.4:10P. 

10 .4-.30P.5: OOP. 

11 . 1:10P.2:20P. 

11.4:0OP. 5:10P. 

11 .5:30P.7: OOP. 

12 .5:10P.5:50P. 

14. 2:10P.2:40P. 

14 .7:20P. 8:10P. 

15 .3: SOP.4:10P. 

15.8:50P.8:20P. 

17 _7:20P.7:40P. 

18 . 6:40P.7:20P. 

18 .7:40P....; 8:SOP. 

19 . 3:20P.5:OOP. 

19..5:10P. 6:SOP. 

19.8:40P.9:10P. 


1. 5:OOP. 6:10P.. 

3.. .... 8:20P.9:OOP.. 

5.. -4:20P.5:30P.. 

5.7-.20P.10:20P.. 

7. 2:OOP.3:OOP.. 

10. 1:20P.3: OOP.. 

10. 5:10P.6:40P.. 

12. 2:40P. 3:20P.. 

12.3: SOP.4:50P,. 


15. 7:40P.8:50P., 

18.. .... 2:30P.3:10P., 

18. 3:30P..... 4:30P., 

18 . 9:20P.10-.00P., 

19 .10:30P.11:00P., 

20.. .... 6:50A.7:10A. 

20 . 8:50A.-9:20A. 

20 .10:20A.11:00A. 

20..6:OOP. 7:OOP. 

21 .11:40A.12:10P. 


20 ..... 

21 . 

21 ..... 

22 . 

22 ..... 


1:20P. ... 2:20P,.. 
4:40P...., 5:20P... 


... 6:10P.6:50P... 

-11:50A..... .12:40P.,. 


6:00P.... 
2:00P... 
4:00P.... 

2:00P.... 
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0.6 at Argentine Pass. The positive and 
negative current values were about equal 
for the same voltage levels. The use of 
such a laboratory setup, of course, in¬ 
volves speculation as to field conditions 
and means that the gradients indicated 
are at this time only approximate. How¬ 
ever, additional field and laboratory data 
and its correlation will provide more posi¬ 
tive results as the investigation proceeds. 

In columns 5 and 6 of Table IV, maxi¬ 
mum current values for each storm are 
tabulated. Both positive and negative 
values are recorded for about 80 per cent 
of all storms, the remaining 20 per cent 
giving either positive or negative current 
exclusively. Discharge currents ranged 
up to 480 microamperes both positive and 
negative. A positive instrument current 
means that the rod tip is positive relative 
to the ground and indicates a positive- 
inducing doud fidd. A negative current 
means that the rod tip is negative rdative 
to the ground and indicates a negative- 
inducing doud field. Planimeter surveys 
of all records show that integrated time 
and amplitude for positive polarity douds 
was 55 per cent and negative polarity 
douds 45 per cent. 

Columns 7 and 8 of Table IV give 
equivalent voltage gradients as indicated 
by the laboratory calibrations previously 
described. These gradients range up to 
94 kv per foot. In 1930 two of the authors 
reported fidd-gradient measurements at 
the ground surface up to 87 kv per foot at 
about 1,200 feet above sea level. 7 These 
early results were obtained on an in¬ 
strument of the ballistic galvanometer 
type which was connected to the doud 
fidd through a capadtance arrangement 
and which recorded only on the occurrence 
of a lightning stroke. The average rec¬ 
ord was bdow 10 kv per foot. The new 
measurements range substantially above 
the earlier values as would be expected due 
to the dose proximity of the cloud to the 
lightning rod. 


VHL Conclusions 

1. One hundred and forty-five stroke cur¬ 
rents were measured at high altitudes, rang¬ 
ing in value from 2,000 to 96,800 amperes, 
with 64 per cent negative and 36 per cent 
positive. These figures should be compared 
with figures for low-altitude transmission 
lines, in which approximatdy 95 per cent 
of the strokes were of negative polarity and 
5 per cent positive. It is possible that on the 
high altitude line, where the line may at 
times be within the doud, the positive por¬ 
tion of the doud may be discharged to the 
line more frequently than in the normal 
case. 

2. Strokes caused 56 one-phase-to-ground 
faults, 20 two-phase-to-ground faults, and 
5 three-phase faults. The remaining 64 
strokes caused no line disturbances. 

3. The observed stroke current decreases 
with increase of altitude from sea levd to 
13,500 feet. 

4. Results indicate that there may be no 
lightning strokes if the ground levd is above 
an altitude of 18,000 feet. 

5. The mean temperature at an altitude of 
18,000 feet in free air above Denver never 
exceeds 32 degrees Fahrenheit. 

6: Mean temperatures which would prevail 
if the earth’s surface were at 18,000 feet 
devation may be the same as that obtained 
from the Balloon Sondes and may never 
exceed 32 degrees Fahrenheit. 

7. The mean temperature for Leadville 
(altitude 10,200 feet) and Argentine Pass 
(13,600 feet) conforms very dosdy to tem¬ 
peratures at corresponding altitudes in free 
air as obtained by Balloon Sondes at 
Denver. 

8. This investigation and other observa¬ 
tions indicate that freezing temperatures 
may limit the formation of lightning. 

9. The length of counterpoise at which 
readable values of current were read in¬ 
creases directly with increase of stroke cur¬ 
rent. 

10. Current in tower legs and braces di¬ 
vides approximatdy as the cross-section 
area of the steel, although erratic readings 
were obtained in many cases. 

11. Counterpoise wires carried practically 
all the current with little in tower footing. 


12. The microammeter measuring earth 
discharge at Argentine Pass showed indica¬ 
tions for 51 different storms up to 480 micro¬ 
amperes. Potential gradient was calculated 
from these records up to 94 kv per foot. 

13. Polarity characteristics of field gradi¬ 
ents at 13,500 feet as determined by the 
integrated area under the amplitude-time 
curves, were 45 per cent negative and 55 per 
cent positive. Comparison of maximum 
discharge currents per storm also showed 
positive and negative polarities to be about 
equal. Particular storms, however, are 
occasionally predominantly positive or 
negative. 

14. The Shoshone-Denver line passes over 
an area of differing geological formations 
but, except for resistivity, these formations 
do not appear to influence the locations 
where lightning strokes occur nor the value 
of current in a stroke. In fact, contour of 
the ground and its relation to the direction 
of travel of the storm appears to have more 
bearing on the location of the strokes than 
geological formations. 
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Supplementary Control of Prime-Mover 

Speed Governors 

S. B. CRARY J. B. MeCLURE 
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T HE development of interconnected 
systems has required improvements 
in the manual and automatic control of 
load, frequency, and time. The speed 
governors of the prime movers have al¬ 
ways provided the medium for supple¬ 
mentary control of frequency, load, and 
time. Experience with various types of 
control devices and the factors influencing 
their functioning have been discu s sed 
frequently in the technical literature. 
Recently the problem has been given re¬ 
newed attention 1-5 with an effort to corre¬ 
late experience with theory and to pro¬ 
vide a basis for determining the proper 
characteristics of governors 2 and their 
supplementary control. 

In attacking this problem, the authors 
and their associates first made an analysis 
of the prime-mover governors when per¬ 
forming their essential function of speed 
control. 1 * 2 Such an analysis was neces¬ 
sary to provide the required background 
for the problem of system control of fre¬ 
quency and load by means of supplemen¬ 
tary devices. The work on prime-mover 
governors resulted in conclusions as to 
their desirable characteristics. This 
paper presents what appear, from analy¬ 
sis and experience, to be logical conclu¬ 
sions as to the proper characteristics and 
functions of the supplementary control 
devices, and, accordingly, is a sequel to 
the previous paper dealing with prime- 
mover governors. 2 At the same time this 
is a companion paper to the one by Con¬ 
cordia, Weygandt, and Shott,* presenting 
the results of an analysis of tie line con¬ 
trol. The problems of load, frequency, 
and time control have usually been 
treated as related to the operating prob¬ 
lems of particular systems. This paper 
has as its purpose a discussion of the vari¬ 
ous factors which apply more generally 
for all types of systems. 

System Operation 

Economic generation of power, to al¬ 
ways meet the demand, to satisfy trans¬ 
mission facilities, and, at the same time, 
keep frequency aind time; within certain 
limits, gives rise to a variety of problems. 
Every power system or section of a power 
system is subjected under normal condi¬ 


tions to load changes of rather large mag¬ 
nitude during the course of its daily op¬ 
eration. Most systems have appreciable 
load “drop offs" and “pickups" during 
the morning, noon, and evening hours. 
These load changes may be of the order 
of one to two per cent of system capacity 
per minute. Around the average load 
may be a fringe due to loads which are 
more rapidly applied and removed. Also, 
occasionally emergencies arise which will 
cause sudden changes in loading and fre¬ 
quency. 

The characteristics of all the control 
devices of a system, whether automatic 
or manual, determine its performance 
during these changes and readjustments. 
The co-ordination of the functioning of 


Figure 1. Interconnected system 
where frequency regulation in area 
B and tie-line control at A, C, D, 1 
and E is sufficient 


these devices becomes increasingly im¬ 
portant with the number of interconnec¬ 
tions and the size of the individual loads 
which may be applied, and the intelligent 
solution will necessarily be a compromise 
among all the requirements involved. 
After reviewing the factors which appear 
to be essential for the proper control of 
generator output, tie-line load, frequency, 
and time, we have reached the following 
conclusions: 

1. The duty on the regulating stations can 
be reduced, for the same allowable frequency 
deviation, by using more governors which 
have the proper characteristics. 

2. Automatic frequency control may be 
obtained with simultaneous operation at 
several stations provided with time-error 
droop correction. 

3. Maintaining absolutely fiat frequency, 

Paper 42-73, recommended by the AIEE committee 
on power generation for presentation at the AIEE 
winter convention, New York, NT, Y„ January 
26-30, 1942. Manuscript submitted November 
12,1941; made available for printing December 23, 
1941. 

S. B. Crary and J. B. McClure are with the 
central station engineering department, General 
Electric Company, Schenectady, N. Y. 


time and tie-line loads is an unnecessarily 
severe requirement. 

4. The required rates of response on the 
larger systems, with a reasonable amount of 
regulating capacity, are well within the 
ability of the prime-mover equipments and 
controllers. 

5. Large rapid load changes are difficult 
to confine to an area because of limitations 
in energy supply and of inherent time lags. 

The following discussions of the 
essential factors support the above con¬ 
clusions. 

System Speed Governors 

All of the active speed governors of a 
system tend to support the frequency fol¬ 
lowing system changes in load. Their 
contribution is made at a rate comparable 
with the rate at which the loads are usu¬ 
ally applied. Parallel-operated machines 
require some regulation in order to oper¬ 
ate properly in parallel. A previous in¬ 
vestigation 1 has indicated that the opti¬ 
mum regulation in order to keep the fre¬ 
quency deviation to a minimum, without 
resulting in undue or unnecessarily long 
periods for the readjustment to take place, 
was of the order of about six per cent in¬ 
cremental regulation for steam units. 
Also, in practice hydroelectric units with 
droop-correction mechanisms usually end 
up with an adjustment of around five per 
cent on the larger systems. 

Tests on systems indicate that the com¬ 
posite or effective system regulation is 
considerably greater than the optimum 
and may be more of the order of 10 to 20 
per cent because of dead band, operation 
Of some machines with blodced governors, 
and operation at wide open valve points. 
An approximate characteristic for some 
systems has been found to be a one per 
cent load change for a 0.1 of a cycle fre¬ 
quency deviation. This corresponds to 
an over-all system regulation of 17 per 
cent. This difference between over-all 
system regulation and the regulation of 
an individual unit tends to encourage 
blocking the governors of the new and 
efficient units with modem governors so 
that they will not be able to take more 
than their share of load changes. This 
aggravates the situation by resulting in a 
still larger composite regulation. Expe¬ 
rience has indicated that the lower the 
composite regulation of a system (not so 
low as to result in too small damping) the 
smaller will be the frequency change re¬ 
sulting from a suddenly applied or re¬ 
jected load of a given magnitude. Thus, 
the more correct solution 8 * 11 would be to 
increase the number of active governors 
and decrease the dead band, of all these 
governors to as small values as is practi¬ 
cal. 
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It should be recognized that, until a 
reasonable percentage of capacity is 
equipped with governors having small 
dead band and more uniform incremental 
regulation, units with improved governors 
will be doing more than their proportion¬ 
ate share of governing. If a steam unit 
has a six per cent incremental regulation 
and no dead band, the load change on 
that unit for a ±0.1 of a cycle fringe in 
system frequency will be ± 3 per cent 
of rating. If the instantaneous frequency 
deviation is reduced to ±0.05 of a cycle 
by an over-all improvement in governing 
alone, the change in load on such a unit 
will be reduced to ± 1.5 per cent of rating, 
without any increase in regulating station 
rates of response. Thus, the support of 
system frequency would be distributed 
among units having more nearly the opti¬ 
mum regulation, and comprising a greater 
percentage of the system capacity. This 
would result in more rapid damping of 
load oscillations and in more stable opera¬ 
tion, with less frequency deviation. Fur¬ 
thermore, the load changes on individual 
plants which were not assigned the duty 
of regulating would be so small that they 
could be considered essentially base-load 
stations. This improvement in system 
performance is the reward for reduction 
of dead band and for the employment of 
governors having more uniform incremen¬ 
tal regulation. It is important, on the 
other hand, to realize that the regulation 
of individual units should not be made 
less than the optimum, for then the fre¬ 
quency fringe may actually be increased 
rather than decreased. Since there exists 
an optimum regulation it does mean that 
(even though it is not particularly criti¬ 
cal) if the regulation of system is too 
small, an unnecessarily long time for the 
damping out of frequency oscillations may 
be required, while if it is too great, the 
frequency deviation may not be as small 
as could be realized otherwise. 

Exceptions arise in system operation 
when it may not be desirable to have all 
units operating with active governors. 
It may be desirable to block the governor 
for small frequency changes (for example, 
a magnetic pull-out device 9 ) of a steam 
unit at light load in order to prevent vari¬ 
ations in output which may be large in 
comparison with the load the unit is 
carrying, although small in comparison 
with its rating. Also, for a base-load 
unit with high efficiency or with a boiler 
and boiler control unable to cope with the 
normal load changes, it may be consid¬ 
ered necessary or advisable to operate 
the unit blocked. These exceptions, how¬ 
ever, are less likely to east when a larger 
number of units are operating with active 


governors and the frequency deviations 
are carefully kept within close limits by 
supplementary control. 

Frequency Control 

Allocating the system generation has 
ordinarily been accomplished among gen¬ 
erating stations by communicated dis¬ 
patches. The control of frequency and 
the responsibility for holding frequency 
can, of course, be distributed in this same 
manner. However, to hold frequency 
within close limits requires a constant re¬ 
adjustment at the regulating stations. 
It was a very natural step that this duty 
should be largely taken over by automa¬ 
tic control and should be assigned to 
particular stations whose incremental 
costs, depending upon the system loading, 
were such as to make them the most eco¬ 
nomical units for this control. Many 
systems are operated under a semiauto¬ 
matic and manual control of frequency. 
The frequency regulating station is 



Figure 2. Interconnected system where fre¬ 
quency regulation may be used advantage¬ 
ously in areas B, E, and F with tie-line control 
at A, C, D, G, H, and / 

changed during the day or the loading of 
other units of the system is changed in 
order to allow the regulating units to op¬ 
erate within their capacity to hold fre¬ 
quency. The use of automatic control 
at the station or stations which are as¬ 
signed to the duty of holding frequency 
at a particular time relieves the operating 
personnel of a very onerous task. In addi¬ 
tion, since automatic control is constantly 
at work restoring frequency to normal, 
closer frequency regulation is obtained 
with the result that there is less tendency 
for manual stations to contribute by their 
own initiative. This usually results in 
better system operation and less unneces¬ 
sary transfer of load between stations. 
In general, the loads which are most criti¬ 
cal to frequency deviation on a system do 
not require as dose a frequency regula¬ 
tion as is desired, by the system opera¬ 
tors, for the best operation of the system. 

It has become general practice to use 


one station for holding frequency and 
time. The other regulated units control 
tie-line loads. In systems of this type, one 
station of the whole interconnected group, 
no matter how large, or a group of closely 
tied stations, controls frequency. This 
has come about naturally, it being a 
fairly easy way to distribute the responsi¬ 
bility among regulated stations and still 
use the simplest type of control. This 
type of control is particularly well- 
adapted to a system interconnected 3 * 7 as 
shown in Figure 1, where the other sec¬ 
tions of the system are separated from 
the section holding frequency by only a 
few tie lines. These other sections can be 
assigned the duty of holding tie-line loads. 

However, for the type of system shown 
in Figure 2, it becomes more difficult to as¬ 
sign the individual stations or areas to 
regulate tie-line loads and it may become 
simpler for two or more stations to be as¬ 
signed the responsibility of regulating 
frequency. This is not readily accom¬ 
plished by the ordinary method used in 
frequency regulated stations of having a 
controller which holds essentially flat 
frequency without any direct control of 
time error. Parallel operated frequency 
controllers of this type have been oper¬ 
ated when it was possible to have slow 
rates of response and to keep the two sta¬ 
tions in range together by frequent com¬ 
municated dispatches and manual read¬ 
justments. Completely automatic paral¬ 
lel operation can be accomplished, how¬ 
ever, by providing the frequency regulat¬ 
ing stations with mechanisms which 
measure accurately the time error and 
proportion their contribution to the fre¬ 
quency regulation of the system in propor¬ 
tion to their assigned regulating capacity 
and the time-error deviation. This con¬ 
trol principle has been successfully used 
for many years and provides means for 
automatically dividing responsibility by 
what has been termed time-error droop 
correction, 10 employing a time-error range 
which is well within practical require¬ 
ments for electrical time on the systems, 
that is, one second for complete regulating 
range. 

Accuracy op Standards, Time, and 
Frequency Limits 

Reasonable electrical time accuracy is 
one of the by-products of automatic fre¬ 
quency control. In fact, it is not difficult 
to provide acceptable electrical time on 
manual control with a master clock and 
Arlington time as reference. 

In their enthusiasm, some operating 
groups, when operating as independent 
systems, endeavored to maintain very 
close to flat time. In principle, this 
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means that following each interval of low 
frequency a forced high-frequency inter¬ 
val is required and vice versa, resulting 
in much unnecessary correction at the 
regulating station. This principle of op¬ 
eration is particularly troublesome in an 
interconnected area and imposes an un¬ 
necessary transfer across tie lines and an 
unnecessary burden on the regulating 
stations. Most systems have abandoned 
this ideal objective and are content with 
keeping time within ±1 to 2 seconds 
which is relatively easy to obtain, pro¬ 
viding the regulating stations are always 
kept within range. 

Flat frequency-control devices employ¬ 
ing resonant circuits are not inherently 
good time standards. A continuous error 
of 0.01 of a cycle will integrate 14 seconds 
error in a 24-hour period. Thus, it is 
customary to supplement this type of 
control with some form of time standard, 
such as master clock, tuning fork, or 
crystal oscillator. The ultimate in time 
standard, of course, is a common con¬ 
tinuous master frequency or time. 4 At 
present, the cost of the necessary equip¬ 
ments is the only obstacle to a widespread 
adoption of a common master standard. 

Any of the available time standards is 
sufficiently accurate for backup purposes, 
as a supplement to straight frequency 
control so far as system time is concerned. 
Ordinary master clocks have an accuracy 
of one second per day; tuning forks one- 
half to one second per day; crystal os¬ 
cillators about 0.1 second per day, and 
even Arlington time sends out its correc¬ 
tion log sheets at the end of each month— 
revealing that its daily time signals may 
be off as much as 0.1 second. With any 
of these time standards, it will still be 
necessary for a system to have a correct¬ 
ing period, probably during early morning 
hours, to correct for drift in time standard 
or for system errors which may have ac¬ 
cumulated when the controlling stations 
were not kept within range. 

In appraising the value of a continuous 
master frequency,, it should be kept in 
mind that it does not improve the paral¬ 
lel operation of flat frequency regulators. 
It merely applies equal amounts of cali¬ 
bration to all controllers in terms of the 
di fferential between system time and 
master time with the result that system 
time is maintained within prescribed limits 
and load equalization must still be 
accomplished by communicated dis¬ 
patches and manual readjustments. 

In contrast to this, the application of 
a master time standard to frequency con¬ 
trollers using the time-error droop prin¬ 
ciple results in perfect parallel control. 
Thus, the several frequency-control areas 


shown in Figure 2 may be used in any 
combination without frequent communi¬ 
cation and without readjustment, except 
to satisfy changing system conditions. 

The advantages of time-error droop 
control will be recognized as intercon¬ 
nections become more widespread and the 
number of frequency-regulating stations 
increase. 

During the steady load periods the 
larger interconnected areas are able to 
maintain frequency within ±0.05 of a 
cycle and these limits may increase to ap¬ 
proximately ±0.15 of a cycle during the 
rapid load changes. On smaller systems 
the steady fringe is more nearly ±0.1 of a 
cycle and the swings may reach ±0.25 of 
a cycle during pickup and drop-off inter¬ 
vals. The sudden load changes that are 
applied to the larger systems are neces¬ 
sarily smaller in proportion to the total 



Figure 3. Typical temperature-flow charac¬ 
teristic of modern boiler with convection-type 
superheater 


capacity than may occur on the smaller 
systems—thus causing smaller frequency 
deviations for similar governor perform¬ 
ance. 

Tie-Line Controllers 

The control of frequency on an inter¬ 
connected system is ordinarily a compara¬ 
tively easy assignment and does not re¬ 
quire a particularly fast rate of response. 
The tie-line controllers, on the other 
hand, are required to hold the tie lines 
within certain limits in order to prevent 
pulling out of step, overloading, or too 
great or long a load deviation from the 
assigned tie-line loadings, and it is logical 
that the tie-line controllers should have a 
proportionately faster correction rate 
than that of frequency-regulated stations. 
This also results in a more quickly bal¬ 
anced system after a load change occurs 
in that the generating capacity within 


the area in which the load change has 
taken place quickly picks up the load 
without requiring an unnecessary change 
in the frequency regulating station. As 
the regulated capacity responding to tie¬ 
line control increases, it is important to 
reduce the amount of unnecessary correc¬ 
tion. This may be accomplished by em¬ 
ploying the well-known principle of fre¬ 
quency bias. 3 Briefly, by combining fre¬ 
quency deviation and tie-line watt devia¬ 
tion, it is possible to determine the loca¬ 
tion of the net load change associated 
with these deviations, that is, whether it 
is internal or external to the area, and the 
tie-line controller thus responds for the 
portion of the load change within that 
area, and when properly adjusted allows 
the tie line to contribute to external load 
changes, by an amount equal to the com¬ 
posite governor regulation of that area. 

In a closely knit system operating with 
a frequency control alone, the control may 
be as rapid in response as is permissible 
for frequency stability provided there is 
sufficient energy supply. In the limit this 
type of system could approach a single 
unit with a governor having zero speed 
droop and having as small a droop-correc¬ 
tion time lag as may be obtained with 
stability. 

The kilowatt transfer between two 
systems is not a steady quantity. Load 
changes in the several areas are continu¬ 
ally being applied, and system constants, 
together with existing governor dead 
bands, do not produce critical damping 
to the original oscillation. Before the tie 
line has steadied down following a load 
change, another load change has appeared 
with the result that almost a continuous 
oscillation exists. This oscillation in 
watts may be as much as ten per cent of 
the tie-line capacity and occurs at a pe¬ 
riod varying between one and five seconds, 
depending upon the system inertias on 
either end and the synchronizing coeffi¬ 
cient of the tie line. Thus, the watt sen¬ 
sitive element in a tie-line controller need 
not attempt to follow the instantaneous 
watts but rather the average of the fringe 
watts associated with this relatively fast 
oscillation. 

Types of Tib-Line Controllers 

A controller which is in equilibrium 
only when the controlled quantity has 
been returned to its desired value is called 
“the floating type.” A controller which 
is in equilibrium when the controlled 
quantity has been returned to a value 
which deviates from the desired value by 
an amount proportional to the controlled 
quantity is called “the proportional 
type." In terms of regulation “the float- 
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ing type” is a flat controller having zero 
regulation, while “the proportional con¬ 
troller” has a definite positive regulation. 

Practically all supplementary con¬ 
trollers of turbine governors are of the 
floating type. The synchronizing motor 
receives impulses, either continuous or 
intermittent, until the controlled quan¬ 
tity has returned to the desired value. 
The proportional controller may be a de¬ 
vice which exerts a pull on the governor 
arm in proportion to the deviation of the 
controlled quantity. 

The analysis presented in the com¬ 
panion paper 8 shows that equally good 
performance may be obtained from the 
two types of controllers if they are prop¬ 
erly designed. The proportional con¬ 
troller requires a sufficiently long time lag 
between the deviation sensitive element 
and the resulting proportional force that 
it exerts on the governor. The floating 
type requires a sufficiently slow rate of 
correction to allow for stable operation. 
Since the latter type is the most easily 
obtained, it is most generally used. 

For quick response a continuous con¬ 
troller, either floating or proportional, is 
better than an intermittent type. A con¬ 
troller whose rate of correction or correct¬ 
ing force is proportional to the deviation 
is capable of better performance than one 
which does not have this proportional 
feature. In all cases, stability may be 
obtained by providing the controller with 
a sufficiently slow rate of correction or 
long time lag. Rates of response consid¬ 
erably greater than those generally used 
now may be obtained by proper design 
and do not necessarily require the use of a 
stabilizer. For best performance of a 
steam unit, with optimum controller de¬ 
sign, the governor incremental regulation 
should, be fairly uniform at a value of 
about six per cent, with small dead band. 

Telemetering • . ' • 

In many , cases the tie line to be con¬ 
trolled is not adjacent to the regulating 
station, and the watt indication is then 
telemetered. Except in a few special cases, 
relatively slow types of telemetering now 
are being used successfully for indication 
and control purposes. For these special 
cases continuous and instantaneous types 
of telemetering have been successfully 
employed. 12 * 13 

Rate op Response 

Systems operating with a large num¬ 
ber of active governors in good condition 
and with supplementary control will 
have but small frequency deviations for 
the usual load changes. The ioads are 
. absorbed by the active governors, and 


then the supplementary control may be 
used to return the average frequency and 
tie-line loads to normal. Under such con¬ 
ditions the supplementary control need 
not be particularly fast in response, cor¬ 
responding only to the rate at which the 
average system load changes. This then 
allows for a relatively slow change in the 
output of the frequency-regulating sta¬ 
tion. It has been found that within limits 
the greater the allowable frequency de¬ 
parture, the less is the required speed of 
response of the frequency-regulating sta¬ 
tions. Also, the greater the number of 
active governors, the less is the required 
speed of the response of the frequency¬ 
regulating station in order to prevent the 
frequency departure exceeding that which 
is tolerable. Operation in this manner 
relieves the frequency-regulating units by 
taking advantage of the diversity of load 
changes and allows them more oppor¬ 
tunity to correct the frequency at a rate 
consistent with their steam and hydraulic 
energy supply conditions. The governor 
mechanisms and their control ordinarily 
are capable of allowing for increases in 
load at a rate which exceeds that allowed 
by the steam or hydraulic conditions. 

The steam units of a station, because 
of the smaller time lags of steam than of 
water, are capable of providing a quicker 
response than hydraulic or hydrogenera¬ 
tors, if not limited in prime energy sup¬ 
ply. However, steam plants may be so 
limited in their steam rate and steam 
storage capacity that many steam-gener¬ 
ating units are limited at the steam-gen¬ 
eration end. Hydraulic units may, how¬ 
ever, have sufficient storage capacity but 
may require an appreciable time lag de¬ 
pending upon ability to change the hy¬ 
draulic power to the turbine rapidly. 
When all these circumstances are consid¬ 
ered it may well be that a low head hy¬ 
draulic plant provides a more rapid means 
for regulating than a steam unit. 

-Steam and Hydraulic Limitations 

The prime-mover energy storage and 
rate at which it may be changed are very 
often the most important limitations of 
the rate of response of a regulating sta¬ 
tion. . In some instances slow boiler-con¬ 
trol response may be an unnecessary re¬ 
striction on the amount of load which can 
be quickly picked up. The control of the 
boiler should be such as to allow for as 
rapid change in steam flow as is possible 
without resulting in undue stressing of 
boiler or turbine. Most of the experience 
to date with regulating stations has been 
obtained using lower temperature boilers 
and turbines; some having chain grate 
stokers and others slightly faster under¬ 


feed stokers. Limitations in re$ 
rates are established under thes* 
tions largely by fuel bed condition 

Very little experience is avails 
the newer high-pressure high-tc 
tore boilers and turbines, using 
ized fuel (with mills having some 
capacity) or the somewhat faster ri 
gas and oil-fired high-temperature 
as regulating stations. The temp* 
flow characteristics of a modern 
using convection-type superheat* 
such as to result in a decrease in te 
ture with decrease in steam flow; p 
larly is this true for flows helov 
a of Figure 3. Also, in a steam 
the temperature distribution c 
with flow as shown in Figure 4 fi 
stant initial temperature. This 
ther aggravated by reduction in 
temperature at reduced flows. I 
ingly, a reduction in flow may re 
temperature difference of an appr- 
greater magnitude in the turbine 1 
the boiler. The stresses in the turb: 
also in the boiler depend upon the 
which this change in flow and of te: 
ture is made. A given amount < 
change may be made instantly, 
larger load changes should be mad 
slowly. This reasoning applies pri 
to periodic changes, as the stresses 
varying temperature changes are 
likely to result in fatigue stress, 
high temperature boilers and ti 
usually can be expected to wit 
without fatigue stress the changes i 
perature resulting from instant: 
changes in flow of at least 15 per < 
rated flow, in the region in which 
temperature is under reasonable c 
and 100 per cent flow in about 30 
minutes, depending upon the case 
consideration. 

The demands of speed govemo: 
their prime-mover energy supplies 
normal frequency changes do not i 
a severe burden on the supply. Ho 
in units used for regulating purpose 
supplementary control, it may be 
sary to provide means such that an 
ply limitations may be avoided, 
evident from Figures 3 and 4 tha 
servative practice on a modern higl 
perature installation of this type wo 
to confine the regulating range to 
in excess of 50 per cent and to a rate 
does not overstress the critical Iocs 
In this range the temperature chan 
the turbine are appreciably reduo 
variations in flow and the regu 
range and rate may be corresponi 
increased. In areas responsive to t 
regulators, the burden may be distri 
over a number of stations 8 and, lik 
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frequency regulators operating in parallel 
can be used to advantage. Thus, there 
is every justification for believing that 
the number of regulating units will in¬ 
crease, thereby reducing the burden on 
any one unit, just as the active participa¬ 
tion by all units on governors reduces the 
burden. 

On some present-day systems the regu¬ 
lating capacity is so distributed as to 
limit the required maximum rate to 10 
per cent of regulating-unit capacity per 
minute over a limited range. This may 
be considered a moderate regulating rate 
in comparison with load changes en¬ 
countered on some smaller systems with 
rough loads. For a system which has a 
rate of load change of one per cent per 
minute this would require a regulating 
capacity of at least 10 per cent of system 
capacity. 

It will be recognized that in case of 
emergency, a boiler and turbine should be 
capable of dropping or picking up full load 
almost instantly if operating temperatures 
had been previously established following 
the starting-up cycle. Such operation, 
although tolerable in an emergency, can¬ 
not be considered good practice if done 
periodically, unless special provision for 
such operation has been made in the de¬ 
sign. 

Large Rapid Load Changes 

For those systems in which the sud¬ 
denly applied load changes are an appre¬ 
ciable part of the total connected capacity, 
it is found that the frequency deviation 
will be correspondingly greater. If this 
exceeds what is considered a tolerable 


ence has indicated that the limitation is 
primarily in the available steam supply, 
and when operated as isolated systems, 
speed governors alone are relied on for 
speed control resulting in corresponding 
large frequency changes. Unless special 
provision is made for steam supply ca¬ 
pacity of the prime movers, large fluctua¬ 
tions in steam pressure will result. 

Such a system which finds itself sub¬ 
jected to large suddenly applied loads; 
for example, a strip mill load which is 
large compared with its generating ca¬ 
pacity, may interconnect with another 
system in order to help absorb the load 
changes. If this is done, the frequency 
deviation will be reduced, and a portion 
of the load change will be transmitted 
across the interconnecting tie. In gen¬ 
eral, the reduction in frequency devia¬ 
tion and the load change transmitted 
across the tie will be in proportion to the 
capacity of the external system to the 
total capacity. By interconnecting with 
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limit, it becomes necessary to use supple¬ 
mentary control having a greater rate of 
response. This then puts a greater bur¬ 
den on the regulating station, and, in or¬ 
der to avoid too great a frequency devia¬ 
tion, it may mean a sacrifice in economy, 
or a provision for larger energy-storage 
capacity, or an increase in the rate at 
which the prime energy is generated. It 
is evident that, except for the change in 
system loading with change in frequency, 
the net load change must be absorbed by 
generating capacity, at the corresponding 
rate of load change. For systems where 
the load change is a large part of the total 
load this may become a serious problem. 

A large strip mill load may have a load 
increase of 30,000 kw in 5 to 20 seconds. 
If it were necessary to follow this load 
change with regulating capacity compa¬ 
rable with present-day practice on the 
larger systems, over a million kilovolt¬ 
amperes would be required. Fortunately, 
this type of system is the exception rather 
than the rule. In these systems, experi¬ 


* another system in this manner, the local 
system makes use of the additional prime- 
mover energy capacity of the other con¬ 
nected system, th.e load changes being dis¬ 
tributed among an increased number of 
actively governed generators. If the fre¬ 
quency deviation produced by the rapidly 
varying load is within tolerable limits 
without the use of supplementary control, 
little regulating capacity is needed to 
handle such a load because it will be re¬ 
moved as quickly as it is applied. Ac¬ 
cordingly, the supplementary control 
need correct only the average frequency 
deviation. This provides a very practical 
and reasonable method for handling such 
rapidly varying loads. 

Occasionally there has been a demand 
for adequate control of rapid tie-line 
swings. In this case it becomes necessary 
to provide special control. The studies 
which have been made indicate that the 
Umitation may not be in the control 
equipment sO much as it is in the energy 
supply of the prime movers. From both 


analysis and experience, hunting or in¬ 
stability between the regulating units is 
more likely to occur when the rate of re¬ 
sponse of the regulating units is increased. 
For units which require a higher rate of 
response of their supplementary control, 
it is necessary for their governors to be in 
good mechanical condition with small 
dead band and to be stable mechanisms 
when operating alone. Under these con¬ 
ditions the rate of response with properly 
designed supplementary control can be 
further increased before the instability 
region is reached (see Figure 21—refer¬ 
ence 6). The results of the analysis pre¬ 
sented in the companion paper 6 indicate 
that with no limitation in energy supply 
the tie-line deviation may be held to 15 
per cent for a continuous controller and 
25 per cent for any intermittent controller 
for a load applied at a rate of 150 per cent 
of regulating capacity per minute, the 
regulated capacity being the total capacity 
of the local area and tied to the major 
system by a comparatively weak tie. 
Both this analysis and experience indicate 
that the control mechanism is not the 
limiting factor, since the energy supply 
limitation makes itself felt earlier. 

Summary 

It appears that the greatest improve¬ 
ment in over-all system frequency and 
tie-line regulation will be brought about 
by further improvement in the composite 
regulation of the system governing and 
by more widespread and co-operative ap¬ 
plication of supplementary control equip¬ 
ments which are already developed. 
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PCC Car Operating Results in Pittsburgh 
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Synopsis: The problem created by the de¬ 
cline in transit revenues during the depres¬ 
sion led the Pittsburgh Railways Company 
to initiate a long-range service-betterment 
program. The most important phase of the 
plan was the use of modern street cars, as 
developed by the Presidents’ Conference 
Committee, to replace the earlier types of 
rolling stock on the property. With 301 of 
these PCC cars in service, and 100 additional 
units scheduled for early delivery, sufficient 
data are available to show exceptionally 
favorable operating results. Actual experi¬ 
ence in service has demonstrated that car 
maintenance comes down 28 per cent, track 
and roadway maintenance drops 21 per 
cent, accidents decrease 25 per cent, the 
number of cars required for specific schedules 
is reduced 10 per cent, and revenues increase 
8 per cent. This favorable outcome has 
caused continued expansion in the use of 
such equipment and established a superior 
urban-transit service. 


P EOPLE now have the utility in city 
transit which is so vital to the con¬ 
duct of daily affairs. The streamlined 
PCC car, which gets its alphabetical name 
from the Presidents’ Conference Com¬ 
mittee sponsoring its development, pro¬ 
vides a degree of excellence in public 
travel that has established a superior per¬ 
formance standard. Pittsburgh was one 
of the first cities to adopt this modern 
transit unit. A fleet of 301 cars is in op¬ 
eration and 100 additional vehicles are 
under construction. This is the largest 
installation of PCC cars, and, with a total 
of 401, there will be sufficient to operate 
base schedules on all street-car Hues. Ini¬ 
tial service dates back to August 1936, 
and the results are enlightening. Car 
maintenance has decreased 28 per cent, 
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track and roadway maintenance has 
dropped,21 per cent, accidents per 10,000 
car miles have come down 25 per cent, 
schedule car requirements have been 
lowered 10 per cent, and gross revenue 
has increased 8 per cent. 

Operating Improvements Needed 

During the lean years of the early ’30’s, 
the Pittsburgh Railways Company rec¬ 
ognized the need for restorative measures 
to regain lost gross revenue and to lower 
operating costs. When the depression 
began to slow things down, one logical re¬ 
course was finding means of speeding 
things up. This involved re-examination 
of existing schedules to establish a pro¬ 
gram that would give service more bene¬ 
ficial to patrons. Coincident with this 
plan, it appeared essential to reduce main¬ 
tenance expenditures below the level set 
up for the more prosperous years of the 
preceding era. 

Many people had attained a critical 
frame of mind with respect to the street 
car, and rightly so. After years of seeing 
and riding in essentially the same noisy 
uncomfortable vehicle, such an opinion 
was understandable. Urban passengers 
responded to this neglect of their needs by 
transferring their patronage to the public 
carrier which provided adequate service. 
Modern street cars were needed to meet 
the demand for greater usefulness in city 
travel by providing service superior to 
any other vehicle for surface mass trans¬ 
portation. Action was required to give 
fast, convenient schedules, lower the cost 
of the car ride, relieve street congestion, 
and handle rush-hour traffic effectively. 

Plans for Better Transit Service 

Careful analysis of the transit problem 
led to the conclusion that immediate ac¬ 
tion was required for speeding up and re- 
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conditioning the outmoded rolling stock. 
Such a plan was put into effect to lower 
maintenance costs and arrest declining 
revenues. Motors were rewound for 
higher speeds, brakes were modified to 
obtain more effective stopping character¬ 
istics, and car interiors were improved. 

It was recognized that the most satis¬ 
factory operation required modem street 
cars. However, the immediate benefits 
of existing rolling-stock improvements 
could be garnered pending the fulfillment 
of a long-range program for the procure¬ 
ment of new vehicles. Sufficient cars 
were reconditioned to handle more than 
50 per cent of the mileage operated. 

The plan for the purchase of new roll¬ 
ing stock was initiated with the installa¬ 
tion of a single trial PCC car in August 
1936. The first 100 cars ordered were 
placed in service from March through 
May 1937, the second 100 during Novem¬ 
ber 1937, and the third 100 in April 1940. 
The fourth order for 100 cars will soon be 
ready for delivery. The type of car pro- 



Figure 1. Modern PCC car in operation in 
Pittsburgh 


cured is shown in Figure 1, and the extent 
of the installation is illustrated by Fig¬ 
ure 2. 

These modem cars have many out¬ 
standing advantages which are assisting 
in meeting transit problems in Pittsburgh. 
Some of the more important are as fol¬ 
lows: 

1. Performance is far in advance of any 
vehicle now using city streets. The speedy 
quiet-operating trolley car can save from 
6 to 15 minutes of every hour’s travel time 
in comparison with the older types. 

2. A high degree of agility is attained with 
comfort to riders. Deep-cushioned forward¬ 
facing seats, wide clear-view windows, ample 
stanchioning, adequate ventilation, uniform 
distribution of heat, and plentiful indirect 
illumination conform to the demands of 
passengers. 

3. The control and braking equipment per¬ 
mits attainment of a degree of smoothness 
of performance that is unexcelled in surface 
travel. 

4. Schedule speeds are higher than any 
other form of public transportation on con¬ 
gested dty streets. It is possible to use 
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fewer units—10 to 20 per cent—a factor 
that is reflected directly in the fare cost. 

5. Fast schedules and the corresponding 
reduction in the number of cars minimize 
traffic congestion and allows the most 
efficient use of city streets by the greatest 
number of people. 

6. Starting is fully automatic with an 
unlimited selection of rates—speed of start¬ 
ing—to conform to the particular conditions 
of street traffic encountered. 

7. Smooth electric braking is provided 
under automatic control. It functions at 
all times—even if the trolley loses its con¬ 
tact with the overhead wire. In addition 
magnetic track and air brakes are available. 

PCC Car Operating Results 

The rehabilitation of old cars to secure 
higher schedule speeds and reduce main¬ 
tenance proved quite successful. Results 
were particularly beneficial in providing 
better service with lower operating costs. 
The investment required was more than 
justified and served to establish a transi¬ 
tion to the important part of the program 
—replacements with modem cars. 

PCC car operation has produced some 
attractive savings in vehicle inspection 
and maintenance. In comparison with 
the earlier-type cars, the wheel-grinding 
period has been doubled (20,000 to 40,000 
miles), wheel life is increased from 140,000 
to 200,000 miles, brake shoes last 15 
times as long, and inspections have gone 
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up from 250 to 5,000 or 10,000 miles, the 
higher figure being applicable to cars 
without hand brakes. Parts for PCC cars 
cost more, but fewer are subject to rapid 
wear, and the over-all result indicates 
less expense. Actual labor costs for spe¬ 
cific jobs are about the same, so the de¬ 
crease in replacements means less hours 
worked. .> 

An analysis has been made of the com¬ 
parative expenditures for the three-year 
period from June 1937 to June 1940. 
Materials are taken from storeroom requi¬ 
sitions and segregated between old and 
PCC cars. Labor is distributed in accord¬ 
ance with the number of cars passing 
through the shop—67 per cent earlier- 
type and 33 per cent PCC. Fixed ex¬ 
penses, such as superintendence, shop 
equipment, and shop expenses are allo¬ 
cated on a car-mile basis. The total costs 
for the years studied are shown in Table I. 

Table I 


Ceuta per 

Cara Car Miles Car Mile 


PCC.'...... .32,500,000........ .1.70 

Old-type cars...80,912,000....2.49 


These data show a net saving of 0.79 
cents per car mile for the PCC cars, which 
excludes painting, since none had been 
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through the paint shop. A liberal allow¬ 
ance for this item reduces the net saving 
to 0.7 cents per car mile or a gain of 28 
per cent. 

Track- and roadway-maintenance costs 
have been substantially reduced by PCC 
car operations. The extensive use of rub¬ 
ber and the light weight of the trucks of 
the new cars are two pertinent factors af¬ 
fecting the action upon track and road¬ 
way in comparison with older-type equip¬ 
ment. The principal use of rubber is in 
the wheels and journal springs. The re¬ 
silient construction permits normal de¬ 
flections of one-fourth inch for wheels and 
two inches for journal springs. The 
Presidents’ Conference Committee di¬ 
rected a program of exhaustive impact 
tests to determine comparable vertical 
accelerations of resilient and conventional 
steel wheels. Based on these data, the 
earlier-type cars in Pittsburgh impart 
impact forces to the track structure six 
times as great as PCC cars incident to 
track irregularities and vehicle movement. 
Track damage because of this action 
loosens the entire structure including the 
paving bond. Surface water enters, re¬ 
sulting in rapid deterioration and expen¬ 
sive maintenance. Special track work is 
particularly vulnerable because of the 
frogs and switches. 

The lower impact forces and lighter 
weight of PCC cars permit a less expen- 
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sive track structure. With the older-type 
cars a nine-inch girder rail weighing 134 
pounds per yard, wood ties, ballast, and 
blockstone paving were required at a cost 
of $12.50 per foot. In the case of PCC 
cars, it is feasible to use 5 S /Vinch Tee rails 
weighing 100 pounds per yard, steel ties 
and concrete at a cost of $9 per foot. 
Experience has shown that track life can 
be stepped up from 25 to 32 years by the 
modern cars. There are 394 miles of 
paved track. The annual reconstruction 
requirement is 15.8 and 12.3 miles, re¬ 
spectively, for a 25- and 32-year life, a 
saving of 44 per cent. The system has 54 
miles of open track on which there is a 
reduction of 13 per cent in reconstruction 
costs. Special work life is lengthened by 
the use of modem cars. The indicated 
improvement is 10 years (20- to 30-year 
life), because the impact pounding is re¬ 
duced to one-sixth. The special work 
maintenance has dropped 14 per cent with 
301 PCC cars in operation. With 100 per 
cent PCC cars on the system, the better¬ 
ment will be 33 per cent. Ordinary track 
maintenance includes heavy repairs. 
Such work costs $1 par foot and the 
schedule has been seven miles per year. 
An allowance of 2.5 miles per year has 
proved ample which saves 12 per cent. 

During the year ending June 30, 1941, 
29,481,000 car miles were operated, with 
16,923,000 or 57.3 per cent PCC. A 
summary of the percentages saved in 
track and roadway expense is shown in 
Table II. 

Table II 


Per Cent 

PCC Cars in Use 100 80 57 


Savings 

Reconstruction—paved track. .44.0; .83.2. .26.1 
Reconstruction—open track.. .13.4, .10.7.. 7.6 

Special work..33.3. .26.6. .19.0 

Ordinary maintenance.12.0.. 9.6.. 6.9 

Average.37.1. .29.6. .21.1 


PCC cars have reduced accidents be¬ 
cause of their many safety features and 
quick stopping ability. Analyses of four 
comparative 12-month periods show de¬ 
creases of 24, 25, 25, and 26 per cent of 
accidents in comparison with earlier-type 
cars. A typical illustration is the accom¬ 
panying data for the year ending Septem¬ 
ber 30, 1940 shown in Table III. 

The average accident rate for the four 
years from 1932 through 1936, prior to 
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Table III 


Table V 


Accidents 

Per 

Car 10,000 
Accidents Miles Car Miles 


Earlier-type cars.. .5,166... 14,729,129... 3.51 
PCC Cars.3,531.. .13,346,580... 2.05 


Reduction in acci¬ 
dents per car mile 

with PCC cars...0.86 

Per cent reduction 
in accidents per 
car mile with 

PCC cars...25 


any PCC car operation, was 2.74 per 
10,000 car miles. The 25 per cent reduc¬ 
tion obtained with PCC car operation 
means 0.69 less accidents per 10,000 car 
miles. Thus, the reduction is 1,167 ac¬ 
cidents for 16,923,000 PCC car miles 
operated during the year ending June 30, 
1941. An analysis of the savings in¬ 
cident to the elimination of these ac¬ 
cidents is shown in Table IV. 

Table IV 


Per cent total accidents resulting in non- 

litigated settlement. 15.97 

Per cent total accidents resulting in 

litigated settlement. 4.66 

Saving in nonlitigatedsettlements (1.167X 

0.1597).186 

Saving in litigated settlements (1,167X 
0.0488)..... 54 


PCC cars provide faster schedule speeds 
than the earlier types because of their 
more rapid starting and stopping charac¬ 
teristics, higher free-running speeds, and 
quicker interchange of passengers. This 
makes it practicable to give the same 
frequency of service with fewer units 
in the case of the modern vehicles. 
A tabulation is included in Table VI 
which shows improvements made in 
schedules with high-speed cars and the 
first 201 PCC cars. In comparison with 
the earlier low-speed types the average 
betterment is 16 and 12 per cent, respec¬ 
tively, for base and peak service. 

Considerable improvement was real¬ 
ized when the earlier-type cars were 
speeded up which meant less schedule 
speed increase for the system with the 
introduction of PCC cars. Also, the 
speeded-up cars are used with PCC cars 
in peak service, which limits the schedule 
speeds obtainable with the latter vehicles. 
A study of the routes on which the 301 
PCC cars are now operating shows that 
improved performance permits replacing 
10 of the earlier-type cars with 9 of the 


Routes 

Routes Using Using 
PCC Cars Old- Spread 

(18-Hr Type Between 

Base Service) Cars Two Classes 


Year 

Index 

Index 

of Routes 

1933 

...100.00.. 

..100.00 


1934 

...104.37.. 

..107.09... 

. -2.72 

1935 

...104.94.. 

..106.95... 

. -2.01 

1936 

...114.56.. 

..114.27... 

0.29 

1937 

...117.65.. 

..112.14... 

. Transition 




period 

Year ending. 

...109.66.. 

..102.97... 

6.69 

3/31/39 




1939 

...108.58.. 

.;i03.63... 

4.95 

1940 

...112.78.. 

..104.95... 

7.83 


Average spread in 1934, ’35, and ’36 — 

-2.72-2.01-1-0.29 


Average spread in last 3 periods — 

6.69+4-95+7.83 _ fl 4g 
3 

Total average spread “7.97% 


new type—a gain of approximately 10 
per cent. 

The increase in schedule speed incident 
to the use of PCC cars has a direct bear¬ 
ing on the betterment of gross revenues. 
Performance is highly important and con¬ 
tributes more to attracting passengers 
than any other feature. Of course, the 
comfort of the vehicle is of consequence 
from the “satisfied-customer" viewpoint. 
The first 201 PCC cars placed in service 
have been operating a sufficient length of 
time to show a definite “revenue trend” 
for the new equipment. 

An analysis has been made which indi¬ 
cates the results shown in Table V. 

The year ending March 31, 1939, was 
the first complete 12 months after all of 
the routes using the 201 new vehicles had 
been equipped for operation of the 18- 
hour base service. The gain in revenue' 
shows a spread of practically eight per 
cent in favor of PCC cars. 

PCC Cars Extensively Used 

The PCC car is an outstanding city- 
transit vehicle with exceptional utility. 
Its success for improving urban travel is 
demonstrated by the favorable results 
obtained in Pittsburgh and the 15 other 
cities which use the vehicle. It serves to 
reduce car maintenance, lower the upkeep 
of track and roadway, decrease accidents, 
raise schedule speeds, and increase 
revenue. A degree of excellence is estab¬ 
lished in public travel that is a creditable 
contribution to the advancement of city 
transit. 
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Table VI. Pittsburgh Railways Company Data on Schedule-Speed Improvements With High-Speed and PCC Cars 
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Improvement in Modern Meter- 
Testing Technique 


EDWARD E. LYNCH 

MEMBER AIEE 

T HROUGH more than a score of years 
a variety of devices has been de- 
veloped to simplify the procedure and to 
reduce the hazard of personal errors in 
the te chni que of watt-hour meter testing. 
Of these devices the stroboscope and the 
photoelectric timer have already become 
generally accepted tools of the meter¬ 
testing art. Indeed, meter-testing prob¬ 
lems differ somewhat in the field, in the 
laboratory, and in the factory, and conse¬ 
quently, no single device nor combina¬ 
tion of devices can be considered ideally 
applicable to all three forms of testing. 
However, in each case much is to be 
gained through the use in some form of the 
many schemes 1 * 2 which have recently been 
developed. Such schemes apply equally 
to single-phase and polyphase meter test¬ 
ing, though in this discussion we shall be 
concerned only with the single-phase 
watt-hour meter and the testing problems 
peculiar to the factory. Briefly these 
problems are: 

1. Removal of the hazard of personal error 
•in testing. 

■2. Maintenance of closer control of quality. 

.3. Elimination of errors in portable stand¬ 
ards through handling. 

■4. Reduction of skill required in testing. 

.5. Shortening of testing time. 

<6. Reduction of handling of meters. 

I 

7. Elimination of storage space for meters 
awaiting test, 

.8. Maintenance of a uniform flow of the 
product from assembly through to packing. 

All of these factors contribute to the 
^achievement of greater uniformity and 
•calibration accuracy as well as to a gener¬ 
ally improved quality of the product. 

The system which was evolved and 
which is described in this paper is the re¬ 
sult of an investigation conducted under 
.actual manufacturing conditions. A small 
production line was set up which afforded 
-ready means for close study of the factors 
.outlined above and for trial of the several 

Paper 42-71, recommended by the AIEE com¬ 
mittee on instruments and measurements for pres¬ 
entation at the AIEE winter convention, New 
York, N. Y., January 26-30, 1942. Manuscript 
rsubmitted November 27, 1941; made available 
for printing December 22, 1941. 

Edward E. Lynch is meter engineer and 
Mark A. Princi is development engineer in the 
works laboratory, both with General Electric 
.Company, West Lynn, Mass. 


MARK A. PRINCI 

ASSOCIATE AIEE 

schemes investigated. It became im¬ 
mediately apparent that testing should 
become as nearly as possible an integral 
part of the assembly procedure, if the 
necessity for storing meters for test were 
to be avoided. That is, the testing pro¬ 
cedure must be broken down into opera¬ 
tions that might readily be accomplished 
during or immediately after the assembly 
of the meter and in synchronism with the 
cycle of assembly operation. Logically 
then, the testing procedure must be 
broken down into these two major steps: 

1. Adjustment of calibration at each of 
the three conventional load points (100 per 
cent load, unity power factor; 10 per cent 
load, unity power factor; 100 per cent load, 
lagging power factor 60 per cent). 

2. Verification of calibration accuracy at 
all three load points. 

Conventionally, calibration adjust¬ 
ments at these three load points are made 
in successive cut and try steps. Usually a 
rough adjustment of light load is made by 
applying potential only to the meter be¬ 
ing tested and adjusting until the meter 
disk does not creep. This is the familiar 
“creep method." Lag-load adjustment, 
because of the uniformity of controlled 
manufacturing processes, is set within 



Figure 1. Curve showing angular velocity of 
watt-hour meter disk as a function of displace¬ 
ment 


Speed is given in per cent of nominal-load 
value for a General Electric type 1-30 watt- 
hour meter 


close limits in assembly. The setting of 
full load or the location of the damping 
magnet with respect to the center of the 
meter disk is done by successive test runs 
and adjustments until the desired accu¬ 
racy is achieved. When the accuracy at 
all three load points called “as found” 
readings are obtained, a simple calcula¬ 
tion enables the tester to make those 
minor adjustments which will bring the 
meter accuracy at all points within the 
desired limits. Obviously, the smaller 
the spread in the “as found” readings the 
simpler the calculation and adjustment 
required on a particular meter. How¬ 
ever, many cut and try steps are required 
before the “as found" readings are within 
sufficiently small limits to permit a single 
set of adjustments which will bring the en¬ 
tire calibration within the accuracy re¬ 
quired. 

In addition to the above limitations of 
the conventional procedure, long-time test 
intervals must be taken for each test run if 
a high degree of accuracy is to be achieved. 
This is due to the fact that meters are 
usually tested in gangs of as many as 
15, connected to a common load with a 
rotating standard, for an interval corre¬ 
sponding to a given whole number of revo¬ 
lutions of the rotating standard. The dis¬ 
placement from the starting position of 
the disk of each meter is a measure of the 
error at the particular load point being 
tested. The precision within which these 
readings of accuracy can be made depends 
on the length of the test interval. Fur¬ 
ther, there is the problem of correcting for 
the error in the rotating standard. 

Thus it is apparent, that much manipu¬ 
lation is required, before a satisfactory set 
of “as found” readings is obtained. It is 
also evident that, if the preliminary steps 
could be accomplished less laboriously, 
and if the entire calibration accuracy 
could be had at once, the procedure would 
be tremendously simplified. The discus¬ 
sion which follows, therefore, will describe 
the usefulness of the devices developed in 
this investigation to accomplish the de¬ 
sired simplification in procedure. 

Calibration Adjustment 

Full-Load Adjustment 

Consistent with the scope of the inves¬ 
tigation, the means provided for making 
calibration adjustment must be simple 
and, if possible, render instantaneous in¬ 
dication of changes in calibration. The 
stroboscope 8 * 4 is immediately suggested. 
We must, however, consider its limita¬ 
tions, for its practical value is dependent 
upon the angular velocity of the object 
being viewed, a distinct image, and a fre- 
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quency of light impulses which is com¬ 
patible with good vision. The -last two 
of these requirements, over the common 
ranges of frequency required, are readily 
met by mechanical or electronic means, or 
by a combination of both. 

The third requirement deals with the 
angular velocity of the moving element, 
and an analysis of the conditions required 
for a stationary image or for a “hunting” 
image is necessary to understand its in¬ 
fluence. Assuming a constant rate of 
light flashes upon a moving element, any 
change in angular velocity of this element 
will produce a change in the rate of dis¬ 
placement of the stroboscopic image with 
respect to a fixed reference point. When 
synchronism is achieved a stationary im¬ 
age results. 


At synchronism /= 


Nw 

2t 


where 


/=rate of light flashes in cycles per second 
w = angular velocity of disk in radians per 
second 

N —number of equally spaced elements 


If the disk velocity is alternately 
greater and less than the synchronous 
speed, the image will be seen to advance 
and recede according to fluctuations in 
velocity. This characteristic is called 
“hunting.” It is largely this condition 
which limits the universal application of 
the stroboscope in watt-hour meter ad¬ 
justment, since the operation becomes 
tedious and time consuming and, in cases 
of excessive hunting, requires a high de¬ 
gree of skill to achieve accuracy. If ob¬ 
servation of image displacement is hin¬ 
dered by hunting, the fluctuating image 
must be followed through its entire excur¬ 
sion (advance and recession) and the re¬ 
sultant advance and recession noted. 

Figure 1 shows the speed-displacement 
characteristic of a watt-hour meter at 
both full load and ten per cent load. The 
magnitude of the variations in this curve 
is constant at all values of load, so that in 
percentage this magnitude decreases with 
increased load. The speed characteristic 



Figure 2. Distribution curves of calibration 
errors before final adjustment 



Figure 3. Adjustable-type compensated lag 
plate 


of modern meters is, therefore, quite uni¬ 
form at the high values of load, but at 
light loads a large variation in angular 
velocity exists. 

The hunting of the image at these light 
loads could be eliminated if the flashing 
rate were made to fluctuate at a frequency 
corresponding to the irregular angular 
velocity of the disk' and kept in time 
phase. This condition can be actually 
achieved only with difficulty and it is more 
practical to utilize a uniform flashing rate. 

With the above facts in mind, a quanti¬ 
tative consideration of the angular veloci¬ 
ties of the disk at various values of load 
on the meter, together with the desired 
limits of accuracy at each value of load, 
will define conclusively the limits of stro¬ 
boscopic application to meter testing. A 
modern watt-hour meter such as that 
from which the characteristics were deter¬ 
mined for Figure 1 has 720 equally spaced 
elements on the edge of the disk. At 
nominal load its speed is 1.745 radians per 
second, and it would, therefore, require a 
flashing rate of 200 per second to syn¬ 
chronize it at this speed or 20 per second 
at one-tenth this speed. 

The image advance of this meter will be 
7.2 elements per revolution of the disk 


when 99 per cent accuracy is obtained, or 
0.72 element per revolution when 99.9 per 
cent accuracy exists. These displace¬ 
ments can be instantaneously observed if 
there is no hunting and may not be im¬ 
perceptible with a small amount of hunt¬ 
ing. If, however, hunting produces an 
image fluctuation greater than about five 
times the image displacement caused by 
the inaccuracy in meter calibration, then 
the personal error becomes large, and the 
stroboscope cannot be used except by 
specially skilled workers. This value is 
arbitrary and is the opinion of the authors 
obtained through experience. 

The hunting magnitude is influenced by 
various factors which can be conveniently 
classified as follows: 

I. .Those that produce an essentially con¬ 
stant hunting magnitude at all loads: 

(а) . Eccentricity of the disk. 

(б) . Nonuniformity of flashing rate. 

(c) . Nonuniformity of disk marking. 

(d) . Nonhomogeneity of the disk metal. 

(e) . Bent disks. 

II. Those that produce their maximum 
effect at low loads: 

(а) . Variation in potential torque with 
disk position. 

(б) . Variation in friction with disk posi¬ 
tion. 

Since the maximum total hunting will 
be produced at lower loads, we can see 
not only the difficulty of adjusting with 
small torques such as at light loads, but 
also the advantage of adjusting for nomi¬ 
nal-load calibration with 200 per cent load 
current. An analysis of tests has shown 
that nominal-load adjustment can be 
made at 200 per cent load without affect¬ 
ing the load-speed characteristics of the 
meter appreciably, and for this reason, the 
fixture to be described later is designed to 
operate at 200 per cent load. 

Figure 4. Front view of section of conveyor 
system and calibration-adjusting stations 
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Light-Load Adjustment 

It can be concluded from the foregoing 
analysis that the stroboscope does not 
lend itself satisfactorily to calibration ad¬ 
justment at light loads. Its convenience 
is also lessened, due to the necessity of al¬ 
ternately and repeatedly adjusting each 
load until all errors are sufficiently small. 

This is due to the effect of the light-load 
adjustment on other loads. 

To be most convenient, the light-load 
adjustment must be accomplished as 
nearly as possible without influencing the 
other load adjustments, and the well 
known “creep” method which adjusts the 
torque due to potential alone so that the 
disk will not creep makes this possible. 

The method consists of applying volt¬ 
age to the potential coil and, without any method of adjusting meters at light load. Figure 6. Portion of conveyor system show¬ 
load current, moving the light-load ad- Let us analyze just what we accom- i"9 bank of verification stations 

justment until the meter disk will.not plish by so doing, for an analysis will 

creep in either direction. In principle, show that although we are not funda- A definite but small error is introduced 

it is one used for many years as a rough mentally getting the adjustment we when we attempt to make the potential 

would like, we nevertheless accomplish torque, T e , equal to zero for, in a meter 
Figure 5. Line schematic diagram of internal a very good approximation of light-load correctly calibrated at full, light, and lag 

connections in adjusting station adjustment. loads, we find that T e is rarely zero. 5 This 

small error will be a variable influenced by 




two factors shown below. 

If we consider a general equation, such 
as the following, and realize that at the 
moment of "no creep” with no motion of 
the disk, the inertia and damping terms 
(both dependent on disk motion) are not 
present, and since the balance is per¬ 
formed with no load current, the equa¬ 
tion 6 reduces from 

6*8 dd 

J ^+(D m +Dt+D e ) ~+ 

(T H +T t +T t -T f )-0 

to 

Tj = T e 

which means that the driving torque due 
to potential flux alone is made equal to the 
friction torque (see appendix). 

This simple equation is complicated by 
the fact that T e (similar to Figure 1) is 
not a simple function but depends on the 
disk displacement. Therefore, our cali¬ 
bration will depend on what part of the 
curve T e we make equal to the friction 
torque. 

By using care to see that the anticreep 
holes are kept 90 degrees from the 
element air gap, we can adjust the meter 
at a disk displacement shown in Figure 1, 
as 0 or 180, thus attempting to adjust at a 
point where the average potential torque 
is zero. This will obviously give the 
greatest consistency possible, although 
two factors will tend away from ex¬ 
tremely precise results: 

1. T f , the friction torque, can be positive 
or negative depending, on the direction of 
the tendency to creep. 
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Figure 7. Line schematic diagram of internal 
connections in verification station 


2. The point of adjustment may differ 
from that at which the shunt torque has its 
average values. 

Although the above discussion might 
indicate that this method will not inher¬ 
ently give absolutely correct adjustment, 
a practical application of it has indicated 
that a very high percentage of meters will 
be obtained which are within normal al¬ 
lowable tolerance. A curve showing the 
distribution of accuracies over a large 
number of meters tested is shown in Fig¬ 
ure 2 and is not inconsistent with the 
above analysis. For a preliminary ad¬ 
justment there seems to be no better 
method of setting the light-load adjust¬ 
ment. 

Any effort to try to adjust to a slight 
forward creep to compensate for the 
average negative error is apt to result in 
“personal” errors based on “judgment” 
which will be greater than the above in¬ 
herent error, and, therefore, it is to be 
discouraged. 

Lag-Load Adjustment 

The third load point at which cali¬ 
bration is made consists of setting the 
lag plate which compensates for the phase 
angle of the potential coil. Adjustment 
of this compensator is made at 50 per 
cent power factor and 100 per cent load 
current. From the preceding discussion 
of the stroboscope, it is apparent that 
reasonable accuracy may be had by using 
that device for malting adjustment. 
Other methods, such as creep at zero 
power factor, torque method, or rotat- 
ing-standard method, are also suitable, 
and at this juncture, the question natu¬ 
rally arises, why not use one of these meth¬ 
ods—for instance, the stroboscope? This 
might well be accomplished, and many 
modifications have been developed which 
make the stroboscopic method conveni¬ 
ent. However, any such scheme would 
require a succession of tests at each of the 
three loads and a return, until the error at 
each point has become sufficiently small to 
to give satisfactory calibration. In our 
application a “straight-line” procedure 
was sought, and since such a method 
involves definite advantages, any one 
which was not directly applicable to such 
a straight-line procedure was considered 
undesirable. 

Adjusting the meter not to creep with 
zero power factor might well be used to 
accomplish this purpose, but it was found 
that, with meters equipped with an ad¬ 
justable lag plate as shown in Figure 3, a 
quicker and equally satisfactory method 
is ti> set the position of the lag plate me¬ 
chanically. 

When this is done with an accurate fix¬ 



ture, a large percentage of meters will be 
correctly calibrated for lagging loads. A 
distribution curve of accuracies to be ex¬ 
pected are shown in Figure 2b, which 
summarizes the experimental results on 
hundreds of meters over a period of sev¬ 
eral months. Rigid manufacturing con¬ 
trol is necessary of the factors entering 
into the amount of lagging required and 
that obtained, such as the resistance of 
the potential coil and the conductivity of 
the lag plate, and so forth. 

A micrometer fixture which can be ad¬ 
justed from time to time to compensate 
for the drift due to manufacturing toler¬ 
ance is an advantage, but for the highest 
degrees of accuracy, a slight further ad¬ 
justment will be necessary on a small 
percentage of the meters. 

A device in which this final adjustment 
can be conveniently made will be de¬ 
scribed later, but at this point it may be 
well to indicate the steps necessary to ob¬ 


tain this high degree of accuracy and to 
show how they fit into the manufacturing 
procedure. 

I. While subassemblies are being made: 

(a) . Set lag plate mechanically. 

II. After assembly: 

(b) . Set light-load adjustment by creep 
method. 

(c ) . Set full-load adjustment stroboscopi- 
cally. 

III. After preliminary adjustment: 

(d) . Check calibration at all three loads. 

(e) . If necessary, improve light- and lag¬ 
load accuracies. 

(/). Recheck calibration at all three loads. 

Adjusting Device 

For best results, adequate equipment 
must be used for the various operations. 
A very satisfactory fixture for accomplish¬ 
ing tiie preliminary adjustments men- 
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tioned above is shown in figure 4. Its 
schematic circuit is illustrated in figure 5. 
Maintenance on such a unit is minimized 
by conveniently mounting it to slide in or 
out of a conventional filing cabinet. 

Figure 5 illustrates how the standard 
meter and meter under test are connected 
in “series-parallel” through multitapped 
transformers, so that various ratings of 
meters can be tested without affecting the 
accuracy of the standard meter which al¬ 
ways operates at a fixed load. Selector 
switches mounted on the panel operate re¬ 
lays to select the desired loads to match 
the meter being tested, and the testing 
sequence is accomplished by means of a 
foot switch which operates a stepping 
relay so that a predetermined sequence of 
connections is obtained. The first and 
last position in this sequence makes and 
breaks respectively the connections to the 
meter under test through air-pressure con¬ 
tacts. 

The stroboscopic standard is arranged 
in a convenient manner for setting and 
maintaining its accuracy at the one load 
at which it operates. Thermostatic tem¬ 
perature control eliminates any tempera¬ 
ture effects in it and is a factor in main¬ 
taining this accuracy. 

The stroboscopic image is obtained by 
mechanical means so that a maximum 
intensity of illumination may be obtained. 
Figure 5 shows slots cut in the disk of a 
standard meter. Through these slots a 
beam of light energizes a photoelectric 
cell, the output of which is amplified and 
made to operate a synchronous motor. 
This motor will operate at a speed propor¬ 
tional to the speed of the standard meter 
disk. A slotted disk mounted on the syn¬ 
chronous motor shaft interrupts another 
beam of light which through a suitable 
optical system projects an image of the 
teeth on the edge of the disk onto a screen. 
The standard meter is connected to oper¬ 
ate continuously so that when creep ad¬ 
justment is made, the image, though not 




Figure 9. Close-up of scale images as viewed 
on panel of verification station 

Calibration accuracy is read simultaneously at 
all three load points 

stroboscopic, will not be obliterated by 
the disk on the synchronous motor. • 

The device is operated in the follow¬ 
ing convenient manner and in accord¬ 
ance with the previous theoretical dis¬ 
cussion. A meter to be tested is placed 
in the contact-making fixture, and the 
foot switch is depressed. This operation 
closes the contact-making fixture and 
energizes the potential coil of the meter 
under test. An image of the meter disk 
will appear on the screen on the panel. 
This is not a stroboscopic image, but an 
actual enlargement of the disk teeth. 
This enlarged view of the disk makes 
creep adjustment of light load extremely 
simple. Before making light-load adjust¬ 
ment the disk should be turned manually 
so that the creep holes in the disk will be 
located in a plane parallel to the meter 
element. Then the light-load adjustment 
may be set so that no motion of the disk is 
observed on the screen. 

The next depression of the foot switch 
energizes the current circuit of the meter 
under test, and there will appear a strobo¬ 
scopic image on the screen. The position 
of the damping magnet is now set so that 
the image displacement is equal in both 
directions, if a slight amount of hunting is 
present Having made this full load ad¬ 
justment, another pressure on the foot 
switch will de-energize the meter under 
test and release the pressure on the con¬ 
tact block. The meter is then removed 
to the verification device where a pic¬ 
ture of the calibration accuracy is ob¬ 
tained. 

Verification of Calibration 

Though for many years precise methods 
of watt-hour meter calibration have made 
use of precision instruments and constant 


load, it has been shown 7 that greater reli¬ 
ability is achieved by means of standard 
watt-hour meters giving for the first time 
the standard of watt-hour units. This 
standard, though maintained in the labo¬ 
ratory, can be readily transferred to the 
factory, and control maintained. Thus, 
it was decided to adopt the rotating- 
standard comparison method for the 
verification device. Essentially, the de¬ 
vice consists of suitable switching and 
revolution-counting mechanism, together 
with the familiar portable standard watt- 
hour meter. The design and arrange¬ 
ment of the apparatus, however, are such 
as to achieve the results expressed in our 
introduction, namely, to obtain a direct 
indication of the complete calibration ac¬ 
curacy of the meter, and, in this re¬ 
spect, we believe that it is unique. The 
description which follows will deal chiefly 
with the novel design features and flexibil¬ 
ity of the device. 

Verification Device 

The unit shown in Figure 6 in a mul¬ 
tiple group was designed to give simul¬ 
taneous indication of the complete meter- 
calibration accuracy. It employs a photo¬ 
electric timer which makes its operation 
automatic. The measurement is made 
by comparing the speed of the meter 
under test at each load with the speed of 
a separate standard for each value of load. 
This comparison follows automatically in 
sequence so that, at the end of a given 
time, the entire calibration appears upon 
the screen. The line diagram, Figure 7, 
shows schematically the arrangement of 
the apparatus by means of which this veri¬ 
fication is made. In this figure, a light 
beam is directed from above the meter 
under test, through the path of the anti¬ 
creep holes and onto a photoelectric cell. 
The amplified output of the photoelectric 
cell energizes a sensitive relay. This ar¬ 
rangement is such that for each half revo¬ 
lution of the meter disk having two anti¬ 
creep holes, the above relay will operate 
once. The operation of this relay actu¬ 
ates a stronger stepping relay which in 
turn energizes relays to perform the fol¬ 
lowing operations in the sequence indi¬ 
cated. 

As the starting button is pressed with a 
meter in position, the standard meters are 
reset to zero through motor-driven cams, 
and the meter under test is energized. 
With the first light impulse after reset, 
light load is thrown on the meter under 
test, and the next impulse energizes the 
light-load standard. After a predeter¬ 
mined number of revolutions of the meter 
under test, the stepping relay has ad- 
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vanced to a contact that stops the light¬ 
load standard and throws full load on the 
meter being tested. The next impulse 
starts the full-load standard which runs 
until stopped by the stepping relay after 
a fixed number of revolutions of the 
meter undergoing test As the full-load 
standard is stopped, lag load is thrown on 
the meter and the standard runs until 
stopped by the stepping relay. This 
again occurs after a given number of 
revolutions of the meter which energizes 
the photoelectric cell. 

After these operations a picture of the 
meter accuracy at full load, light load, 
and lag load appears magnified in full 
view on a screen. This picture is ob¬ 
tained by projecting and focusing the im¬ 
ages of transparent indicators which ro¬ 
tate with the standards and which re¬ 
place the pointers for indicating the dis¬ 
placement of the pointer from zero. The 
transparent indicators are marked in 
divisions to represent error in tenths of a 
per cent and a manually operated index 
can be set to the point at which the zero 
position of the projected indicator image 
should stop if there is no error in the 
meter under test. 

Once the accuracy of the meter has been 
visualized, the apparatus is ready to func¬ 
tion again, or a release button can be 
pressed to disconnect the meter making 
it ready to remove the checked meter and 
replace it with one to be verified. 

Conclusions 

Jt will be readily observed that a suit¬ 
able arrangement of the devices described 
when operated in the sequence discussed 
will result in an operating system which 
permits a uniform and progressive testing 
routine, readily coupled to conveyorized 
assembly manufacture. Figure 8 shows 
how the parts coming from contributing 
departments can be assembled and ad¬ 
justed in a simple, uniform routine which 
moves along in progressive steps until the 
meter is ready for shipment, and which 
allows a laboratory check of the product 
to be made on sufficient quantities and at 
definite intervals without inconveniencing 
or upsetting the normal advance of these 
conveyorized operations. Although less 


skill is required by the operators, due to 
less tedious routine and more mechanized 
operations, more consistent accuracy can 
be expected, as errors are easily visible on 
an enlarged scale, and personal errors in 
judgment are eliminated. 

The operation of this straight-line 
setup will, of necessity, reduce inven¬ 
tories of meters awaiting test and insure 
better service, since when a meter starts 
through there is little chance of sidetrack¬ 
ing it, unless defects are found during in¬ 
spection. This improved service means 
more meters delivered in quicker time 
and with full assurance of the high qual¬ 
ity which any meter organization would 
be proud to associate with their own work. 

Appendix 

„ de 

J^+( D >n+ D <+ D J Jr 

(T ei +T i +T e —Tf)=Q 

where 

J = Inertia of moving element (gram 
millimeters per second per second) 

0“ Angular displacement of disk (radians) 
/=>Time (seconds) 

D m = Damping factor relating to permanent 
magnet (gram millimeters per second) 

B m — ~G m (,4>m) 2 10~® 
g 

Di — Damping factor relating to current flux 
(gram millimeters per second) 

a,-- Giitdno-* 

g 

D e = Damping factor relating to potential 
flux (gram millimeters per second) 

B e -~ 10-" 
g 

Tgi =Driving torque due to interaction of 
current and potential flux (gram milli¬ 
meters) 
stf 

T e i “ 4w — Gd4>e4>i cos h 10~* 
g 

Ti —Driving torque due to load current.flux 
(gram millimeters) 
stf 

T x =4 t — Gdfii 1 cos m 10” 8 
g 

T e = Driving torque due to potential flux 
(gram millimeters) 
stf 

Te***- 1 Gade* cos He 10” 8 =m +K 
g 


Tf —Friction torque (gram millimeters) 

/(0) “Anti-creep torque (a function of disk 
rotation in gram millimeters with an 
average value of zero) 
if=The constant component of T e which 
when added to /(0) gives T e 
s = Conductivity of disk (mhos per centi¬ 
meter cube) 

/-Thickness of disk (centimeters) 
g —Gravitational constant (centimeters 
per second per second) 

G m “Damping constant relating to per¬ 
manent magnet (dimensionless) 

G t = Damping constant of load current flux 
(dimensionless) 

G>=Damping constant of potential flux 
(dimensionless) 

Gd = Driving constant relating to current 
and potential flux (dimensionless) 

Gdi “Driving constant relating to current 
flux (dimensionless) 

Driving constant relating to potential 
flux (dimensionless) 

<t> n — Useful permanent magnet flux (Max¬ 
wells) 

</><=Useful load current flux (Maxwells, ef¬ 
fective value) 

(j > e —Useful potential flux (Maxwells, ef¬ 
fective value) 

/“Frequency (cycles per second) 

H “Angle between fy and <f> e (radians) 
/^•“Equivalent angle of components of 
<f>t which produce torque T* 

Me “Equivalent angle of components of <f> e 
which produce torque T, 
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Single-Phase A-C Electric Locomotives 
on the Pennsylvania Railroad — 
Protection and Tonnage Rating 

H. C. GRIFFITH 

MEMBER AIEE 

T HE single-phase electric locomotive subdivide the voltage steps, a buck-boost 
is thought of quite generally as a piece transformer is introduced to triple the 
of motive power for heavy traction serv- number of steps. 4 In addition to this, 

ice. To an electrical engineer, however, a-c series motors are operated at a low 

it consists fundamentally of electric mo- magnetic flux to provide favorable com- 

tors geared to wheels with means for con- mutation conditions, and in operating at 

trolling the applied voltage to handle a start and low speed when the armature 

variable load at varying speeds. current must be high, the field is shunted, 

From this point of view it is interesting Figure 2, to keep the flux in the same 

to consider the protective features of the range as at continuous rating. It is .also 

motors and their associated electrical necessary to provide a co mmu tating re¬ 
apparatus to develop devices and methods sistor (or interpole shunt) to produce the 

which are necessary to guard against the quadrature component of the interpole 

hazards common to the operation of all flux, and this shunting must be varied in 

electrical devices and those special to an one or more steps from high power factor 

electric locomotive. This paper will con- at low speed to a lower power factor at 

sider these features as they apply to the high speed to provide adequate neutrali- 

electric locomotives operating on the zation of transformed voltage in the ar- 

Pennsylvania Railroad. mature coils. 1 The operation of the 

main-field shunt and the commutating- 
The Electrical Apparatus resistor contactors is controlled by relays, 


Figures 3 and 4, operating from the volt¬ 
age across the main field and across the 
armatures, respectively, Figure 5. Fi¬ 
nally contactors must be provided to re¬ 
verse the main-field connections for opera¬ 
tion in the reverse direction. 

This equipment comprises the funda¬ 
mental electrical necessities of the loco¬ 
motive. In addition, there are numerous 
electrical auxiliaries, such as forced-ven¬ 
tilation blowers, air compressors, heating 
boiler, control batteries and charging 
equipment, lighting and cab signal equip¬ 
ment. The protection of this auxiliary 
equipment, while necessary, will not be 
covered specifically in this discussion. 

Protection Required 

Having the picture of the main features 
of the locomotive, the next step is to con¬ 
sider against what hazards the electrical 
equipment must be protected. These 
may be stated as follows: 

1. Overload 

2. Overvoltage surge 

3. Failure of insulation 

4. Incorrect operation of tap-changing 
switches 

5. Excessive field at start 

6. Unequal motor speeds—slipping 

7. Failure of cooling air 


The single-phase a-c locomotive with 
series motors receives its power from a 
trolley at a relatively high voltage in 
order to provide economical distribution 
and good voltage regulation. The com¬ 
mutator-type motors must operate at a 
relatively low voltage in order to keep 
the commutators within a reasonable size 
because of the limitation of volts between 
bars. 1 A transformer is, therefore, neces¬ 
sary. Having the transformer to provide. 
the lower Voltage, a method for tap chang¬ 
ing under load can then be introduced to 
control the voltage applied to the motors. 
The motors are permanently connected 
in parallel groups with the motors in each 
group in series. This permits a. motor 
group to be cut out of service with no ef¬ 
fect on the remaining groups, and the 
locomotives are occasionally so operated 
when trouble develops in a motor circuit. 
The method, Figure 1, of tap changing in¬ 
volves the use of preventive coils and 
heavy-duty contactors, and, in order to 

Paper 42-54, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
winter convention, New York, N. Y., January 
26-80, 1942. Manuscript submitted November 19, 
1941; made available for printing January 6, 
1942. . 

H. C. Griffith is electrical engineer with the Penn¬ 
sylvania Railroad Company, Philadelphia, Pa. 
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MANUAL GROUND 
SWITCH NO. I 


PANTOGRAPH TROLLEYS 


NO. 2 


8. Transformer overheating 

9. Overspeed 

10. Excessive current 

11. Overheating of motors 


MAIN 

TRANSFORMER 


Figurel. Loco¬ 
motive voltage- 
control diagram 

Switching se¬ 
quence of main 
contactors and 
operation of in¬ 
termediate step 
transformer con¬ 
tactors by con¬ 
troller handle 


TO MOTORS 

*■ 

INTERMEDIATE STEP 
0 

TRANSFORMER 



Switches 

Closed 

Controller handle normal— 

16 volts buck.. 

Controller handle raised— 

0 volts buck or boost.x-z 

Controller handle raised then 
depressed—16 volts boost, .y-x 
Moving controller handle to next step 
returns Intermediate step transformer 
switches to normal 

Stepl.1A and 1 closed 

Step2.1/4,2/4,1 and 2 closed 

Step 3..2/4, 1, 2, and 3 closed 

Step 4.1, 2, 3, and 4 closed 

On each succeeding step the lower 
numbered switch opens and the next 
higher numbered open switch closes 
on the same bus. This results In four 
switches closed on each step 
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Figure 3. Interpole-field relay 



Figure 4. Main-field relay 


This is a formidable list, but may be 
considered by classification of the manner 
in which protection can be provided. 

Fully Automatic Protection 

This method is provided for the first 
five conditions : 

1. Overload. When the motor current 
exceeds a value beyond which it is unsafe 
to operate the motors for even a short pe¬ 
riod, the motor contactors are opened by 
the usual overcurrent relay. 

2. Overvoltage Surges. These surges 
appear on the high-voltage side of the 


transformer and require the use of a light¬ 
ning arrester. 

3. Failure of Insulation. Faults of 
this nature are detected by a relay, Figure 
6, known as the pantograph relay. In the 
secondary, or motor, circuits such detec¬ 
tion is simplified, by the fact that the cir¬ 
cuits, Figure 7, are normally free from 
ground except through a current trans¬ 
former, so that any secondary ground will 
cause the relay to operate. The primary 
winding of the transformer is protected 
by current differential between the ends 
of the winding. The operation of the re¬ 
lay first opens the motor and auxiliary 
switches, and, if this fails to dear the 
fault, an automatic switch grounds the 
pantograph collector, throwing the inter¬ 
rupting duty on to the substation circuit 
breaker. This relay is described in detail 

in the Luther paper.* 

"* * 

4. Incorrect Operation of Tap-Chang¬ 
ing Switches. Tap changing on main 
transformer is performed by the intro¬ 
duction of three impedance (preventive) 
coils, the two smaller of which have their 
ends connected to four busses to which the 
taps from the main transformer are con¬ 
nected by the tap-changing contactors. 
The mid-points of these two preventive 
coils are connected to the ends of another 
larger preventive coil, to the mid-point 
of which is connected the outgoing lead 
to the motors. In this way four taps on 
the transformer are used on each of the 
running voltage steps, Figure 1, and a 
change to the next step requires the mov¬ 
ing of only one of the four tap connections, 



Figure 6. Pantograph relay 


permitting smooth and even transition 
in the voltage change. The impedance 
of the coils is suffident to reduce the cir¬ 
culating current between the taps to a 
low value, while the reactance to the load 
is cancelled out by the two directional 
flow to the mid-point leads. In order to 
prevent two tap-changing contactors 
from closing on the same bus, thereby 
short-circuiting a portion of the main 
transformer, interlocking is used between 
contactors. This has been extended in 
recent designs to indude a group of inter¬ 
locking rdays, Figure 8,' so connected 
that when a contactor fails to open prop¬ 
erly, in addition to the fact that no other 
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KEY 5 6.7 8. 9 10 21 22 

«fl» INTERLOCK CLOSED WHEN ITS CONTACTOR IS OPEN 
£ CLOSING COILS OF TAP CHANGING CONTACTORS 

« INTERLOCKING RELAY'S OPERATED BY CONTROL! pr 
*• POSmoN FOUR CONSECUTIVE SWITCHES ARE 
CLOSED ON EACH RUNNING STEP 

Figure. 8. Simplified interlocking scheme for 
Up-changing contactors 


and the motor will soon reach a danger¬ 
ously high speed. The division of voltage 
between the motors becomes unbalanced. 
Figure 4, if one motor slips or two slip at 
unequal speeds. A voltage balance relay. 
Figure 10, therefore, is used to indicate 
this condition to the engineman so that he 
may reduce the voltage on the motors. 
This indication is received when the slip 
differential is approximately 5 mite s per 
hour. If the engineer fails to take the 
necessary action or is unable to control 
the slipping, the relay automatically 
opens the motor switches when the slip 
differential reaches 20 miles per hour. 

7. Failure of Cooling Air. The motors 
and transformers are designed, because of 
space and economic limitations, to require 
forced ventilation. Failure of the air 
supply would permit rapid overheating. 
A relay in the air stream or a centrifugal 
relay on the blower shaft indicates such a 
failure to the engine crew. 

8. Transformer Overheating. The main 
transformer is cooled by oil circulated by 
a! pump. This oil passes through a radia¬ 
tor and is in turn cooled by air from the 
same blowers which provide forced ven¬ 
tilation to the motors. Failure of this 
cooling scheme to keep down the oil tem- 

Figure 9. Main transformer showing voltage- 
control equipment 

A — Auxiliary-equipment contactors 
B —Tap-changing contactors 
C—Interlocking relays 

D Intermediate step (buck-boost) transformer 
E—Intermediate step (buck-boost) contactors 


HOLD 

COIL 


ING 


PR 

RELAY 


3.5V-r 


heating of the preventive coils. To pro¬ 
tect against this condition a thermal relay 
is installed, operating from current trans¬ 
formers differentially connected in the 
legs of each of the small preventive coils 
to open the motor circuit contactors when 
the current flow is unbalanced. 

5. Excessive Field at Start. During 
the starting period a portion of the arma¬ 
ture current as stated hereinbefore, is 
shunted around the main, or exciting, 


GROUND 

CURRENT 

LIMITING 

RESISTOR 


, CUTOUT 
SWITCH 


contactor on the same bus can be closed, 
the contactors on the other busses cannot 
proceed to the other voltage taps. This 
prevents a large voltage difference being 
established across the preventive <v>ite if 
a contactor on one of the lower steps re¬ 
mains closed while the contactors on the 
other busses have closed on the higher 
voltage steps. 

This new arrangement of interlocking 
requires the use of fewer interlocking 
fingers on the tap-changing contactors 
and uses instead separate interlocking 
relays in an enclosed cabinet, Figure 9, 
providing a cleaner, more accessible and 
reliable arrangement. 

This interlocking is complete excepting 
under one condition, that is, when a con¬ 
tactor fails to close in proper sequence. 
Under this condition one end of a preven¬ 
tive coil will be disconnected from the 
main transformer causing an unbalance 
of currents which will cause excessive 


Figure 7. Panto¬ 
graph ("PR") re¬ 
lay connections 


field to minimize commutation troubles. 
This function is performed by a relay, 
Figure 4, operating from the voltage 
across the main field. 

Semiautomatic Protection 

6. Unequal Motor Speeds. High pe¬ 
ripheral velocity is normally designed into 
the traction motors, and if a pair of driv¬ 
ing wheels slips, tractive power is lost, 
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perature will operate a thermostatic 
alarm. 

Indication 

9. Overspeed. Speed is indicated to 
the engine crew by means of a speedome¬ 
ter. Excessive speed is dangerous to the 
armature windings and commutators. 
Dependence must be placed on the en¬ 
gine crews to keep the speed within limits 
safe to the equipment and also within the 
local speed restrictions of the roadway. 

10. Excessive Current. Current is 
indicated by a separate ammeter for 
each of the parallel motor groups. The 
rate of acceleration is determined by the 
current value permitted, limited of course 
by the weight on driving wheels. A limit 
is set on the maximum motor current, 
which limit is appreciably below the 
setting of the overload relays, and proper 
attention to the ammeter readings during 
acceleration is required to prevent slip¬ 
ping and to stay within the range of good 
commutation. 

Indicating Devices 


tions, that is, low water in heating boiler, 
or driving wheels slipping. 

The indicating light panel, Figure 11, 
contains a row of amber lenses, on each 
of which is engraved the designation 
which it indicates. It is located beside 
and to the left of the engineman. On this 
same panel is the series of cab signal in¬ 
dication lights duplicating the aspects of 
the wayside signals. Here also are lo¬ 
cated the speedometer, the ammeters for 
each of the motor circuits, and the usual 
air gauges for the brake system. 

Tonnage-Rating Limitation 

11. Overheating of Motors. The tem¬ 
perature rise of the motor fields and arma¬ 
tures is the practical limit to the amount of 
work which the motors can do. These 
limitations are set by the kind of insula¬ 
tion used and must not exceed the per¬ 
missible values, or the life of the motors 
will be materially shortened. Even if it 
were practical to have continuous indica¬ 
tion of the controlling “hot-spot” tem¬ 
peratures, it would still not be practical 
to send out on the railroad an electric 
locomotive with a train which, operated 


under the normal speed and grade re¬ 
quirements of the route, might exceed the 
temperature limitations of the motors. 
In fact, no protective device, within the 
ordinarily accepted meaning of the term, 
is as yet available for avoiding excessive 
motor temperatures, without unduly 
limiting the use of the full short-time ca¬ 
pacity of the locomotive. 

Figure 11. Indicating and operating devices 
in motorman's compartment 

A —Ammeters 
B —Low water in boiler 
C—Blower-stopped and transformer-tempera¬ 
ture indication 
D—Overload relay tripped 
E —Drivers slipping 
F— Pantograph relay tripped 
G—Fuel pump tripped 
H —Speedometer 
/—Air gauges 
J —Field change-over 
K —Cab signal indicator 
L —Buzzer 

M —Emergency grounding switch 
N —Pantograph switch 
O—Headlight switch 
P—Brake valve 
Q —Master controller 


(b) . Driving wheels slipping 

( c ) . Forced-ventilation blowers stopped, or 
high transformer oil temperature • 

(<f). Motor-overload relay operated 

(e). Pantograph relay operated 

(/). Main-motor-field shunting switches 

closed 

(g). Fuel pump on heating boiler stopped 


In addition to this, a buzzer operates 
to warn the crew for the first two condi- 


Indicating lights are provided in the 
locomotive crew compartment to indicate 
the following : 


(a). Low water in oil-fired train heating 
boiler 
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Figure 10. Wheel-slip relay 
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It is, therefore, necessary to resort to 
other than electrical or mechanical mpany 
of providing this very necessary protec¬ 
tion. The obvious method is, of course,- 
so to safeguard the operation of the loco¬ 
motive as to avoid overheating of the 
equipment. At the same time, however, 
the necessity for economical operation 
dictates that the maximum possible work 
be performed by the locomotives. To 
meet these two conditions a tonnage rat¬ 
ing, that is, the maximum train which 
can satisfactorily be handled, is deter¬ 
mined for each class of locomotive and 
each route. 

The working out of these ratings re¬ 
quires that complete motor heating and 
cooling characteristics be available from 
shop tests of the equipment. The method 
for. arriving at these characteristics has 
been covered in detail in the paper by 
Fremont Felix and H. G. Jungk pre¬ 
sented at last winter’s convention in 
Philadelphia. 3 

In addition to this, the usual motor- 
output characteristics for different speeds 
and voltages are required. Then, with 
the profiles, alignments, and speed re¬ 
strictions of the route to be used, it is pos¬ 
sible, assuming a weight of train, to de¬ 
termine the motor-output requirements at 
all points on the runs. 5 The time, dis¬ 
tance, and output results are tabulated, 
and, by using the heating and cooling 
characteristics of the motors, the tem¬ 
perature rise at each point on the route is 
determined. If the permissible tempera¬ 
ture has been exceeded, the run is recal¬ 
culated with a lesser weight of train. 
Similarly, if the maximum permissible 


temperature has not been reached, a new 
calculation is made using a heavier train. 
In this manner, the maximum tonnage 
which the locomotive can handle over 
each route, without overheating the mo¬ 
tors, is determined. 

In addition to these ratings, this pro¬ 
tective method requires a thorough edu¬ 
cation of the personnel to make it effec¬ 
tive. Yard masters must be informed of 
the importance of keeping the weights of 
trains within the specified limits. Hav- 
ing a proper tonnage, the engineman must 
learn how to operate the locomotive in a 
proper manner. This proper operation in¬ 
volves avoiding excessively difficult starts 
in yards and on grades, avoiding pro¬ 
longed operation in weak field, taking full 
advantage of the momentum of the train 
in negotiating grades, and a general 
knowledge of the operating characteris¬ 
tics and capabilities of the locomotive. 

The results of such predeterminations 
of tonnage ratings on the Pennsylvania 
Railroad have proven most satisfactory. 
After the ratings had been determined by 
calculation, they were checked by making 
test runs. In order to make these road 
tests, thermocouples were built into the 
windings of several of the motors. A 
locomotive so equipped was assigned to 
a regular revenue train which was built 
up to the predetermined tonnage for the 
route to be followed, and the train was 
operated over the road. By means of re¬ 
cording meters a continuous record was 
made of motor current and temperature. 
Tests of this nature have been made over 
all the principal routes, and in all cases 
the measurements have closely checked 


the calculations. It has not been neces¬ 
sary to reduce any of the calculated rat¬ 
ings in actual, operation. 

Conclusions 

The electric locomotive is composed of 
electrical apparatus which is subject to 
the usual hazards of similar equipment. 
The methods of protection require some 
of the usual types of device. The spe¬ 
cialized application, however, intro¬ 
duces the factors of loading and opera¬ 
tion as protective methods to a greater 
extent than is usually the case with gen¬ 
erally similar equipment in other services. 
It has been the purpose of this paper to 
summarize and describe the electrical 
protection of the equipment, including 
not only the protective devices but those 
features of the utilization of the locomo¬ 
tive which become in reality protective 
methods. 
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Synopsis: Modem electrical equipment 
for industrial Diesel-electric locomotives is 
widely different in many respects from that 
used five or six years ago. New and im¬ 
proved high-temperature insulating ma¬ 
terials and modem synthetic varnishes have 
been developed and are used extensively 
today. Also new and improved methods of 
using these and the older materials have 
been developed. These, together with new 
design constants, have made possible a 
reduction in weight per horsepower trans¬ 
mitted with an improvement in the quality 
of the product. 

The Diesel engine and generator are close- 
coupled and mounted as a unit, thus assur¬ 
ing proper alignment and, at the same time, 
reducing the space required for mounting' 
on the locomotive. A new and improved 
method of generator excitation has been de¬ 
veloped which assures positive control of 
the engine speed and power. This provides 
a very flexible transmission of power from 
the prime mover to the rail. 

The modem traction motor has a cylin¬ 
drical instead of a rectangular frame. It is 
a multipole instead of the conventional four- 
pole design. It is mounted integral with a 
double-reduction gear unit which is com¬ 
pletely enclosed in an oiltight gear case. 
All bearings oh the motor armature shaft 
and in the gear case are antifriction except 
those on the axle, which are sleeve bearings. 
AH bearings in the gear unit are oil-lubri¬ 
cated with the same oil that lubricates the 
gearing. Both the high and low speed pin¬ 
ions are straddle-mounted to insure proper 
alignment of the gearing at all times. 

Industrial Diesel-electric locomotives are 
used in slow-speed switching service where 
high tractive effort is most important. For 
this type of work, double-reduction gearing 
with maximum reduction shows much better 
transmission efficiency than the conven¬ 
tional single-reduction gearing. 

F OR many years most of the machinery 
in American industrial plants has been 
driven electrically. During the past five 
or six years Diesel-electric drive has taken 
a definite place in moving raw materials 
to and finished products away from the 
manufacturing plants. This, widespread 
use of electric power for locomotives has 
been brought about largely by two simul¬ 
taneous developments. 

1, Modern High-Speed Diesel Engine. 
Through standardization and the use of 
essentially the same Diesel engine for 
locomotives, trucks, tractors, and stand¬ 
by power plants, the cost per installed 
prime mover horsepower has been lowered 
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greatly. Also, at the same time, the 
necessity for light weight has been realized 
and this, together with higher speeds, has 
resulted in lighter weight engines that 
still retain their ruggedness and ability to 
produce power. 

Usually these engines are equipped 
with two-speed governors set for idling 
speed and full speed. Between these 
speeds the fuel supplied to the engine is 
controlled manually by the position of the 
locomotive operating handle. This is 
known as an automotive-type governor 
and is the type used with the equipment 
described in this paper. 

There is another type of governor that 
is used sometimes in industrial Diesel- 
electric locomotives and is used on prac¬ 
tically all of the larger Diesel engines. 
With this type engine speed is set by the 
governor for each position of the loco¬ 
motive operating handle. In each of 
these positions the governor supplies the 
engine with the amount of fuel necessary, 
up to full fuel, to maintain a given speed. 
This is known as a variable-speed gover¬ 
nor. 

2. Modern Electrical Propulsion 
Equipment. During this same period 
of time, new materials and methods have 
been developed and adopted for use in 
this electrical equipment. Through de¬ 
sign and research, improvements have 
been made in, and ways have been found 
to use, standard materials to better ad¬ 
vantage. These have made it possible to 
reduce weight and cost pear horsepower 
and at the same time improve the quality 
of the product. 

These two developments, together with 
improved locomotive design, have made 
a very economical Diesel-electric loco¬ 
motive. This industrial locomotive has 
low initial cost, low maintenance cost, 
low Operating cost, and high availability. 
It has many of the desirable features of a 
straight electric locomotive but does not 
require a large investment for plant and 
equipment. Locomotives of this type 
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weighing from 20 tons to 65 tons inclusive 
are being manufactured by several loco¬ 
motive builders. 

A unit of electrical propulsion equip¬ 
ment for these Diesel-electric locomotives 
consists of a d-c commutating pole gener¬ 
ator connected directly to a Diesel engine, 
one or two d-c commutating pole motors 
geared to the axles, and control to assist 
in maintaining a smooth even flow of 
power from the prime mover to the 
wheels. There are one or more of these 
units per locomotive, depending upon the 
weight and performance required. 

Traction Generators 

Mechanical Features 

The generators have only one bearing, 
either ball or spherical roller, which is 
located at the commutator end of the 
machine and carries approximately one 
half of the weight of the armature. This 
bearing is mounted in a cartridge type of 
housing which is so arranged that the 
armature can be removed without ex¬ 
posing the bearing to dirt and other 
foreign substances. The use of all-metal 
labyrinth seals insures that the grease 
will be kept in and dirt will be kept out of 
the bearings. The other end of the 
armature is bolted directly to the engine 
crankshaft through a flexible steel disk 
coupling which is mounted integral with 
the generator fan. This coupling is de¬ 
signed so that it is rigid torsionally and 
radially. The torsional rigidity makes it 
possible to use the generator armature 
and fan for the engine flywheel, which 
eliminates the conventional flywheel. 
The radial rigidity is necessary to main¬ 
tain the electrical air gap on the gener¬ 
ator. At the same time the coupling has 
flexibility in angular and axial directions 
to eliminate the necessity for exception¬ 
ally dose machining tolerances. 

Figure 1 shows a modem Diesel-electric 
generator. 



Figure 1. Modern d-c traction generator 
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Figure 3. Diagram of connections for traction-generator excitation 


Figure 2. Modern high-speed Diesel engine 

with directly connected traction generator 

The bell housing on the engine has been 
made special to serve the dual purpose of 
supporting the generator frame and pro¬ 
viding a space in the formed openings for 
generator-fan discharge. When the gen¬ 
erator frame is bolted to the bell housing 
and the armature to the engine crank¬ 
shaft through the flexible coupling, the 
engine and generator become an integral 
unit and are mounted as such. Figure 2 
shows a typical engine-generator unit. 
The generator fan located in the bell 
housing provides for multiple ventilation 
of the machine. One stream of air is 
drawn over the armature, through the air 
gap and between the field coils, and the 
other undo: the commutator and through 
the core. 

Another important part of this modem 
generator is fie improved brush holder. 
To collect current properly from the com¬ 
mutator it is necessary to have brush 
holders that will keep the brushes on the 
commutator even though it may be 
slightly irregular or eccentric. This is 
accomplished by special brush-holder, 
brush and brush-spring design. Care is 
taken to keep the brush riding against the 
trailing edge of the brush holder at all 
times. This is done by using a trailing 
brush with a beveled and clip top ar¬ 
ranged so that the brush-spring pressure 
provides a component of force, holding 
the top of the brush in place, and at the 
same time provides the necessary radial 
force to keep the brush in contact with 
the commutator. The bottom of the 
brush is held in place by friction on the 
commutator. Due to the fact that all 
materials are being worked harder than 
ever before, brush holders must be spaced 
and aligned more accurately. This is 
accomplished by a brush holder designed 
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so that it can be located easily and accu¬ 
rately, one which remains in a fixed posi¬ 
tion after it is located. These design fea¬ 
tures improve commutation, give long 
brush life, and insure generator character¬ 
istics that do not change from day to day 
due to change in brush fit or location. 

The commutator must be,kept tight 
and true. This is accomplished by using 
commutator-design constants which have 
been developed over a period of years of 
experience with high-speed equipments. 
Even with proper commutator design, 
difficulties occur in manufacture. These 
are corrected and a good commutator 
produced by seasoning it after the arma¬ 
ture is completely assembled. This proc¬ 
ess consists of subjecting the commu¬ 
tator to centrifugal forces and thermal 
stresses in excess of those which are en¬ 
countered in service, and tightening and 
grinding the commutator until it operates 
smoothly, both hot and cold. 

In order to provide smoothness of 
operation, and to reduce noise and vibra¬ 
tion to a minimum, it has been found 
necessary to dynamically balance the 
complete armature of all modern high¬ 
speed Diesel-electric locomotive gener¬ 
ators. 

Electrical Features 

In the past few years insulating ma¬ 
terials and methods have been improved 
greatly. Some of these high-temperature 
materials are asbestos cloth, asbestos 
paper, fiber glass, and mica. With the 
aid of modem synthetic high-temperature 
varnishes, asbestos and mica, as well as 
fiber glass and mica, have been combined 
to form tapes and wrappers. These ma¬ 
terials have made it possible to use thinner 
insulation of a better quality and get a 
better-insulated machine. This leaves 
more space for copper and iron and at the 
same time improves the heat-transfer 
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coefficient through the insulation. An¬ 
other advantage of these materials is their 
ability to stand high temperatures and 
still have long life. By using high 
temperatures the weight of material per 
horsepower transmitted is reduced. By 
the inherent long life of the materials, 
maintenance costs are kept low. 

Careful study of the magnetic circuit 
has made it possible to so proportion the 
various parts of the generator that all 
materials are utilized to better advantage. 
This also has resulted in reduced weight 
for a given amount of power transmitted. 

The modem locomotive generator is 
equipped with a series field winding and 
operates as a motor for cranking the 
engine from a 32-volt or 64-volt storage 
battery. This eliminates the starting 
motor drive and ring gear, and at the same 
time reduces the amount of apparatus to 
be maintained. This type of engine 
cranking has proved to be very successful 
and reliable. 

The locomotive operating character- 



Figur« 4. Characteristics of Diesel-engine 
traction-generator unit 
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Figure 5. Modern d-c trac¬ 
tion motor and double-reduc¬ 
tion gear unit 


istics are largely built into the generator. 
For a number of years Diesel-electric 
industrial locomotives did not have the 
most desirable operating characteristics. 
Full advantage was not taken of the fact 
that electric drive is the most controllable 
and most flexible of all drives. Recently, 
detailed studies have been made of vari¬ 
ous generator-excitation schemes to ob¬ 
tain the very best possible operating 
characteristics. Some of the more desir¬ 
able of these are: 

1. As the locomotive operating handle is 
moved from the idling position toward the 
full throttle position, the locomotive speed 
increases with the engine speed. 

2. As the engine speeds up, the generator 
voltage increases to provide increased loco¬ 
motive speed either with or without addi¬ 
tional fuel. 

3. Smooth acceleration is obtained without 
jerks or hesitation at all values of throttle 
opening. 

4. The engine must not be loaded so 
heavily that it does not accelerate rapidly 
and evenly, nor loaded so lightly that it 
accelerates too fast and gives the impression 
of a "slipping clutch.” 

All of these features have been built 
into the newest industrial Diesel-electric 
locomotives by use of a generator which is 
essentially self-excited. This generator is 
provided with a doubly excited split field 
which receives most of its excitation from 
its own armature and the balance of its 
excitation from the storage battery on the 
locomotive. Each section of the field is 
designed so that approximately one half 
of the resistance of the circuit is external 
and does not change with temperature. 
This minimizes the variation of generator 
characteristics with temperature change 
in the windings. 

A simple schematic diagram of the 
connections which are used is shown in 
Figure 3. The resistor R„ in the self- 
excited circuit is set to give the proper 
value of excitation for full power and full 
speed, Figure 4, curves D and D' t and 
remains set for all other values Of speed 
and power. The resistor i? d in the doubly 
excited field circuit is varied in three 
steps by the two switches marked A and 
B in Figure 3. As the locomotive operat¬ 


ing handle is moved from the idling posi¬ 
tion towards the full throttle position, R a 
is set at the three different values which 
are necessary to insure a full even flow of 
power at all positions of the operating 
handle. These changes are made by a 
cam-operated switch, which is connected 
to the locomotive operating handle. A 
double cam switch, which is in the throt¬ 
tle-linkage mechanism between the oper¬ 
ating handle of the' locomotive and the 
engine fuel pump, changes the fuel pump 
setting to provide the proper amount of 
fuel. 

From Figure 4 it can be seen that the 
speed-ampere and volt-ampere character¬ 
istics are very steep. This provides volt¬ 
age and current which are supplied to the 
traction motors on the locomotive, caus¬ 
ing its speed to follow that of the engine. 

Referring to Figure 4, curve A , the first 
power position on the motor-current re¬ 
sistance (JR) line is at approximately 12 
per cent adhesion on the locomotive. 
This value of adhesion has been proved 
by experience to be one which gives no 
jerks but provides a smooth, rapid start. 
This point will be practically the same at 
every start, because the volt-ampere curve 
crosses the motor-current resistance (IR) 
line at a steep angle, which will change 
very little as the temperature of the 
motor windings changes. This is shown 
by reference to the two motor-current 
resistance (IR) lines shown on Figure 4, 
one at 110 degrees centigrade and the 
other at 25 degrees centigrade. Since 
there are no notches on the locomotive 
operating handle quadrant, there are 
infinite steps of power and speed between 
the first power position, Figure 4, curves 
A and A', and the full power position, 
Figure 4, curves D and D'. Curves B 
and B', C and C are shown to illustrate 
the shape of intermediate power and 
speed positions. Additional study of the 
engine-generator characteristics shows 
that the generator with its controlled 
excitation is acting to electrically govern 
the engine at all speeds below that at 
which the mechanical governor begins to 
operate. 

Further reference to Figure 4, curves D 
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and D', shows that there is a wide range 
of amperes over which the generator volt- 
ampere curve is equal to the engine out¬ 
put, less the generator losses and a small 
loss of power due to the speed of the 
engine not being held constant. This 
makes it easily possible and very desirable 
to use only one motor combination if 
more than one motor per power plant is 
required. With a single motor, or with 
motors in parallel, if two motors are used 
per power plant, practically full power 
utilization can be obtained from 30 per 
cent adhesion on the locomotive to 60 per 
cent of maximum permissible operating 
speed. This is very desirable since it 
simplifies the locomotive control. 

Battery-Charging Equipment 

Battery charging on industrial Diesel- 
electric locomotives is done by one of 
two methods, depending on whether a 32- 
volt or 64-volt battery is used. 

The 32-volt battery is charged with 
automotive-type equipment. This con¬ 
sists of a 750-watt shunt-wound generator 
which is mounted on the engine in such a 
way that it can be driven by a belt or 
from an auxiliary shaft. A vibrating 
contact regulator is used in the field of 
the generator to hold approximately 
constant voltage over a range of charging 
current, which is limited by a series coil 
in the regulator. The generator is self- 
ventilated by a small fan. 

When a 64-volt battery is used, a 1.5- 
kilowatt shunt-wound charging generator 
is used. It is mounted on the floor of the 
locomotive and belt-driven from a pulley 
on the end of the traction generator shaft. 
The voltage on the charging generator is 
held constant by a vibrating contact 



MOTOR RESISTANCE LOSS - HORSEPOWER 

Figure 6. Comparative motor-resistance-loss 
curves for traction motors with single-reduction 
and double-reduction gearing 
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regulator operating in the shunt field. 
The current is limited by a ballast re¬ 
sistor in the battery-charging circuit. 
This generator is self-ventilated by a fan 
mounted directly on the armature shaft. 

Traction Motor and Gearing 

Mechanical Features 

The modem Diesel-electric industrial 
locomotive traction motor is very different 
from the conventional railway motor. 
The new motor has a rolled-steel cylindri¬ 
cal fabricated frame instead of a cast-steel 
rectangular frame. This new construc¬ 
tion has a number of manufacturing ad¬ 
vantages and also is more desirable mag¬ 
netically since casting blowholes are 
eliminated. The motor is very accessible 
for original assembly and for repairs. It 
is equipped with double-reduction gearing 
instead of the conventional single-reduc¬ 
tion gearing. 

The commutator is of special design 
to meet service requirements. In addi¬ 
tion to the use of design constants that 
give a sturdy strong commutator, it is 
given a thorough seasoning' after the 
armature has been completely assembled. 

The armature is designed to withstand 
the stresses of high-speed operation that 
go with double-reduction gearing. The 
coils are held in the core slots by Wedges 
and the end windings are held with bind¬ 
ing wire. The completed armature is 
dynamically balanced to veiy dose 
limits so that it operates smoothly and 
with very little vibration at all speeds. 
It is also equipped with antifriction bear¬ 
ings on both ends. The commutator end 
bearing housing is designed so that the 
armature can be removed without opening 
the bearing housing and exposing the 
bearing to dirt. This bearing is also ar¬ 
ranged with all-metal labyrinth seals to 
keep grease.in and to keep dirt out. The 
bearing on the opinion end of the motor 
armature is mounted on the shaft after 
the motor pinion has been mounted. 
This forms a straddle-mounting for the 
pinion. The bearing on this end is 
housed in the gear case and lubricated 
with the same oil as the gearing. 

The frame of the motor is bolted to the 
gear case so that the two become an in¬ 
tegral unit and are mounted as such. 
Figure 5 shows the motor and gear unit. 

The gear case which forms a part of the 
motor and gear unit is a rugged steel 
casting of special design. It is made in 
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one piece except the gear cover which is a 
malleable iron casting and is bolted to the 
gear case along a 45-degree line. All 
bearings and pinions are assembled so 
that they can be replaced without remov¬ 
ing the motor and gear unit from the 
locomotive. The motor and gear-unit 
support is so located that, for either 
direction of motion of the locomotive, 
there will be no tilting to throw the gear 
mesh out of alignment or place a twisting 
load on the axle bearings under the heavy 
tractive efforts encountered in service. 
This type of hardened gearing operating 
in an oiltight gear case has a long life, 
which should be equal to that of the loco¬ 
motive. The gear unit is equipped with 
flood-lubricated sleeve axle bearings and 
thrust surfaces, and with antifriction 
intermediate and high-speed bearings 
operating in an oil bath. Both the high¬ 
speed and low-speed pinions are straddle- 
mounted to maintain alignment. The 
gearing is straight, spur on both reduc¬ 
tions. 

The motor is self-ventilated. This is 
found to be practical in a motor which is 
used with double-reduction gearing, since 
even in slow-speed switching service, 
motor speeds are high enough to make the 
motor fan effective. The fan which is 
mounted on the armature shaft at the end 
opposite the commutator provides for 
multiple ventilation of the machine. 

Electrical Features 

In the motor use has been made of the 
various insulating materials, varnishes, 
and methods used in the traction gener¬ 
ator. By this means the best possible 
quality has been obtained with the small¬ 
est amount of insulation. This has made 
it possible to get more tractive effort 
rating per pound of material used. 

In order to further conserve material, 
motors have been designed with more 
than the conventional four poles. The 
latest industrial Diesel-electric locomotive 
motor is a six-pole machine. The multi¬ 
pole design reduces length of end windings 
and commutator. Also the use of multi¬ 
poles provides for better distribution of 
field windings. This, in connection with 
detailed studies of the magnetic circuit, 
has enabled the designer of modem mo¬ 
tors to materially reduce the size and 
weight of the field structure. 

• The field coils have also been reduced 
in size by the use of new insulating ma¬ 
terials and methods. Both exciting and 
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commutating coils are edgewise-wound 
and formed to fit the poles. The com¬ 
pleted coils after being mounted on the 
poles receive a number of dips and bakes 
in modem synthetic insulating varnish. 
With this type of coil the heat-transfer 
coefficients are much higher than for a 
conventional coil. After the poles and 
coils are assembled in the frame, the com¬ 
plete assembly is dipped in modern syn¬ 
thetic varnish and baked to fill com¬ 
pletely and insulate all connections and 
joints so that they are sealed and pro¬ 
tected from water, oil, and other foreign 
materials that may enter the motor. 

The design constants of the motor have 
been made such that the motor has a very 
steep speed curve, and a wide range of 
field control can be. used. These, to¬ 
gether with the engine-generator charac¬ 
teristics, Figure 4,. make a locomotive 
with a wide range of full utilization of 
available engine horsepower. 

Since industrial Diesel-electric loco¬ 
motives are essentially slow-speed ma¬ 
chines, and transmission efficiency is an 
important factor, double-reduction gear¬ 
ing is superior to single-reduction gearing 
for this service. A much greater reduc¬ 
tion can be obtained with double-reduc¬ 
tion gearing than with single-reduction 
gearing, and, at the same time, clearance 
under the gear case can he maintained, 
as specified by the Interstate Commerce 
Commission. This can be done while 
still having ample top speed for in¬ 
dustrial service. Figure 6 shows motor 
losses at 110 degrees centigrade cop¬ 
per temperature, with an assumed two 
volts for brush drop, under starting condi¬ 
tions where good efficiency is most diffi¬ 
cult to obtain, and where the difference 
between transmissions is most noticeable. 
Figure 6, curve A, is for the double-reduc¬ 
tion motor with maximum reduction. 

Figure 6, curve B, is for a comparable 
single-reduction conventional motor with 
maximum reduction. A study of this 
curve clearly shows the advantage of 
double reduction for locomotives that are 
not required to operate at high speed but 
are required to provide high tractive 
effort. Since at the starting point of the 
locomotive all the losses are in resistance, 
the difference between curve A and curve 
B in Figure 6 shows the additional trac¬ 
tive effort that can be produced with the 
double-reduction gearing over the single- 
reduction-gearing for a given horsepower 
loss. 
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I T is generally agreed that the virtual 
or air-gap voltage of a salient-pole 
synchronous machine deter min es the 
saturation in the magnetic circuit. Stud¬ 
ies have indicated that the major 
portion of the saturation occurs in the 
poles of such machines. Consequently, 
it is logical to apply a correction as a lin¬ 
ear addition to the nominal or excitation 
voltage vector of the two-reaction dia¬ 
gram drawn with unsaturated constants, 
in order to ascertain the actual per-unit 
excitation necessary under load condi¬ 
tions which produce a certain air-gap volt¬ 
age. It is the purpose of this paper to 
present an analytical method for deter¬ 
mining the necessary correction. 

Careful tests have shown that the cor¬ 
rection for saturation which is to be added 
to the excitation voltage obtained without 
saturation can be quite accurately deter¬ 
mined for a given condition of loading by 
moving the zero-power-factor saturation 
curve for that load so that it coincides with 
the no-load saturation curve below satura¬ 
tion. 1 In Figure 1 the dashed curve is de¬ 


termined by moving the zero-power-fac¬ 
tor load-saturation curve to the left a dis¬ 
tance Od=bc. The horizontal intercept 
ab between the air-gap line and the dashed 
curve is the total per-unit correction cor-, 
responding to the condition of loading 
which produces a per-unit value of i d 
equal to the per-unit armature current of 
the load-saturation curve, and a compo¬ 
nent of air-gap voltage in phase with the 
excitation voltage equal to Oe. 1 * 2 
If a family of zero-power-factor load- 
saturation curves is available, by moving 
each curve to coincidence with the no- 
load saturation curve as explained above, 
a family of dashed correction curves is 
obtained. Since at zero power factor i a — 
i d , it follows that the parameter for this 
family of correction curves is i d . Having 
such a family of curves the procedure 
would be to determine the excitation volt¬ 
age by drawing an unsaturated two-reac¬ 
tion diagram in accordance with the 
equivalent air-gap line drawn through a 
point on the no-load saturation curve 
equal to the air-gap voltage for the de¬ 


sired condition of loading. From this dia¬ 
gram i d could be determined, and from 
the family of correction curves the inter¬ 
cept between the air-gap line and the 
curve of parameter i d could be read corre¬ 
sponding to the direct-axis component of 
the air-gap voltage. 

The foregoing method of correcting for 
saturation is predicated upon the possi¬ 
bility of obtaining a family of correction 
curves, and this, in turn, depends on the 
ease and accuracy of the method used to 
secure the load-saturation curves. If the 
machine is already built, it may be pos¬ 
sible to get these curves by test methods, 
but unless these methods involve but a 
few simple no-load tests the practical im¬ 
portance of the curves is nil. The great¬ 
est value of the correction curves would 
come in designing synchronous machines 
and in the predetermination of their per¬ 
formance. An empirical procedure which 
facilitates the application of the above 
principles is to express the saturation 
curves by a general mathematical equa¬ 
tion and to employ saturation factors 
derived from the no-load saturation curve. 

A modification of Froelich’s equation 
for expressing a family of saturation 
curves is as follows: 



A(i-Ci d ) 

B+i-Di a 


( 1 ) 


wherein 


*«*•/ 



A, B, C, and D are constants to be evaluated 
»=> per-unit field amperes or ampere turns 
per-unit direct-axis component of arma¬ 
ture current 
F=per-unit volts 

Solving the equation for field excitation, 

. BV+(AC-DV)i d 
- A-V 

From equation 1 it is seen that when i— 
Ci d , V=Q. Hence, by subtracting Ci d 

Paper 42-68, recommended by the AIEE committee 
on electrical machinery for presentation at the 
AIEE winter convention, New York, N. Y., 
January 20-30, 1942. Manuscript submitted 
November 7, 1941; made available for printing 
December 17, 1941. 
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from the right side of equation 2 the ex¬ 
pression for the correction curve is ob¬ 
tained. As a result, for the correction 
curve 

BVMC-D)Vi a 

A-V W 

The equation for the air-gap line, in per- 
unit values, is 

(4) 


*€8’9 
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Figure 2. Saturation factor 


The total correction for saturation is the dif¬ 
ference between the air-gap line and the 
correction curve. Whence, subtracting 
equation 4 from equation 3 

V[V+{B-A)MC-D)i<i\ 

A-V (5) 

To evaluate the constants of the pre¬ 
ceding equations it is necessary to have 
the no-load saturation curve, the unsatu¬ 
rated per-unit direct-axis synchronous 
reactance, and one point on the full-load 
zero-power-factor saturation curve at 
about rated voltage. Constants A and B 
are found by solving two simultaneous 
equations which are derived by choosing 
two corresponding sets of values of V and 
i from the no-load saturation curve 
substituting them into the relation 



which is the expression for the no-load 
saturation curve, obtained from equation 
1 by making i d equal zero. The values of 
. V and i should be chosen with one set at 
rated voltage and the other set with con¬ 
siderable saturation. 

The constant C is numerically equal 
to the unsaturated per-unit value of di¬ 
rect-axis synchronous reactance. From 
equation 1 it is seen that when F=0, C= 
i/h—i when i d =l per-unit Excita¬ 
tion i is necessary to circulate rated cur¬ 
rent when the machine is short-circuited. 
If i is held constant and the short circuit 
is removed, the voltage of an unsaturated 
machine will rise to the air-gap line. This 
voltage is the unsaturated synchronous- 
impedance drop. By virtue of the defini¬ 
tion of unit field excitation as that value 
which produces unit volts at the air-gap 
line, the per-unit value of i must equal the 
per-unit value of unsaturated direct-axis 
impedance. Hence, neglecting armature 
resistance, C is numerically equal to the 
unsaturated per-unit x A . 

If a test point on the full-load zero- 
power-factor saturation curve near rated 
voltage is available, the constant D may 
fee found by substituting the correspond¬ 
ing values of V and i for this point into 
equation 1, along with the values of A , B, 
and C, letting i a equal unity. 


When no test point on the full-load 
zero-power-factor saturation curve is 
available, the following empirical proce¬ 
dure may be used. At zero power factor 
the per-unit air-gap voltage may be taken 
equal to the algebraic sum of the per-unit 
terminal voltage and the per-unit arma¬ 
ture-leakage reactance. Through a value 
of voltage on the no-load saturation curve 
equal to the per-unit air-gap volts, draw 
an equivalent air-gap line. In Figure 1 
point g represents a per-unit value of air- 
gap volts. At rated voltage unit field ex¬ 
citation for the equivalent air-gap line is 
greater than unit excitation for the actual 
■air-gap line by the ratio On/Om. There¬ 
fore, the excitation-voltage vector from 
an unsaturated two-reaction diagram re¬ 
ferred to the actual air-gap line must be 
multiplied by this ratio to refer it to the 
equivalent air-gap line. 

To account for increased saturation due 
to the presence of armature current a satu¬ 
ration factor 3 may be used. In Figure 1 
the saturation factor corresponding to g 
is the ratio fh/fg; gh is the perpendicular 
distance of point g from the air-gap Hnp. 
A corresponding factor for other voltages 
on the no-load saturation curve may be 
found in a similar manner. A plot of satu¬ 
ration factors as a function of per-unit 
volts is shown in Figure 2. 

A point on the correction curve corre¬ 
sponding to rated voltage is found as the 
product of the saturation factor at rated 
volts and the ratio On/Om. Addition of 
the unsaturated per-unit value of direct- 
axis synchronous reactance drop caused 
by load current i d gives the desired point 
on the zero-power-factor load-saturation 
curve for substitution in equation 1 to de¬ 
termine constant D. 

As an illustration of the foregoing prin¬ 
ciples consider the computation of excita¬ 
tion characteristics for the 40-horsepower, 
440-volt, 6-pole, 1,200-rpm, 0.8-power- 
factor synchronous machine for which 
test data are given by Robertson, Rogers, 
and Dalziel. 1 The unsaturated per-unit 
values of the machine constants are: r t = 
0.04, *«=0.086, **= 1.045, *<=0.55. 
The no-load saturation curve is shown in 
Figure 1. 
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To determine constants A and B 
values of F= 1.0 and V—1A are chosen. 
Respective values of i are 1.25 and 3.04. 
Substitution of these values in equation 
6 gives two equations from which it may 
be determined that A = 1.906 and B— 
1.133. 

C is found from the test data as being 
equal numerically to Xd— 1.045. 

From Figure 1 the ratio On/Om— 1.38. 

From Figure 2 the saturation factor 
corresponding to rated voltage is seen to 
be 1.1. 

Applying the procedure outlined above 
the per-unit excitation for rated voltage 
at the full-load zero-power-factor satura¬ 
tion curve is (1.1X1.38)+1.045 = 2.563. 
Substitution of these values in equation 
1 gives 

1.906(2.563-1.045) 

1.133+2.563-2? ’ 

whence D =0.803 

By equation 5 the correction for satura¬ 
tion is 

F(F—0.773+0.2424) 

1.906-F 

In applying this relation i d is scaled from 
the two-reaction diagram and F is inter¬ 
preted as the projection of the air-gap 
voltage on the excitation voltage. For 
leading power factors with generators and 
for lagging power factors with motors the 
effect of armature reaction is magnetizing. 
In these cases the sign of i d must be taken 
negative. 

When drawing the two-reaction dia¬ 
gram both the per-unit excitation and the 
power angle are usually desired. It has 
been shown that it makes little difference 
in the excitation whether the saturated or 
unsaturated constant x q be used, but the 
power angle is definitely influenced. 1 
The saturated value of *< should be used 
for accuracy. Since the rate of saturation 
of the quadrature axis is roughly half that 
of the direct axis a saturation factor for 
x q can be found from Figure 2 as 1.0+ 
(/»*“ l)/2. Dividing the unsaturated 
value of x q by this factor gives a satu¬ 
rated value to be used in constructing the 
vector diagram. 

As a check on the accuracy of this 
method, consider Figure 5 of the paper 
by Robertson, Rogers, and Dalziel. 1 On 
this vector diagram V- 1.217 and %= 
0.647. Substitution of these values in the 
relation for the total correction gives 

^ 1-217(1.217 - 0.773+0.157) 

1.906-1.217 " 1,0e 

Using the unsaturated value of x d the ex¬ 
citation voltage for the case shown is 1.85 
per unit. Adding the correction gives a 
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I. Introduction 

T HE use of compressed-air breakers 
for indoor service has become estab¬ 
lished by several fidd installations since 
the presentation of papers 1 ' 2 describing 
these devices two years ago. At that time 
complete tests had been made justifying 
ratings to 1,500,000 kva. Since then, 
powerhouse requirements have demanded 
the development of similar breakers for 
2,500,000 kva. During the same interval 
new laboratory facilities have been pro¬ 
vided* which are capable of completely 
testing these large breakers. This paper 
describes the theory and construction of 
this new breaker and for the first time pre¬ 
sents test results of full 2,500,000 kva 
under three-phase fault conditions, to¬ 
gether with a study of associated voltage 
recovery rates. 

With the completion of the 2,500,000- 
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kva rating, a complete series of indoor 
air breakers from 500,000 kva up is 
available which are common in funda¬ 
mental design and operating pressure. 
In fact, compressed air was chosen as the 
interrupting medium because it was found 
after study of many types of interrupter 
that this means alone was adequate 
throughout the range for an oilless 
breaker. 

n. Transverse-Blast Compressed- 
Air Interrupters 

The transverse-air-flow type of inter¬ 
rupter has been shown to be capable of 
interrupting currents in excess of 60,000 
amperes and fundamentally does not ap¬ 
pear to have the current limitation in¬ 
herent in a nozzle type of interrupting de¬ 
ment. Consequently, for the 2,500,000- 
kva breaker this general type of inter¬ 
rupter was chosen. Figure 1A shows a 
diagrammatic sketch of the form of the 
interrupting device, and Figure IB shows 
a partial assembly of the actual apparatus. 

The interrupter is built up of alternate 
splitter plates and cooler units, disposed 
substantially paralld to the air blast and 
perpendicular to the arc. The arc is 
drawn from back to front across the dis¬ 
charge end of the blast tube and blown 
into the ends of the slots of the splitter 


plates. The moving contacts are of the 
blade type, hinged at the lower end and 
rotated back and forth by an insulated 
pull rod. The outer contacts are for 
carrying current only, and the middle one 
has the additional function of drawing the 
arc in the interrupter. The current- 
carrying contacts are completely isolated 
from the arcing contact, and, upon open¬ 
ing, they part approximately one inch 
ahead of arcing contacts. In the dosed 
position, deep engagement into the sta¬ 
tionary finger contacts is obtained. In 
the full open position the moving contacts 
are all completely withdrawn from the in¬ 
terrupter, so that an isolating air gap is 
placed in series with the interrupter, and 
all contacts are accessible for inspection. 
The assembly as shown is easily removed 
from the breaker; likewise, the inter¬ 
rupter can be removed as a unit from the 
contact assembly and supporting struc¬ 
ture. 

The actual interruption in an arc cham¬ 
ber of this type is accomplished by the air 
stream driving the arc against and be¬ 
tween the lower ends of the splitter plates. 
When a normal current zero is reached the 
arc core is in a comparatively highly ion¬ 
ized condition, as indicated by the con¬ 
siderable leakage current and damping ef¬ 
fect of the breaker on the recovery volt¬ 
age, after the current zero. 

The rate of deionization in a conducting 
gas column depends largely on conditions 
at the boundary where diffusion and re¬ 
combination are most effective; conse¬ 
quently, it is very important to approach 
the current zero with a highly turbulent 
atmosphere surrounding the arc core. In 
compressed-air circuit breakers these 
boundary conditions are largdy deter¬ 
mined by the way in which the air flows 
with respect to the arc. If an arc is 
blown into a splitter of refractory mate¬ 
rial, it will be forced against the edge of 
the splitter, where it will remain more or 
less stationary with respect to the splitter. 
The flow of high-velocity air paralld to 
the splitter will cause one side of the arc 
to be highly turbulent, a condition very 
favorable to ddonization. The other side 
of the arc, however, will be dosdy pressed 
to the splitter where the air vdodty is sub¬ 
stantially zero, and ddonization will pro¬ 
ceed very slowly. If, however, the split¬ 
ter is made of some gas-evolving material 
such as fibre, an entirdy different set of 
conditions will exist adjacent to the split¬ 
ter. 4 

As the air flow, paralld to the splitter, 
forces the arc against the splitter edge, the 
heat from the arc liberates gas from the 
fibre which projects itsdf away from the 
splitter and into the arc stream at high 


per-unit exdtation of 2.91 which, by 
Figure 4 of the“ paper is equivalent to 
2.91 X 3.6 = 10.5 amperes. Table I of the 
paper shows a test value of 10.7 amperes. 

Consideration of Figure 6 in the paper 
by Robertson, Rogers, and Dalzid 1 shows 
for an underexdted motor a condition of 
loading where V— 1.095 and 4=0.25. 
Here 

1.095(1.095-0.773-0.06) 0 • 

A **-- —— --=0.352 

1.906-1.095 

The exdtation voltage from this diagram 
is found to be 0.835. Whence the total ex¬ 
dtation is 0.835+0.352 = 1.187. This is 
equivalent to 1.187X3.6=4.27 amperes. 
Table I shows a test value of 4.36 am¬ 
peres. 

Application of the above procedure to 


other machines has shown that this em¬ 
pirical method will result in values of per- 
unit exdtation under saturated conditions 
which check fairly dosdy with actual test 
results. Besides giving reasonable ac¬ 
curacy it has the further advantages of re¬ 
quiring a minimum of test (or predeter¬ 
mined) data and of bdng easy to apply. 
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Table I. Three-Phase Opening and Closing-Opening Tests on a Westinghouse Compressed-Air Circuit Breaker 

4,000 Amperes, 15 Kv/ 2,500,000 Kva Tested 13.2 Kv 


Phase 1 


Current Interrupted 
(RMS Amperes) 

Phase 2 ] 


Phase 3 



6 , 200 ..., 

7.200.. .. 

7.100.. .. 

7.900.. .. 


Inches Contact Separation Arcing Time Circuit Transient 

at Arc Extinction (Cycles) Tank Pressure Recovery-Voltage 

_____ (Lb Per Operating Rate (Volts 

Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 Sq In.) Duty Per Microsecond) 


Arcing Time 
(Cycles) 


,...1.3. 

,... 1 . 2 . 

...1.3. 

... 1 . 2 . 

,... 2 . 0 , 


i . 31,000 22,000 20,000. 

.*48,000.*49,000.*49,000. 

1. 66,000 63,000 62,000. 

I....... 84,000 . 70,000 82,000. 

i. 91,000 . 73,000 90,000. 


* Currents closed (amperes) 

Phase 1 Phase 2 Phase 3 

Crest values.... 150,000.... 95,000.148,000 

Rms values.... 92,000....59,000. 86,000 


velocity. This gas bombardment causes 
the arc stream to be highly turbulent on 
the side toward the splitter, and the air 
flow causes the arc to be highly turbulent 
on the side away from the splitter. Thus, 
the entire body of the arc lends itself very 
readily to deionization by diffusion, by 
reason of its high turbulence. 4 As a re¬ 
sult, the space adjacent to a single splitter 
can be made to recover dielectric strength 
at a rate equal to the rate of rise of re¬ 
covery, voltage of the fastest powerhouse 
circuits, providing the ionized gas preced¬ 
ing the current zero is removed as fast as 
the current decreases toward its zero 
value. This condition is easily obtained 
if the rms value of the current being inter¬ 
rupted is small. As the current increases, 
the amount of gas liberated from the 
splitters becomes greater, and the air 


...1.4. 

,...1.4. 

... 2 . 0 . 

...3.8. 

...1.4. 



blast may become incapable of removing it 
fast enough. A 60,000-ampere arc in an 
arc-chute throat two inches wide will 
liberate sufficient gas from the splitter to 
cause the flow of gas to reverse a dis¬ 
tance of six inches against a driving pres¬ 
sure of 150 pounds per square inch. If 
the rate of rise of recovery voltage of the 
circuit is slow, the stalled flow will have 
time to recover velocity, and dielectric 
will be restored. However, if the recovery 
rate is fast, the space below the splitters 


will remain clogged too long and reigni¬ 
tion will result. Enlarging the throat of 
the arc chute or increasing the air pressure 
will obviously improve conditions; how¬ 
ever, both result in an increased air con¬ 
sumption for a nominal gain in interrupt¬ 
ing ability. Decreasing the volts per 
splitter by increasing the number of split¬ 
ters results in some gain, but again as the 
number of splitters is increased, the gas- 
evolving surface is also increased, and the 
gas removal becomes more of a problem. 


Figure 1A (left). 
Schematic diagram 
of a transverse-flow 
compressed-air cir¬ 
cuit breaker 


-METAL 

COOLERS 

-EXHAUST 

CASES 


-INSULATION 

SPLITTERS 


MOVING CONTACT 

AIR SLAST- 


Figure IB (right). 
: Pole-unitassembly of 
a 2,500,000-kva 15- 
kv compressed-air 
-xontact^ circuit breaker show¬ 
ing the contacts and 
partially dismantled 
interrupter, after hav¬ 
ing interrupted 11 
short circuits *in ex- 
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Likewise, spacing the splitters further 
apart allows more gas to escape, but this 
allows the arc to loop between the split¬ 
ters a greater distance which in turn 
causes more gas to be liberated. 

Figure 2 shows the fundamentals of a 
simple solution to this problem. The arc 
chute consists of a narrow throat portion 

2 Hi 

SPLITTERS 


IONIZED GAS BLOWN 
WITH AIR BLAST 

SLOT IN SPUTTER 
ARC 

•AIR BLAST DEFLECTED 
BY ARC 

ARC CHUTE THROAT 

HIGH VELOCITY 
AIR BLAST 


BLAST TUBE 

Figure 2. Cross-sectional diagram of arc 
chutes showing air flow under arcing conditions 



and a wide portion. The splitters are full 
width and terminate at the narrow throat, 
having a notch cut into them just above 
the throat. The arc is blown into this 
notch which is well up into the wide por¬ 
tion of the chute. Since the throat is nar¬ 
row and the approach to it is streamlined, 
the air approaches the arc with a high 
velocity. When the instantaneous value 


of the current is large, the arc does not 
block the flow of air, but exerts only 
enough pressure on it to deflect it to the 
sides, thus allowing the flow to continue. 
This diverted flow washes away the ex¬ 
traneous ionized flame as the instan¬ 
taneous value of current decreases. By 
providing an escape for a continuous flow 
of air, the pressure on the arc never ex¬ 
ceeds that which is necessary to deflect 
the air around it, and consequently, it is 
not pressed too tightly against the split¬ 
ters which always results in too great evo¬ 
lution of gas and greater clogging. By 
using the means shown in Figure 2, it has 
been possible to build the interrupter for 
2,500,000 kva in reasonable dimensions 
and obtain entirely satisfactory operation 
with a tank pressure of 150 pounds per 
square inch, even with very high-voltage 
recovery rates. 

III. Breaker Construction and 
Operation 

Figure 3A shows a 4,000-ampere 
breaker mounted in a steel cell and set up 
for test at the East Pittsburgh high- 
power laboratory, for the Consolidated 
Edison Company. Figure 3B shows a 
schematic side elevation of the same 
breaker. It consists essentially of an air- 
storage tank at .the bottom, an air-operat¬ 
ing mechanism at one side, suitable con¬ 
necting levers for operating the contacts, 
an air-duct between the tank and the 
vertically situated arc chamber, and a 



Figure 3A (left). 
Three-pole 2,500,- 
000- kva 15-lev 
4,000-ampere com- 
presied-air circuit 
breaker in steel cell, 
set up for test at 
East Pittsburgh high- 
power laboratory 


Figure 3B (right). 
Sectional elevation 
showing side eleva¬ 
tion of the breaker 
In Figure 3A 


separate mechanically operated blast 
valve for each pole. 

This type of construction naturally 
places all parts of the breaker which oper¬ 
ate at ground potential including the 
pneumatic and electric control, in the 
lower compartment of the cubicle. The 
tank and mechanism which constitute the 
heaviest parts of the breaker may, there¬ 
fore, be supported directly on the floor 
where it is most accessible and completely 
separated by a horizontal barrier from the 
high potential compartment just above. 
This compartment, shown with the doors 
standing open, houses the contacts, inter¬ 
rupting elements, and all other live parts. 
The phases are separated from each other 
by removable vertical barriers extending 
inwardly from the hinge points of the 
doors. The contacts are very accessible 
for inspection; likewise, the barriers and 
interrupters may be easily withdrawn. . 
Above the interrupter are diffusion cham¬ 
bers and mufflers, one for each phase. 
Upon interruption, the three mufflers dis¬ 
charge their gas into one common gas re¬ 
ceiving chamber, which communicates 
with the outside through ventilating 
grilles as shown. 

The flow of air for arc interruption is, 
therefore, as short and direct as possible, 
with no turns as it passes from the tank, 
through the blast valves and blast tubes 
across the arc and through the interrupter 
into the muffler and gas-receiving chamber 
at the top. 

This is a very important factor in re¬ 
ducing pressure requirements and the 
quantity of air consumed. Tests have 
shown that with earlier experimental 
forms of breakers built with a single blast 
valve and numerous turns in the blast air- 
supply piping that the major portion of 
the energy stored in the air during com¬ 
pression is dissipated before the air stream 
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reaches the arc chamber. With straight- 
line air flow these losses are reduced sev¬ 
eral fold. The three mechanically oper¬ 
ated blast valves can be closely timed 
with respect to contact separation so that 
an extremely high rate of flow of air 
through the interrupter occurs during ac¬ 
tual interruption, but the over-all air con¬ 
sumption is quite nominal. 

The operating mechanism consists of a 
single air cylinder, in which a piston moves 
vertically. The piston is connected to a 
torsion shaft through a lever, piston rod, 
and a single set of links. The torsion shaft 
operates three insulating pull rods which 
in turn are attached to the moving con¬ 
tacts of the three pole units. The blast 
valves (one for each pole unit) are located 
at the top of the tank and are operated by 
rocker arms from cam surfaces which are 
a part of the torsion shaft. It is, there¬ 
fore, possible to accurately synchronize 
the opening of the blast valve with the 
drawing of the arc in the interrupter. The 
cams and their co-operating parts are 
arranged to open the blast valve during 
the opening motion of the contacts only. 

To open the breaker, air is admitted to 
the upper side of the piston from the open¬ 
ing auxiliary chamber, through a pneu¬ 
matic relay, in response to a tripping im¬ 
pulse in an electropneumatic pilot valve. 
To dose the breaker, air is admitted below 
the piston, from the dosing auxiliary 
chamber, through a pneumatic relay in 
response to a dosing impulse in another 
electrbpneumatic pilot valve. 


The volume of each of the auxiliary 
chambers is adjusted to some suitable per¬ 
centage of the volume of the operating 
cylinder and communicates with the 
main-pressure storage tank through a 
small hole of such size that it can charge 
an auxiliary chamber to full pressure in 
approximately one second. However, 
only a small amount of air can flow 
through this hole during the fraction of a 
second that it takes the piston to move 
from one end of the cylinder to the other. 
Thus, for instance, if the volume of the 
opening auxiliary chamber is one half of 
the volume of the operating cylinder, the 
pressure on the piston at the end of its 
travel will be approximatdy one third of 
the pressure at the beginning of its. mo¬ 
tion. By this means, it is possible to 
obtain an accderating force of several 
thousand pounds at the beginning of mo¬ 
tion and reduce this force to any predeter¬ 
mined value toward the end. This simple 
force system together with the toggle 
makes it possible to dose the breaker 
against the heaviest short-drcuit current; 
lock it in the dosed position by moving 
the toggle over center, and upon opening, 
obtain high-speed contact separation. 

If, however, it is necessary to open the 
breaker immediately after dosing, the air 
below the piston which was used to dose 
the breaker must be exhausted. To take 
care of this, an exhaust valve is built into 
the side of the cylinder and actuated by 
the motion of the piston. This insures 
that an opening operation is independent 


of the time the breaker has remained in 
the dosed position; likewise, it can be 
used to insure that the dosing is inde¬ 
pendent of the time the breaker has re¬ 
mained in the open position. The equiva¬ 
lent of trip-free opening and high-speed 
redosing is thus accomplished without 
latches, springs, or trip-free levers. 

IV. Air-Supply System 

The mechanical operation and arc in¬ 
terruption of indoor compressed-air cir¬ 
cuit breakers has been found to be unaf¬ 
fected by the temperature and moisture 
content of the air supply. However, mois¬ 
ture removal from the air is desirable to 
decrease corrosion, protect insulation, and 
eliminate any tendency from ice forma¬ 
tion in the valves or other pneumatic de¬ 
vices. These provisions are met by a sys¬ 
tem consisting of an intake filter, a two- 
stage compressor operating to 250 pounds 
per square inch; a cooling coil, small- 
storage, and moisture-elimination reser¬ 
voir ; a second cooling coil and large main- 
storage reservoir. This system is con¬ 
nected to the line through an automatic 
reducing valve which drops the pressure 
to 150 pounds per square inch. 

Elimination of oil vapors in the air sys¬ 
tem, essential to prevent explosion, is 
provided by the use of large slow-running 
compressors to prevent undue tempera¬ 
ture rise and adequate cooling by suitable 
coils to condense oil vapors. The com¬ 
pressor is also of such a design that it is 


Table II.. Three-Phase Opening and Closing-Opening Tests on a Westinghouse Compressed-Air Circuit Breaker 


4,000 Amperes, 15 Kv; 2,500,000 Kva Tested 13.2 Kv Line to Line, 60 Cycles 


Test 
■ , No. 

Current Interrupted 
(RMS Amperes) 

Inches Contact Separation 
at Arc Extinction 

Arcing Time 
(Cycles) 

T 

ank Pressure 
(Lb Per Operating 
Sq In.) Duty 

Circuit Transient 
Recovery-Voltage 
Rate (Volts 

Per Microsecond) 

Phase 1 ■ 

Phas e 2 

Phase 3 

Phase 1 

Phase 2 Phase 3 

Phase 1 

Phase 2 Phase 3 

11 ... 

.. 7,300... 

... 6,200... 

... 8,300.. 

...0.9.. 


..0.3... 

--0,4, t ., 

.04.. . 

...150 

n 


12 ... 

.. 6,100... 

7,750... 

...7,300... 

...1.3.. 

...1.1.1.3... 

..0.5... 

..0.4..., 

.0.5.... 

.. .150.... 

... O. 

. 700 

13 .«• • 

.. 7,100... 

... 6,000... 

... 7,900... 

...2.1.. 

...1.2.2.1... 

..0.7... 

..0.4.... 

.0.7.... 

...150.,.. 

... 0. ... 

. 700 

14 ... 

.. 7,400... 

... 6,000... 

... 6,900.. 

...1.5.. 

...1.5.1,0... 

..0.6... 

..0.6.... 

.0.4.... 

... 150.... 


. 700 

15 .. • 

.. 8,200... 

... 6,800... 

... 6,400 ... 

...1.0.. 

...1.5. . 1.5... 

. .0.4. .. 

- ,0,6.. , , 

0 6 . 

Ififl 

o 


16 ... 

.. 70,000... 

...84,000... 

...84,000... 

...3,0.. 

...3.0..1.0... 

..0.5... 


.0 2 . 

160 

n 

o nan 

17 ... 

.. 8,300... 

... 7,700... 

... 6,100... 

...1.1.. 

...2.1. . 2.1... 

..0.4... 

. .0.6. ... 

.0.6.... 

... iso! ’!! 

... 0..., 

. 700 

18 • • • 

.. 7,700... 

... 6,900. . . 

... 6,400... 

...1.1.. 

...2.0 . 2.0... 

..0.4... 

. .0,5. ... 

.0.5.... 

...150 _ 

... o.... 

. 700 

19 . ., 

.. 98,000... 

...80,000..,. 

...82,000... 

...2.0 . 

...3.5 . 3.5... 

. .0.5. .. 

.,0.6.... 

.0.0 - 

...150 _ 

... 0.... 

. 2,080 

20 ... 

.. 7,800... 

... 8,300... 

... 6,300. .. 

...1.5.. 

...1.5 . 1.0... 


. .0 5. . 

0 4 

i so 

n 

Vrtfl 

21 ... 

..102,000... 

...98,000. . . 

. , . 80,000. . . 

...3.0... 

.. .3.8 . 3,8. .. 

. .0.4. .. 

,.0 0.... 

0 6 

ifiD 

n 

o non 

22 ... 

..105,000..... 

...93,000. .. 

...82,000. .. 

...3.8..,. 

...2.5 . 3.8... 

..0.8... 

.0.6.,.. 

.0.8.... 

...125.... 

• • • . V • • • • 

... 0_ 

.2,080 

23 ... 

.. 48,000. .. 

...51,000... 

...49,000. .. 

...2.7... 


..0,7... 

. .0.7. ... 

.0.5.... 

.. .125 _ 

...CO.... 

. 1^750 

24 ... 

.. 6,700... 

... 6,100... 

... 6,900. . . 

...0.6... 


. .0.2. .. 

. . (1 8 . ,, , 

0 3. 

160 

nr\ 

Vnn 

25 ... 

.. .Timing test at 10,000 amperes 3,300 volts..... 





...150... . 

. . .CO 


26*. . . 

» Laboratory circuit on phase 2 failed four cycles after breaker closed the circuit: 

conseauentlv) 





l the breaker was not called upon to interrupt appreciable current 



;•••• 

... .150. ... 

.. .CO. ... 


27f. .. 

... 8.300... 

... 7,700... 

... 5,900 ... 

. .1.1. . 

.. ,1.8 . 1.8 _ 

. .0.4. ... 

.0 7, , 

0 

ifirt 


«7nn 

28f... 

... 6,500... 

:.. 8,400... 

... 6,900... 

..1.5... 

...2.5.....2.5.... 

..0.5.... 

.0.8..... 

'.o'.i..'.. 

.. .150 _ 

... O.... 

.; 700 

29f;.. 

... 25,000... 

...28,000... 

...20,000... 

..2.1... 


..0.8.... 

.,0.4..... 

.0.8_ 

...150_ 

... 0.... 

.1,170 

30f... 

.. 60,000... 

...71,000... 

.. .56,000... 

..2.0... 

...2.0......1.8. 

.0.5.... 

.0.5. 

.0.4.... 

...150.... 

... o.... 

.l’7B0 

31f, •. 

... 74,000... 

...87,000.,. 

...77,000... 

..3.0... 


..0.7.... 

• 0* S«•«•• 

.0.8.... 

...150.... 

... o.... 



* Currents closed (amperes) 

Phase 1 Phase 2 Phase 3 


Crest values.... 160,000-247,000.... 197,000 

Rms values.... 95,000.... 150,000_113,0Q0 

t In tests 27-31 the line leads were connected to the lower terminals of the breaker, and the upper terminals short-circuited. 
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difficult for crank-case oil to be carried 
into the air line. 

Auxiliaries in the air-supply system con¬ 
sist of safety valves and two automatic 
checks to prevent air from either storage 
reservoir flowing backward to the com¬ 
pressor, necessary gauges, automatic 
switch to start and stop the compressor, 
and an automatic alarm valve which pro¬ 
vides an indication if the pressure drops 
due to lack of compressor operation or 
serious leakage in the system. 

Air auxiliaries incorporated as a part of 
the circuit breakers themselves consist of 
an additional filter to prevent scale, and 
so on, from the line entering the breaker 
tank, an automatic two-way check valve 
which prevents flow of air from the 
breaker back into the line and also auto¬ 
matically closes in the event of too large 
an air flow to the breaker, which could be 
occasioned by exceptional breaker leak¬ 
age. An alarm valve and automatic lock¬ 
out valve are incorporated as part of the 
breaker to prevent its operation in case 


the breaker pressure becomes too low. A Table IV. Single-Phase Interrupting Tests on 
safety valve and gauge are also included • Westinghouse Compressed-Air Circuit 
on each breaker tank. Breaker 


The breaker tank contains sufficient air 
for two-breaker operations without ob¬ 
taining additional supply from the main 
system. 

V. Test Results 

The breaker was tested with the high- 
power laboratory facilities described in 
the MacNeill-Batten paper, 8 using two 
parallel generators at 13.2 kv, 60 cycles. 
Complete tests have been made, both 
single-phase and three-phase. 

Tables I and II show a series of 31 con¬ 
secutive tests made on an interrupter of 
this type. The tests were all three-phase, 
13.2-kv, both opening and dosing-open¬ 
ing, and with current values varying from 
6,000 amperes to 105,000 amperes. The 
test with the highest current of this series. 
105,000 amperes, was made with a tank 
pressure of 125 pounds per square inch 
and on a circuit with a rate of rise of recov¬ 


4,000 Amperes, 15 Kv; 2,500,000 Kva Tested 
at 150 Pounds Per Square Inch Tank Pressure 
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i a i 

is? 

Is* 
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■ 

** witj 

© § 
•a 8 




0 a 
to S 

|E 


JL i* 


DQ <w 

S * 

li 


10,000. 

. 5,000.. 

. 9,800.. 

.. 570.. 

..0.2 . 

.0.7 

10,000. 

.22,400.. 

.22,800.. 

..1,320.. 

..0.4 . 

.1.6 

10,000. 

.39,000.. 

, .25,300.. 

..1,470.. 

..0.3 . 

.1.2 

10,000. 

.52,000.. 

.27,400.. 

..1,590.. 

..0.4 . 

.1.5 

10,000. 

.60,000.. 

.27,400.. 

..1,590.. 

..0.25. 

.1.0 

10,000. 

.71,000.. 

.27,400.. 

..1,590.. 

..0.5 . 

.2.0 

12,000. 

.94,000.. 

.27,400.. 

. .1,910.. 

..0.5 . 

.2.2 

12,000. 

.82,000.. 

.27,400.. 

..1,910.. 

..0.7 . 

.3.0 

12,000. 

,84,000.. 

.27,400.. 

..1,910.. 

..0.6 . 

.2.8 


mum arcing time for any phase did not 
exceed 0.8 cyde, which due to asymmetry 
of the current wave means that the 
breaker never failed to dear the circuit 


Table III. Single-Phase Tests to Determine 
Effect of Recovery Voltage 
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13.2. 

. 8,000. 

.200,000. 

...13,600.. 

.0.8.. 

..2.5 

13.2. 

. 8,000. 

.200,000. 

...13,600.. 

.0.7.. 

..1.5 

13.2. 

. 8,000". 

.200,000. 

...13,600.. 

.0.8.. 

..2.3 

13.2. 

. 8,000. 

.200,000. 

...13,600.. 

.0.5.. 

..1.4 

13.2. 

. 8,000. 

. 60,000. 

... 3,900.. 

.0.6. . 

..1.4 

13.2. 

. 8,000. 

. 60,000. 

... 3,900.. 

.0.8.. 

..2.3 

13.2. 

. 8,000. 

. 60,000. 

... 3,900.. 

.0.5.. 

..1.2 

13.2. 

. 8,000. 

. 60,000. 

... 3,900.. 

.0.9.. 

..2.6 

13.2. 

. 8,000. 

. 13,000. 

... 1,000.. 

.0.2.. 

. .0.4 

13.2. 

. 8,000. 

. 13,000. 

... 1,000.. 

.0.6.. 

..1.4 

13.2. 

. 8,000. 

. 13,000. 

... 1,000.. 

.0.6.. 

..1.3 

13.2. 

. 8,000. 

. 13,000. 

... 1,000.. 

.0.3.. 

..0.6 

13.2. 

. 8,000. 

. 10,250. 

... 800.. 

.0.3.. 

..0.6 

13.2. 

. 8,000. 

. 10,250. 

... 800.. 

.0.6.. 

..1.3 

13.2. 

. 8,000. 

. 10,250. 

... 800.. 

.0.2.. 

..0.3 

13.2. 

. 8,000. 

. 10,250. 

... 800.. 

.0.4.. 

..0.9 

13.2. 

. 8,000. 

. 10,250. 

... 800.. 

.0.7.. 

..1.8 

13.2. 

. 8,000. 

. 3,900. 

... 300.. 

.0.6.. 

..1.3 

13.2. 

. 8,000. 

. 3,900. 

... 300.. 

.0.4.. 

. .0.8 

13.2. 

. 8,000. 

. 3,900. 

... 300.. 

.0.4.. 

..0.8 

13.2. 

.33,000. 

.100,000. 

... 4,130.. 

.1.5.. 

..5.3 

13.2. 

.35,000. 

.100,000. 

... 4,130.. 

.1.4.. 

. .6.3 

11.0. 

.30,000. 

.24,000. 

... 1,370.. 

.0.5.. 

. .1.7 

13.2. 

.37,000. 

. 24,000. 

... 1,640.. 

.1.1.. 

..4.2 

11.0. 

.53,000. 

.240,000. 

... 7,100.. 

.0.4.. 

. .1.3 

11.0. 

.52,000. 

. 32,000. 

... 2,390,. 

.0.9. . 

. .4.2 

12.0. 

.76,000. 

. 32,000. 

.,. 2,390.. 

.1.2.. 

. .8.0 


Tables I, II, and III are the results of a series of 
58 consecutive tests made without any maintenance 
on the breaker. Toward the end of the series the 
first two splitters in the arc chute were eroded 
sufficiently to lose some of their effectiveness, as 
evidenced by an increased variation in arcing time. 
The tests included in Table III, although valuable 
in indicating the life of the chute, are not as typical 
of the single-phase performance of the breaker in 
service as an earlier series of nine consecutive tests 
which was started with a fresh set of splitters and 
which gave the data presented in Table IV. 


ery voltage of 2,080 volts per microsecond. 

The maximum current dosed was 247,- 
000 amperes crest which had an rms value 
of 150,000 amperes. In nine of the 31 
tests, the power interrupted exceeded 
1,500,000 kva. For the 31 tests, the maxi- 



Figure 4. Magnetic oscillogram of typical 
closing-opening operation test 


Table I 


when the contacts were more than a small 
fraction of an inch apart. 



Figure 5. Magnetic oscillogram of an opening 
operation 

Test 10, Table I. 13.2 kv. Current inter¬ 
rupted 91,000, 73,000, and 90,000 amperes 
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Figure 6. Magnetic oscillogram of an opening 
operation 

Test 21, Table II. 13.2 kv. Current inter¬ 
rupted 102,000, 98,000, and 80,000 amperes 

Figurfe 4 shows the oscillogram for test 
7, Table I, which was a dosing-opening 
operation interrupting 48,000,49,000, and 
49,000 ampd-es for the three phases, and 
dosing in on 150,000, 95,000, and 148,000 
amperes crest or 92,000, 59,000, and 
86,000 amperes rms respectively. 

Figure 5 shows the oscillograms for 
test 10, Table I, which was an opening 
operation, interrupting 91,000, 73,000, 
and 90,000 amperes respectivdy for the 
three phases. 

Figure 6 shows the oscillogram for test 

21, Table II, which was an opening opera¬ 
tion, interrupting 102,000, 98,000, and 
80,000 amperes for the three phases. 

Figure 7 shows the oscillogram for test 

22, Table II, also an opening test, with 
105,000, 93,000, and 82,000 amperes in¬ 
terrupted for the three phases respec¬ 
tivdy. For this test the initial pressure in 
the tank was lowered to 125 pounds per 
square inch. 

The ten tests recorded in Table I were 
made to demonstrate the breaker to the 
engineers representing the Consolidated 
Edison Company. This was the first 
witness test of an interruption of a three- 
phase fault approximating 2,500,000 kva. 



Figure 7. Magnetic oscillogram of an opening 
operation 

Test 22, Table II. 13.2 kv. Current Inter¬ 
rupted 105,000,93,000, and 82,000 amperes 

splitters, coolers, and contacts following 
the series of 40 tests as listed in Tables I, 
II, and III. 

The first two splitters showed erosion. 
The coolers were blackened slightly, and 
the ardng contacts were pitted; however, 
the breaker was still capable of carrying 
current and performing further inter¬ 
rupting duty. 

Table III. From left 
to right: 

(A) 13,2 kv, 35,000 
amperes, 100,000 
cycles per second. 

4,130 volts per mi¬ 
crosecond 

(B) . 11.0 kv, 53,000 
amperes, 240,000 
cycles per second. 

7,100 volts per mi¬ 
crosecond 

(Q 12.0 kv, 76,000 
amperes, 32,000 
cycles per second. 

2,390 volts per mlr 
crosecond 


The external demonstration on all of 
these tests was negligible except for some 
smoke from the grille in the gas-receiving 
chamber. The noise was held to accept¬ 
able limits by the muffler system pre¬ 
viously described. 

During the development of the 2,500,- 
000-kva breaker, a total of 140 successful 
interrupting tests was made which were in 
excess of 1,500,000 kva. The function of 
such a large number of tests was to study 
design variations, various operating pres¬ 
sures, and different types of circuit-re- 
covery transients. It was found that the 
problem of obtaining satisfactory inter¬ 
ruption of 2,500,000 kva was one of con¬ 
siderable magnitude, even when a proven 
breaker of 1,500,000 kva was already avail¬ 
able. 

VI. Effect of Circuit-Recovery 
Rate 

In powerhouse service generator short- 
circuit currents would often exceed the 
capacity of circuit breakers if reactors 
were not used to limit these currents. 
These reactors are often placed near the 
circuit breaker, and this practice generally 
leads to calculated circuit voltage-re¬ 
covery rates which are very high. 

In case no reactor is used, the highest 
circuit voltage-recovery rate will be estab¬ 
lished by the natural frequency of the 
generators. Generally a single-frequency 
transient only is involved and the circuit 
recovery rate may reach approximately 
2,500 volts per microsecond. 

When the reactor is introduced, its 
natural period as well as the natural period 
of the generator is involved, and double- 
frequency recovery transients result. A 
natural frequency of the generator may be 
approximately 30,000 cycles, but the na¬ 
tural frequency introduced by the reactor 



Figure IB shows the condition of the Fijure «. ^ W y ..dl. W to lire. ****«. ** 
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Linear Couplers for Bus Protection 

E. L. HARDER E. H. KLEMMER 

MEMBER AIEE ASSOCIATE AIEE 

W. K. SONNEMANN E. C. WENTZ 

ASSOCIATE AIEE ASSOCIATE AIEE 


Synopsis: A scheme of bus protection of¬ 
fering advantages in simplicity, speed, and 
size uses linea r couplers (air-core mutual 
reactances) in place of current transformers. 
This solves the troublesome problem of 
saturation and provides a linear relation¬ 
ship between secondary voltage and pri¬ 
mary current. The coupler secondaries for 
a given bus are connected in a series loop 
with the relay. When the currents entering 
and leaving the bus are equal, the net in¬ 
duced voltage in the relay loop is zero. 
For a fault on the bus, however, the net 
induced voltage, proportional to the fault 
current, operates the relay. The problems 
are: 

1. To utilize effectively the smaller available 
energy. 


Paper 42-40, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter convention, New York, N. Y., January 
26—80, 1942. Manuscript submitted November 24, 
1941; made available for printing December 23, 
1941. 

E. L. Harder is central station engineer, E. H. 
Klbmmer switchgear engineer, both in East Pitts¬ 
burgh, Pa., W, K. SonnRmann is relay engineer in 
Newark, N. J., and E. C. Wentz transformer engi¬ 
neer in Sharon, Pa., all with Westinghouse Electric 
and Manufacturing Company. 

The authors acknowledge the assistance of C. A. 
Woods in connection with the bushing-type couplers, 
and of other associates who have contributed to the 
success of this project. 


2. To build couplers of sufficiently equal mutual 
reactance and unaffected by stray fields. 

A toroidal coil solved the latter problem. 
Thorough tests have shown that the per¬ 
formance is strictly linear with respect to 
primary current, practically unaffected by 
the primary d-c transient, and thus can be 
calculated accurately and simply. 


T HE linear coupler transformer is a 
constant mutual reactance connect¬ 
ing the primary circuit to the relay. It 
introduces a new principle into the pro¬ 
tective relaying art, a principle* that is 
fundamentally sound and that eliminates 
completely, at its source, the most trouble¬ 
some problem that has been s tanding in 
the way of simple high-speed bus protec¬ 
tion. That problem is saturation of the 
current transformers by the d-c transient 
current that flows for a number of cycles 
after the occurrence of a fault. Its solu¬ 
tion consists of dispensing with the iron, a 


* The principle of perfect linearity between pri¬ 
mary current and secondary induced voltage in 
couplers as described. 


solution that appears so obvious on the 
face of it that it is fair to inquire why it 
was not adopted years ago. This paper 
might stop right here were it not for the 
answer to the last question. 

As most frequently occurs, there were a 
number of obstacles to be hurdled between 
the quite obvious idea of leaving out the 
iron, and the completion of a successful 
bus-protective system using linear coupler 
transformers. Efficient coupler designs 
had to be developed, capable of deriving 
the maximum amount of energy obtain¬ 
able from the available space without the 
use of iron. New methods had to be de¬ 
vised to use effectively the lower energy 
level inherent in the elimination of the 
iron. This energy is adequate for the 
operation of an efficient a-c plunger-type 
element in most cases. Also, the develop¬ 
ment of the copper oxide rectifier to a 
highly reliable state during the last several 
years has made available in a-c circuits 
the sensitive and reliable action of the d-c 
polar-type of relay. This has greatly ex¬ 
tended the range of sensitivities possible 
with ironless transformers. 

New circuits were necessary, better 
suited than the conventional bus-differ¬ 
ential circuits, for use with the accurately 
linear mutual reactance. Here a new 
principle* was applied—a radical depar¬ 
ture from the principle of the conven¬ 
tional current transformer. 

The influence of external fields and posi¬ 
tional effects of the primary conductor on 


which is the largest air powerhouse 
breaker ever built, is entirely adequate in 
interrupting capacity even in the case of 
extremely high-circuit voltage-recovery 
rates. The small external demonstration, 
ease of maintenance, complete freedom 
from fire hazard, and general mechanical 
simplicity indicate that there will be a 
growing tendency to utilize this type of 
breaker for indoor powerhouse installa¬ 
tion. 
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may reach 200,000 cycles. Circuit re¬ 
covery rates based on the first crest of 
the recovery transients may be as high as 
approximately 12,000 volts per micro¬ 
second. 

The performance of the 2,500,000 com¬ 
pressed-air breaker has been studied with 
a wide variety of recovery-voltage condi¬ 
tions. A number of the important tests 
are summarized in Table III. The first 
part of the table lists a series of interrup¬ 
tions at 13,200 volts single phase and 8,000 
amperes. The circuit-recovery rate was 
varied from 300 volts per microsecond to 
13,600 volts per microsecond. To obtain 
the high recovery transients, a reactor was 
placed directly in the test cell with only a 
few feet of cable between it and the 
breaker. Interruption was satisfactory in 
all cases. 

The second portion of the table lists 
tests made at higher currents. To obtain 
these the laboratory circuit capacitance 
was reduced, as much as practical, and 
during several of these tests, double-fre¬ 
quency recovery transients were obtained. 
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Three cathode-ray oscillograms of these 
interruptions are shown in Figure 9. One 
at 53,000 amperes was obtained with a 
circuit adjusted for 7,100 volts per micro¬ 
second. The second was obtained at 
35,000 amperes with the circuit adjusted 
for 4,130 volts per microsecond, and the 
third was obtained at 76,000 amperes 
with the circuit also adjusted for 2,390 
volts per microsecond. All three of these 
circuit conditions represent double-fre¬ 
quency transients, but in the second and 
third oscillograms the higher frequency is 
so greatly damped by the conduction cur¬ 
rent of the breaker following current zero 
that little trace of the oscillation appears 
in the recovery-voltage transient recorded 
by the oscillograph. 

These are the highest published voltage- 
recovery rates measured on circuits on 
which heavy short-circuit tests have been 
made. 

VII. Conclusions 

The complete test results show that the 
2,500,000-kva compressed-air breaker, 
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Figure 1. Schematic one-line diagram of con¬ 
nections showing application of linear couplers 
and relay to bus protection 


the response had to be dealt with. This 
was done not by brute force, but by bring¬ 
ing into play a useful theorem relating to 
coils wound on nonmagnetic cores of toroi¬ 
dal or ring shape. 

Methods had to be devised for winding 
toroidal coils conforming to the require¬ 
ments for efficient energy utilization and 
high accuracy without undue economic 
limitations. 

Thus, it is not simply the elimination of 
iron in a transformer but rather the tech¬ 
nique of using linear couplers in relaying 
circuits and presentation of the verifying 
tests which have necessitated this paper. • 

To more fully understand the place 
filled by the linear-coupler scheme of bus 
protection, mention should be made of 
certain other schemes in current use. Bus- 
protection schemes that have received the 
most attention in recent years have re¬ 
volved about some form of current-differ¬ 
ential protection. The relays considered 
have varied from simple overcurrent re¬ 
lays 1 to various forms of restrained relays. 
Restrained relays have utilized either the 
fault current itself, 2 or harmonics in the 
differential current. 3 Another method of 
attacking the problem from the stand¬ 
point of directional comparison 4 was pre¬ 
sented at the 1941 summer convention. 

Impedance and reactance schemes, 6 
measuring the impedance from the main 
incoming sources into the feeder reactors 
have also found considerable application 
where reactors are used and ratios of fault 
impedance to reactor impedance are such 
as to provide discrimination. However, 
they are necessarily restricted to certain 
busses which happen to fill these require¬ 
ments. The fault-bus scheme 1 is also ideal 
for certain new installations thqt can be 
arranged to accommodate it. 


Table I. Greatest Allowable Ratio of Maxi¬ 
mum Through Fault* to Refay Setting for 
2-to-1 Safety Factor** 


Coil 

Mutual Reactance 
Tolerance 
(Per Cent) 

Ratio of Maximum 
Through Fault to 
Relay Setting 

*5.0 . 

. 5:1 

*2.5 . 

. 10:1 

*1.5. 

. 17:1 

*1.0 . 

.25:1 

*0.25. 

.100:1 


*Rms symmetrical. 

♦♦Larger ratios can be covered with proportionately 
reduced safety factors. 


In all of the current-differential 
schemes, the over-all performance neces¬ 
sarily depends upon the performance of 
the current transformer. For busses near 
large generating stations, the presence of 
the d-c component in asymmetrical fault 
currents has greatly magnified the prob¬ 
lem through its saturating effect 7 on the 
current transformers. 

Another related problem is the large 
ratio of maximum external fault current 
when the relay should not trip to mini¬ 
mum internal fault current when the relay 
should trip. A large ratio between these 
values is encountered in those stations 
where the neutral is grounded through an 
impedance, thus materially limiting the 
minimum phase-to-ground fault current 
for internal faults without limiting the 
maximum phase-to-phase and three-phase 
fault current for external faults. 

The very sensitive relay setting re¬ 
quired under this condition greatly mag¬ 
nifies the problem created by d-c satura¬ 
tion at high overcurrents. The problem 
has been solved in some instances by the 
use of extremely large current transform¬ 
ers designed not to saturate on the d-c 
component. What is felt to be the most 
practicable scheme to date utilizing cur¬ 
rent transformers of standard proportions 
is the multirestraint variable percentage 
scheme. 2 In this scheme particular at¬ 
tention is given to providing a sufficient 
number of restraining elements, actuated 
by the secondary fault current. Also, the 
principle of variable percentage charac¬ 
teristics is utilized by which means the re¬ 
lay sensitivity is reduced at the higher 
currents where current transformer per¬ 
formance is poorest. By this means a 
range of 100/1 between maximum external 



Figure 2. Basic equivalent cir¬ 
cuits of linear coupler 


SV«‘J 



E|*jMI, etc 
V* I| + tz* * * * 


Figure 3. Series-connection equivalent circuit 
of linear couplers 

fault current and relay setting may be 
covered without fear of false operation. 
An operating time of three to six cycles is 
secured through the use of the high-speed 
induction-type relay. 

Heretofore, the problem has been at¬ 
tacked from the standpoint of either mak¬ 
ing the current transformers more nearly 
perfect, which is a costly method, or of 
designing the relay to meet the lim itations 
of the current transformers. It is im¬ 
mediately obvious that if the current 
transformers were perfect in their response 
a simple overcurrent relay differentially 
connected would be all that would be 
necessary. One line of attack which has 
been recently introduced involves the use 
of a special current transformer with air 
gaps in the core. 5 This arrangement can 
be made high speed but cannot cover the 
100-to-l range of the multirestraint vari¬ 
able-percentage scheme. The authors 
state its range as approximately 10 to 1. 

The linear-coupler scheme described 
herein is essentially a high-speed scheme 
covering a range at the present state of 
development of 17 to 1 with a 2-to-l fac¬ 
tor of safety. Tests have shown this rat¬ 
ing to be quite conservative. 

Summary 

Linear couplers are distinguished from 
current transformers in having a constant 
mutual impedance even when the entire 
primary current acts as exciting current, 
with no current in the secondary. It is 
the function of a current transformer to 
produce in its secondary a miniature rep¬ 
lica of the current that flows in its pri¬ 
mary. It is the function of a linear cou¬ 
pler to produce in its secondary an internal 
vpltage proportional to the current in its 
primary. To form a differential circuit, 
these voltages are added in series (Figure 



Figure 4. Parallel-connection equivalent cir¬ 
cuit pf linear couplers 
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Figure 5. D-c tran¬ 
sient currentin linear- 
coupler secondary 
circuit when primary 
current is initially 
fully offset 

Drawn for X a —r s . 
First positive peak 
taken at 0.375 cycle 
and first negative 
peak at 0.875 cycle 
from instant of fault 
since secondary cur¬ 
rent leads primary 
current by 0.125 
cycle 
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5a. Secondary total d-c transient 
component, in per cent of a-c 
component positive crest, with re¬ 
spect to primary d-c time-constant, 
T, or60-cycle X/R ratio 

5b. Condition B of part (a), 
X/R—^OO, 7= 15.9 cycles 


5c. Condition C of part (a), X/R= 4, 7=0.64 cycle 


Secondary a-c component current 
Free d-c transient component 


(5) Resultant secondary current 


(2) Forced d-c transientcomponent 
(4) Total d-c transient component 


Figure 6. Schematic internal diagram of relays 

(a) Simple plunger-type element 

(b) Sensitive polar-type element 

Z^r+jaL —Secondary self-impedance of a 
coupler 

Z,—?a =r, -f-jX,—Total impedance 

of coupler-relay loop circuit 
E —Induced voltage in coupler 
E ,—Vector sum of induced voltages in 
coupler-relay loop 

I, ir— Primary current, vector, and instan¬ 
taneous values. Subscripts 1, 2, 3, and 
so on designate the various bus circuits 
I »—Secondary current in the relay, vector 
value 


1), as distinguished from current trans¬ 
formers in which the currents are added in 
parallel. For an external fault the vector 
sum of all the primary currents is zero. 
Thus, the vector sum of all induced volt¬ 
ages is zero, and also the relay current is 
zero. For an internal fault the sum of the 
primary currents through legitimate cir¬ 
cuits is equal to the fault current. Con¬ 
sequently, the vector sura of all induced 
voltages is proportional to the fault cur¬ 
rent. The current in the relay is equal to 
the vector sum of the voltages acting 
around the relay loop divided by the loop 
impedance. Thus, this current is also 
proportional to the fault current. 

A one-cyde relaying scheme induding 
couplers and relays has been devdoped, 
operating on the prindple just outlined, 
and has been subjected to an exhaustive 
series of tests. Through type couplers of 
0.005 ohm mutual reactance were built in 
several sizes and shapes to fit in the usual 
bushing current-transformer compart¬ 
ments or for separate mounting. 

Suffident energy is obtainable from 
couplers of this proportion to operate an 
a-c plunger-type relay for fault currents 
down to 1,500 amperes with a six-drcuit 
bus and 2,000 amperes with a ten-circuit 
bus. Couplers of reasonable cost can be 
built to the desired mutual reactance 
within a tolerance of ±1.5 per cent, thus 
permitting a maximum false differential of 
three per cent. Taking a 2-to-l factor of 


safety, this results in a minimum allow¬ 
able setting of six per cent or Vi 7 of the 
maximum through fault current. .The 
sensitivities obtained are ample for busses 
where the setting does not need to be be¬ 
low Vi 7 of the maximum bus fault. 

The tests have demonstrated this simple 
and straightforward scheme to be 
thoroughly reliable and practically free 
from transient effects, so that the perfor¬ 
mance can be readily calculated. Opera¬ 
tion under one cyde was obtained for 
practically all internal faults and in no 
cases were operations obtained on external 
faults within the limits prescribed for 
proper application. 

Tests have verified the feasibility of 
testing an actual bus installation with low 
steady-state currents to determine the 
performance to be expected under fault 
conditions. 

The following paragraphs indude an 
outline of the theory of the linear-coupler 
Scheme, a description of the apparatus em¬ 
ployed, and a r4sum£ of the combination 
tests which have been conducted to verify 
the theory and prove the equipment de¬ 
signs. 

Theory of Linear-Coupler Circuits 

Nomenclature 

M, m —Mutual reactance and inductance 

between the primary conductor and 

secondary winding of a linear coupler 


I )—Fault current, into the bus for an inter¬ 
nal fault; into and out of the bus for a 
through fault 

Id —Vector sum of primary currents; equal 
to If for internal faults, and zero for 
external faults 

Equivalent Circuit 

As illustrated in Figure 2b, the equiva¬ 
lent drcuit of a linear coupler is simply 
an internal voltage of value jMI, in series 
with an impedance of value Z. The 
equivalent circuit for transient condi¬ 
tions, Figure 2c, is of the same form. 
However, the internal voltage is then 
mdi/dt. An alternate form convenient for 
determining the transient response is also 
shown in Figure 2d. 

As will be shown later, the transient re¬ 
sponse of the couplers considered is negli¬ 
gible so that the steady-state response can 
be used ifor analyzing fault conditions. 
Thus, for calculations, the series connec¬ 
tion shown in Figure 1 may be treated 
through its equivalent circuit, Figure 3. 

Series Connection — Steady - State 
Conditions 

The total voltage acting around the 
series circuit, Figure 3, is the vector sum 
of the individual voltages shown. If the 
mutual reactance, M, is the same for each 
coupler, the total voltage is equal to this 
mutual reactance, times I d , the vector 
sum of the currents flowing into the bus. 
For internal fault conditions, the I d cur- 
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PHASE DIFFERENTIAL 


^■"'^'ORCUgO DIFFERENTIAL RELAY 

Figure 7. Schematic one-line diagram of con¬ 
nections showing the use of linear couplers and 
relays for separate phase and ground protec¬ 
tion 


rent is equal to the fault current If, and 
the voltage induced in the loop is jMI f . 
The secondary current flowing in the relay 
is obtained by dividing this induced volt¬ 
age by the relay loop impedance. That is, 
for internal faults, 



C-CENTER CONDUCTOR 
R-RETURN CONDUCTOR 
W-TOROCKL WINDING 

Figure 9. Positional effects of inner and return 
conductors on coupler winding 


I'~IrUM/Z ,) (1) 

For external fault conditions since the 
vector sum of the currents flowing into 
the bus is zero, the net voltage induced in 
the loop circuit is zero, and consequently 
the relay current is zero. If the incoming 
and outgoing mutual reactances differ by 
three per cent, a relay current is obtained 
having a value three per cent of that which 
flows for an internal fault of the same mag¬ 
nitude. Thus, with couplers built to a 
standard mutual reactance within =*=1.5 
per cent, the mutual reactances of the in¬ 
coming and outgoing couplers might differ 
by three per cent under the worst condi¬ 
tions. In order to maintain a 2:1 factor of 
safety, the relay should not be set below 
six per cent of the maximum through 
fault, since current values of three per 
cent are possible during external fault 
conditions when the relay should not oper¬ 
ate. Table I shows the mutual reactance 
tolerances required to permit different 
ratios of maximum through fault to relay 
setting with a 2:1 safety factor. 

Series Connection—Transient Condi¬ 
tions 

Internal Faults. An asymmetrical 
primary current wave contains an a-c 
component and a d-c transient compo- 


As the center conductor is moved into the 
various possible positions, the mutual induct¬ 
ance will vary slightly. This variation is 
eliminated in a design with fixed primary bar 

As the return conductor is moved along the 
arc of a circle, the mutual inductance of it 
with respect to the torodjal winding will vary, 
and will be substantially zero at two points 

nent, each of which produces a counterpart 
in the secondary loop circuit, having im¬ 
pedance Z s =r.+jctfl.,— r t +jX t . 

The secondary a-c component ampli¬ 
tude is M/Zg times that in the primary, as 
shown for the steady-state analysis. 

A primary d-c component of time con¬ 
stant, T, produces a secondary forced d-c 
component of the same time constant. 
Referring to Figure 2d, a current of time 
constant, T, encounters mutual imped¬ 
ance — m/T , secondary branch impedance 
r t —(L 3 —m)/T, and sum of branches or 
secondary loop impedance r t —L s /T. 
Hence, the initial forced d-c component in 
the secondary relay branch is 
( rg—Lg/T) times that in the primary. 

For a primary current wave initially 
fully displaced, the initial primary d-c 
component is equal to the negative ampli¬ 
tude of the primary a-c component, and 
therefore, the ratio of their secondary 


components is obtained by dividing their* 
transformation factors, given above. Rec¬ 
ognizing that om-M, uL s —X a and that 
the components have opposite signs in the 
prmary, this division gives: 

Forced d-c transient initial 

_ magnitude Z,/r s 

Secondary a-c component aT— 
amplitude 

A positive value for this ratio signifies that 
the forced transient is in the same direc¬ 
tion as the initial a-c component in the 
secondary. 

In addition to the forced d-c transient, 
a free d-c transient current flows having 
an initial amplitude equal and opposite to 
the sum of initial a-c and forced transient 
initial amplitudes, thereby preventing a 
discontinuity. The free transient dies out 
with the time constant of the secondary 
loop circuit, T a =L s /r a . The ratio X»/r s 
approximates unity for the linear-coupler 
circuits, resulting in T a approximately 
0.00265 second or one-sixth of a cycle. 

The forced and free d-c transients decay 
and the a-c component reverses, as shown 
in Figures 5b and 5c until somewhat less 
than one-half cycle after the fault a posi¬ 
tive peak is reached, which may be more 
or less than the steady-state value, de¬ 
pending on the magnitude and direction 
of the total d-c transient. Progressing 1 
further, the first negative peak is reached, 
and it can be greater than the steady a-c 
value if the total transient is negative at 
this point. 

The values of the total d-c transient at 
the first positive and first negative peak 
are shown in Figure 5a for the XJr a ratio 
involved in linear-coupler circuits. The 
maximum overshoot of the first positive 
peak occurs for a long primary time con¬ 
stant. It is 5.4 per cent for a time con¬ 
stant of 15.9 cycles as illustrated in Figure 
5b. The maximum overshoot of a nega¬ 
tive peak occurs for a short time constant 
of about 0.64 cycle (condition C, Figure 
5a) and is 11.5 per cent. It is illustrated 

Figure 10. Arrangement of test bus for ten 
primary circuits and test diagram of primary 
and secondary circuits 
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BUS SIDE 



PRIMARY 

CIRCUIT 


(A) 


in Figure 5c. Succeeding cycles involve 
much less overshoot. In the range of time 
constants usually involved, neither over¬ 
shoot is much over 5 per cent, as was veri¬ 
fied by the tests. Practically this tran¬ 
sient is negligible in making relay settings. 

For larger ratios of XJr, much larger 
percentage overshoots occur on the first 
cycle. Kennedy and Sinks* show 60 to 80 
per cent overshoot at the first positive 
peak, with air-gap-type current trans¬ 
formers. 

•External ' Faults. The amount of 
overshoot is of particular importance in 
connection with high-speed relaying since 
the false differential through the relay 
cluring through faults is increased in direct 
proportion to it. 


Parallel Connection 


The current in the relay for the parallel 
connection has been given. 6 With the 
nomenclature of Figure 4 it is 





jM ■ 
Zj,+nZ m 


where n is the number of circuits, that is, 
n—4 for the four-circuit bus, Figure 4. 
This current is zero for external faults and 
is a definite proportion of the fault cur¬ 
rent for internal faults. For this connec¬ 
tion, it is necessary to have all secondary 
branch impedances equalized to a common 
value Resistance differentials due to 
temperature differences must, therefore, 
be considered. Assuming a relay matched 
to the parallel impedance of the couplers, 
a 30-degree centigrade temperature dif¬ 
ferential between incoming and outgoing 
circuits would cause approximately eight 
per cent false differential on through 
faults. 

The parallel connection has the advan¬ 
tage that it would trip correctly for an 
internal fault even with an inactive cou¬ 
pler open circuited. However, itissubject 
to the temperature mors mentioned 
above, and is not as readily supervised as 
the series loop arrangement. Also, even 
with equal mutual reactances the parallel 


Figure 11. Five- 
circuit bus test dia¬ 
gram and arrange¬ 
ment to obtain long 
d-c time constants in 
fault current transient 

A. Physical arrange¬ 
ment of couplers and 

primary winding 

B. Test diagram of 
primary and second¬ 
ary circuits 



connection involves the flow of secondary 
a-c and transient currents during through 
faults, whereas the series connection in¬ 
volves none. The simpler series loop 
arrangement is, therefore, preferred. 

Relaying Schemes Using Linear- 
Coupler Transformers 

A schematic one-line diagram of connec¬ 
tions utilizing linear couplers and a sensi¬ 
tive relay is shown in Figure 1. The re¬ 
quirements of a suitable relay to be uti¬ 
lized in this scheme are as follows: 

1. Since the amount of energy available 
is small, the relay must be quite sensitive. 
That is, the volt-amperes consumed by the 
relay at minimum pickup must be as low 
as possible. 

2. Because of the small amount of energy 
available, the impedance of the relay should 
be matched to that of the linear couplers 
in order that maximum efficiency may be 
obtained. This involves making the relay 
impedance equal to the series impedance 
of all of the couplers with which it is used. 
There are variations in the self-impedances 
of the various coupler designs depending 
principally upon the space available. Also, 
there Are variations in the number of cir¬ 
cuits to a bus depending upon the applica¬ 
tion. For this reason the relay should have 
taps so that its impedance may be approxi¬ 
mately matched to that of the linear 
couplers to suit the application. 

3. Since the relay normally operates with 
no restraint at all, it should be shockproof. 

A schematic internal diagram of the re¬ 
lay wiring is shown in Figure 6. Taps are 
shown on the primary of a transformer to 
provide the necessary impedance-match¬ 
ing characteristic. With a given setting 
on the relay element, the use of a tapped 
primary winding on the transformer 
supplying this element will obviously 
change the minimum tripping current of 
the relay as expressed in terms of current 
in the tapped winding. However, this 
does not change the amount of energy re¬ 
quired to operate the relay as expressed in 
volt-amperes. 

The minimum primary current upon 
which the scheme shown in Figure 1 will 
operate is determined by the mutual im¬ 


(B) 

pedance of the linear couplers together 
with the total impedance of the secondary 
circuit, and the minimum pickup energy 
required by the relay. In any given ap¬ 
plication the minimum value may be 
determined from the known constants of 
the circuit by the simple calculations in¬ 
dicated by equation 1. 

In determining upon a suitable relay 
design for this application, requirement 1 
as listed above requires the most atten¬ 
tion. Providing impedance taps as listed 
under requirement 2 is a simple matter. 
In making tests of the over-all scheme, 
two relay designs were provided which are 
not necessarily the last word. The first of 
these involves a simple plunger-type of 
overcurrent element of medium sensitivity 
which is inherently shockproof. A second 
relay was built around a polar-type relay 
element. This element required the use of 
a rectifying unit for its operation and 
operates rdiably at very low energy. The 
sensitivity of the two elements is dealt 
with more fully under test results, but it is 
of interest to note here that for each relay 
the minimum pickup current as expressed 
in primary amperes was calculated with 
gratifying accuracy. 

Separate Ground Relay. At the pres¬ 
ent time linear couplers have not. been 
manufactured which would be sufficiently 
accurate to permit their use in an applica¬ 
tion where the range of maximum external 
fault current to minimum internal fault 
current is as great as 100/1, as sometimes 
occurs on high-impedance grounded sys¬ 
tems. A possible means of expanding the 
range involves the use of a separate 
ground relay. The schematic diagram of 
connections for this is shown in Figure 7. 
This scheme anticipates the use of a 
ground relay set sufficiently low to detect 
the minmurn internal ground fault. 
However, means must be taken to prevent 
the relay from operating for heavy ex¬ 
ternal interphase faults. In other words, 
at the current magnitude experienced for 
heavy interphase faults, the variation in 
response of linear couplers may be suffi- 
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Figure 12. Oscillograms of pertinent fault 
tests 

(o) For item 3 test, a 55,200-ampere bus 
fault showing high-speed one-quarter-cycle 
operation of plunger-type relay 

(6) For item 7 test, a 50,800-ampere a-c 
component through fault with the couplers 
deliberately adjusted to give maximum error 
differential. It shows 1.61 per cent differen¬ 
tial and no operation of the plunger-type 
relay (set to respond for a 2,450 ampere bus 
fault, 4.83 per cent of the 50,800-ampere 
through fault). While the fault current was 
initially 95 per cent offset with a short 1.2- 
cycle d-c time constant, the differential cur¬ 
rent shows negligible transient effect 

(c) For item 26 test, a 125,000-ampere a-c 
component through fault initially 95 per cent 
offset with a long 8.2 cycle d-c time constant. 
It shows negligible transient effect in the dif¬ 
ferential current. The 0.89 per cent false 
differential did not operate the relay (set to 
respond for a 1,820-ampere bus fault, 1.45 
per cent of the 125,000-ampere through 
fault) 

dent to cause operation of the ground re¬ 
lay because of its sensitive setting. 

The separate ground relay will be used 
only in those stations where there is an 
impedance in the station neutral connec¬ 
tion limiting the phase-to-ground fault 
current on the bus to a value too low for 
the phase relays to detect. 

The Linear Coupler Design and 
Construction 

The linear coupler is simply an air-core 
mutual inductance, and as such may be 


designed arid built in any of a large num¬ 
ber of ways. The choice of method was 
selected after study of the required proper¬ 
ties of the coupler: 

(a) Accurate constant mutual inductance 
with respect to the primary circuit. 

(b) Negligible mutual inductance to any 
external or neighboring circuit. 

(c) A sufficiently high ratio of mutual in¬ 
ductance to internal impedance to obtain 
the power output required for the relay. 

Requirements (a) and ( b ) practically 
demand that the secondary winding be a 
toroidal or ring winding, as this type of 
winding is practically without mutual in¬ 
ductance to external circuits and has con¬ 
stant mutual inductance to the primary 
circuit. Current in a secondary winding, 
uniformly wound on a nonmagnetic toroi¬ 
dal core approaches a uniform current 
sheet of finite thickness which produces 
only circular flux lines confined entirely 
within the winding and core. All this flux 
links a conductor passing anywhere 
through the opening of the core, and none 
of it links a conductor not passing through 
no matter how dose it may be. The pres¬ 
ence of neighboring iron outside of the 
winding has no influence since there is no 
magnetomotive force outside of the cur¬ 
rent sheet. Thus, the secondary winding 
has a definite mutual reactance with re¬ 
spect to a linking conductor and zero mu¬ 
tual reactance with respect to a conductor 
that does not pass through the opening. 

While the mutual reactances have been 
visualized in terms of the flux linking the 
primary for current in the secondary, the 
relationship is tedprocal. Thus, for the 


ideal case of a perfectly uniform secondary 
winding, the voltage induced therein per 
ampere in the primary is a definite value 
if the primary conductor links the core, 
and is zero if it does not. 

Practically, a dose approach to the uni¬ 
form sheet winding is realized, the depar¬ 
tures therefrom being evaluated by test. 
The secondary is wound back on itself to 
avoid any single-turn effect of progressive 
spiraling around the core. 

For bus protection, minimum fault cur¬ 
rents which must be detected are usually 
high enough that economical designs can 
be made to deliver sufficient energy to the 
rday when only one primary turn is used. 
The practical design for bus protection, 
therefore, usually takes the general form 
of a through-type current transformer, 
with an air-core ring winding. Figure 8 
shows a type for separate mounting. 

The calculation of the mutual induct¬ 
ance and output capadty of the device is 
veiy easily worked but according to well- 
known fundamental formulas. The prin- 
dpal manufacturing problem is to make 
ring windings which are sufficiently per¬ 
fect 

1. To be free from induction from neigh¬ 
boring conductors. 

2. To have a mutual inductance which de¬ 
parts from the exact required values by only 
a sufficiently small per cent for all possible 
positions of primary conductor. 

These two requirements may each be 
expressed in terms of the variation from 
the desired value. The actual coupler will 
have a definite, though very small mutual 
inductance with the return conductor, 
which may be expressed in per cent of the 
mutual inductance to the primary con¬ 
ductor. This inductance will vary with 
the spacing and angular position of the re¬ 
turn conductor, according to Figure 9, and 
will usually be zero for two positions and 
maxim u m for two other positions. 

A final source of variation is error in 
calibration of the mutual inductance. In 
order to obtain mutual inductances within 
the necessary tolerances, adjustments are 
required after winding the coils. The 
linear couplers are tested by balancing 
them against a standard mutual induct¬ 
ance. 

Considering all of the sources of varia¬ 
tion as mentioned above, it appears quite 
practical at the present time to control the 
mutual reactances of couplers within 1.6 
per cent in commercial production. 

Combination Tests 

Combination tests were made to prove 
that it was practical and safe to use a 
simple overcurrent-type high-speed relay 
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Table II. Summary—Linear-Coupler Bus Differential Test Results 
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with linear couplers for differential pro¬ 
tection, regardless of the number of cir¬ 
cuits in the protected zone. This meant 
demonstrating that the couplers were 
linear in fact and practically unaffected 
by any stray fields produced by other cir- 
cuits. 

A bus setup accommodating 10 circuits, 
was made for test purposes as shown in 
Figure 10, in which the primary circuits 
were spaced at 12-inch centers. Four 
different types of 0.005 ohm, =•= 1 per cent 
liripar couplers, having different dimen¬ 
sions, were available. One or more of each 
type were used in various combinations 
with their secondary windings in series 
with the relay to form bus differentials of 

10, 6, and 2 circuits. Also, the parallel 
secondary connection of couplers was 
tested for a six-circuit bus to prove that 
the parallel connection was feasible, even 
if not as desirable as the series connection. 

An exhau stive series of tests was made 
to cover the variations in relay type and 
sensitivity, in coupler size and shape, in 
fault-current magnitudes and transients, 
in fault-current distribution, and in the 
astatic factors. The astatic effects were 
checked: 

1. By interchanging couplers on the pri¬ 
mary circuits. 

2. By rotating the couplers on their axis. 

3. By placing the couplers off center with 
respect to their primary conductor. 

4. By varying the distance from the 
coupler to the bus. 

5. By turning the coupler upside down. 

6. By placing magnetic materials between 
the couplers and in close proximity. 

All these astatic effects were found small 
for spadngs involved in practice. 

A special setup per Figure 11, using 
multiple primary turns, was made to get 
the effect of large current with a smaller 
source current in order to obtain increased 
d-c time constant. It should be noted 
that each primary turn feeds in through 
one of the smaller outer couplers and re¬ 
turns through the larger center coupler. 
This arrangement simulates a five-circuit 
bus with four equal sources feeding to an 
external fault through the center coupler. 

Test Results 

Table II gives pertinent information 
and results of representative tests for 10-, 
6-, and 2-drcuit busses per Figure 10 and 
for the special five-circuit bus per Figure 

11 . 

Items 1 to 7 apply for the 10-circuit bus 
per Figure 10 using the plunger-relay set 
to pickup at 0.085 ampere in the coupler 
secondaries. Calculations based on equa¬ 
tion 1 give pickup for internal faults at 
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2,430 amperes. Test item 1 with 10 cir¬ 
cuits energized, and item 2 with only one 
circuit energized, both give pickup at 
2,450 amperes when the fault current is 
proportioned for unity pickup. Based on 
=*= 1 per cent tolerance in the couplers this 
sensitivity should be safe for through-fault 
currents of 25 times 2,450 or 61,000 am¬ 
peres. Items 5 to 7 for external faults 
show that it was safe as the relay current 
remained below half pickup value. In 
items 6 and 7 the fault current into the 
bus was supplied by four circuits and out 
from the bus through one circuit with the 
five remaining circuits “idle” represent¬ 
ing feeders with no feed back. Item 6 
shows normal low (0.25 per cent) differ¬ 
ential and item 7 the ma x imum (1.61 per 
cent) differential obtainable after deliber¬ 
ately adjusting the coupler positions for 
maximum astatic effects. The oscillo¬ 
gram, Figure 12b, for item 7, shows a fault 
current of 50,800 amperes rms a-c com¬ 
ponent, I f , plus 68,300 amperes initial d-c 
component decaying with a short-time 
constant of 1.2 cycles; and a secondary 
differential current, practically free of d-c 
transient, having an a-c component, J„ of 
0.031 ampere which gave no relay opera¬ 
tion. These measured data and addi¬ 
tional derived data are given in the tabula¬ 
tion. Based on a 0.005-ohm mutual (five 
volts induced per 1,000 amperes) the 
50,800-ampere fault should induce +254 
volts total in the incoming-circuit couplers 
and —254 volts in the outgoing-circuit 
coupler, which would leave no differential 
voltage to circulate secondary current. 
Actually, 0.0310 ampere flowed which 
multiplied by the loop impedance, Z s , in¬ 
dicated a differential of 4.09 volts or 1.61 
per cent. The relay current, I t , equals 
0.0310 ampere and represents 0.365 times 
its pickup value of 0.085 ampere. Oscillo¬ 
gram, Figure 12a, for item 3, shows one- 
fourth cycle operation of the plunger-type 
relay for a 55,200-ampere high-current in¬ 
ternal fault. 

Items 8 to 14 also apply for the 10-dr- 
cuit bus but show the performance of the 


more sensitive polar-type relay having a 
sensitivity of 511 amperes. Items 15 to 
18 cover a six-circuit bus arrangement. 
Items 19 to 22 are for a two-circuit ar¬ 
rangement and were included to show the 
maximum obtainable differential. 

The performance of the five-circuit bus 
arrangement, Figure 11, for long d-c time 
constant is shown in items 23 to 27. The 
fault current If tabulated is the equivalent 
value based on a single primary conductor. 
For item 23, the center-coupler secondary 
was deliberately reversed to represent an 
internal fault and the current increased 
gradually until the relays just operated at 
1,820 amperes. The center-coupler sec¬ 
ondary connection was then restored to - 
normal, and the induced and differential 
voltages measured with the secondary cir¬ 
cuit open. These induced voltage tests, 
item 24, showed 0.89 per cent differential 
over a wide range of steady-state currents, 
and this percentage differential was sub¬ 
stantiated by subsequent transient-fault 
tests, items 25 to 27. This, therefore, illus¬ 
trates the possibility of testing an actual 
bus installation with low steady-state cur¬ 
rents to determine the perfor m an re to be 
expected under fault current. Figure 12c 
shows the oscillogram for item 26, a 125,- 
000-ampere a-c component through fault 
(representing 69 times relay sensitivity) 
which was initially 95 per cent offset, in¬ 
volving a 170,000-ampere d-c component 
decaying slowly with a time constant of 
8.2 cycles or 0.137 second. Again the dif¬ 
ferential current is not offset but quite 
symmetrical, and the free transient as 
shown at the end of the fault lasts only a 
small portion of a cycle. A comparison 
with Figure 12b for item 7 shows that the 
d-c component and its time constant have 
a quite negligible effect on the differential 
current. Based on the differential cur¬ 
rent of item 26, showing 0.61 of relay pick¬ 
up for a 125,000-ampere through fault, 
relay operation is expected for through 
faults in excess of 125,000/0.61 - 205,000 
amperes; and item 27 shows relay opera¬ 
tion at 216,000 amperes with 1.06 times 


relay pickup, verifying the 205,000 am¬ 
pere through-fault pickup. 

Summarizing, the primary current re¬ 
quired to pick up the relay for bus faults 
was found to be almost precisely as cal¬ 
culated and showed no perceptible tran¬ 
sient effect on pickup or speed of opera¬ 
tion as a result of d-c component current. 
The pickup depended only on fault-cur- 
rent magnitude and was independent of 
its distribution. For external faults the 
secondary differential was found to aver¬ 
age about one fourth of the tolerance band. 
It did not exceed the tolerance band even 
when a deliberate attempt was made to 
get maximum astatic effect. The tests, 
therefore, verified the fact that the maxi¬ 
mum differential for through faults can be 
calculated with assurance. Above all, the 
staged fault tests demonstrated that the 
d-c transients, which are so troublesome 
with current transformers because of the 
d-c saturation effects in the iron, have a 
very negligible effect on the coupler- 
differential performance, and therefore, it 
is quite feasible to test an actual bus in¬ 
stallation by circulating low-value steady- 
state current. 
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Facilities for the Supply of Kilowatts 

and Kilovars 

HOLLIS K. SELS THEODORE SEELY 

MEMBER AIEE ASSOCIATE AIEE 


Synopsis: Increased system kilowatt ca¬ 
pacity may be realized by the reduction of 
generator kilovar requirements and the pro¬ 
vision of reactive capacity sources at other 
points in the system. The factors to be 
considered in the choice of various reactive 
sources are discussed. Benefits to be realized 
from the various reactive sources are de¬ 
scribed. The paper is based upon system 
plan studies of a large eastern utility. 


I N determining a system’s capacity re¬ 
quirements for supplying the electric 
load—kilowatts and kilovars under all 
conditions of operation throughout the 
year—a comprehensive capacity and load 
study is necessary. This was particularly 
emphasized by two operating experiences 
on the system of the Public Service Elec¬ 
tric and Gas Company. The first episode 
was a system voltage disturbance which 
occurred on October 30, 1938, and the 
second a system shutdown which occurred 
as a result of a 132-kv bus fault at Rose- 
land switching station on July 11, 1940. 
Investigations of these operations intro¬ 
duced the following subjects for considera¬ 
tion: 

1. The proper kilowatt and kilovar load¬ 
ing of individual generators, considering 
their economy, thermal, and stability char¬ 
acteristics. 

2. The amount and distribution of various 
forms of kilovar capacity throughout the 
system. 

3. Certain improvements in system protec¬ 
tion, particularly with respect to more rapid 
fault removal and the maintenance of ade¬ 
quate backup protection. 

4. Installation of certain tap-changing- 
under-load equipment to maintain bus volt¬ 
ages within certain limits and to make all 
generator kilovar capacity available to the 
system at all times. 

5. And finally a more thorough analysis of 
the kilowatt and kilovar loads on the system. 

Studies have progressed to such a point 
that a fairly complete report can be made 

Paper 42-S3, recommended by the AIEE commit¬ 
tees on power generation and power transmission 
and distribution for presentation at the AIBE 
winter convention, New York, N. Y„ January 
26-30, 1942. Manuscript submitted November 27, 
1941; made available for printing December 23, 
1941. 

Hollis K. Sbls is transmission and substation engi¬ 
neer, and Theodorb Sbblv is assistant distribution 
engineer, both with the electric department of the 
Public Service Electric and Gas Company, Newark, 
N. J. 


of the conclusions which have been 
reached. Continuing studies may lead 
to other equally important conclusions, 
but, in general, they will probably be only 
refinements of the conclusions now 
reached. The application of these con¬ 
clusions is particularly important at this 
time with the present scarcity of materials 
and the necessity for added capacity to 
meet greatly increased industrial loads. 

General Description of System 

A description of the Public Service 
Electric and Gas Company system is 
necessary as some of the results of the 
studies presented may hold for this system 
alone; similar studies would have to be 
conducted on other systems to reach cor¬ 
responding conclusions. The layout of 
this system is not unlike many others but 
the load for the 1941 hourly integrated 
peak, which was 852,100 kw, is probably 
more concentrated than most, being spread 
over an area of approximately 1,400 square 
miles. This area is roughly rectangular 
in shape, and about 100 miles long. 

Five generating stations supply the ter¬ 
ritory, three of which, Essex, Kearny, and 
Marion, are located in the Newark mead¬ 
ows area. Four stations, Essex, Kearny, 
Marion, and Burlington, are connected to¬ 
gether by ai 132-kv bulk power system; 
Perth Amboy, the smallest and least im¬ 
portant station, feeds directly into the 
subtransmission system supplying central 
New Jersey. Three stations, Essex, 
Marion, and Burlington, also supply local 
subtransmission systems. 

Other subtransmission areas are sup¬ 
plied by Hudson, Athenia, West Orange, 
Metuchen, Trenton, and Camden switch¬ 
ing stations, which are connected to the 
bulk power system. In addition, the Rose- 
land switching station connects the Public 
Service system to the Pennsylvania-New 
Jersey 220-kv system and the New Jersey 
Power and Light Company 110-kV sys¬ 
tem. Several other small interconnections 
are tied to the various subtransmission 
networks. 

Figure 1 shows diagrammatically the 
location of the generating stations and 
switching stations, and the layout of the 
bulk supply and subtransmission lines. 


All generators are normally hand-regu¬ 
lated and controlled under orders of a 
central load dispatcher. Several large 
synchronous condensers and frequency 
changers are located at switching stations 
and several small synchronous condensers 
and numerous small motor-generator sets 
which can be overexcited are located in 
substations. The larger synchronous con¬ 
densers provide automatic regulation to 
some degree. Practically every four-kilo¬ 
volt distribution circuit is provided with 
=*= ten per cent or ± five per cent induc¬ 
tion or tap-changing regulators and many 
circuits with low power-factor load are 
equipped with one or more banks of static 
capacitors. There are 708 four-kilovolt 
distribution circuits; 143 of these are en¬ 
tirely underground, 28 are more than 50 
per cent underground and 87 are less than 
50 per cent underground and the remain¬ 
ing 450 circuits are practically all over¬ 
head. There are 506 radial distribution 
circuits, 109 pure multiple-network cir¬ 
cuits and 93 combination multiple-net¬ 
work and radial circuits supplying 90 sepa¬ 
rate networks. 

Kilowatt Supply 

In purchasing new units, it has been the 
practice to purchase turbines which have 
sufficient capacity to deliver full generator 
kilovolt-amperes output at 100 per cent 
power factor. Therefore, it has been pos¬ 
sible to rerate the kilowatt output of the 
turbine-generators originally purchased 
bn an 80 per cent or 85 per cent power- 
factor basis by 

1. Increasing the power-factor and kilo¬ 
watt rating of the generator and in some 
cases the power output of the turbine. 

2. Taking advantage of any increased rat¬ 
ing developed on field tests. 

3. Using autotransformers to step up the 
voltage rating of the generator thereby 
gaining increased kilowatt, kilovolt-ampere, 
and power-factor ratings. 

Table I shows the present turbine-gener¬ 
ator capacities as of December 8, 1941, 
totaling 919,550 kw which is greater than 
the original kilowatt ratings by 20 per cent 
primarily due to increases in power-factor 
ratings. Work is now going forward on 
the installation of autotransformers on 
Kearny units 2 and 4 which will increase 
their kilowatt rating from 47,250 kw at 90 
per cent power factor to 54,300 kw at 95 
per cent power factor each. 

Appreciating that these increased rat¬ 
ings approach the economy, thermal, and 
stability limitations of the machines, ex¬ 
tensive studies and tests have been carried 
out to determine the values of these limita¬ 
tions. After an analysis of the various 
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Substations indicated by a 
•number but not accompa¬ 
nied by a name on the map 

*1—Lakeside Avenue 
•5—Clay Street 
3—Harrison 
A —Plank Road 
*5—Culver Avenue 
•6—Garfield Avenue 
7—Sip Avenue 


Figure 1. Transmission system and inter¬ 
connections of the Public Service Electric 
and Gas Company 

Public Service Electric and Gas 
Company steam-generating stations 
YORK* —capacities in kilowatts 

Burllnston.180,000 

Essex.243,000 

Kearny.325,500 

Marion.150,800 

HILLBURN Perth Amboy. 20,250 

R.L.&P CO. - 

Total.919,550 



SUBSTATION 
SWITCHING STATION 
FUTURE SWITCHING STATION 
GENERATING STATION 
FUTURE GENERATING STATION 
13 KV AND 26 KV LINES 
66 KV LINES 
110 KV LINES 
132 KV LINES 
FUTURE 132 KV LINES 
220 KV LINES 


JERSEY 


machine limits, Table II was prepared to 
give the kilowatt and kilovar capacity 
figures for 1941 under various conditions. 
The “summer normal” ratings are based 
on sufficient reduction in kilowatt output 
to obtain the maximum kilovar output 
with full kilovolt-ampere output. This is 
illustrated by the generator-output chart 
of Figure 2. These charts are not avail¬ 
able for all machines so that some of these 


ratings are subject to some adjustment 
after further study and tests. 

On the generator-output chart, the ver¬ 
tical line at the right represents the nomi¬ 
nal output of the turbine in kilowatts. 
The quarter circle represents the kilovolt¬ 
ampere rating of the generator while the 
almost horizontal line represents the 
kilovar limit of the generator as deter¬ 
mined by the maximum possible field 
current. The heavy line comprised of the 
vertical line, possibly a segment of the 
quarter circle, and the almost horizontal 
line represent the actual kilowatt- and 
kilovar-output limits of the generator. 

' The important factor to note is that the 
full kilovolt-ampere output of the gener- 
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Table II. Public Service System Kilowatt and Kilovar Capacities—1941 


Summer Normal 


Winter 

0.90 Power Factor 
Also, Summer 
Continuous 
Emergency 


Kw Kilovars Kw Kilovars 


Winter 

0.95 Power Factor 
Where Possible 


Kw 


Summer 

and 

Winter, 
Kilovars 
at 0 Kw 


Kilovars Kilovars 


Burlington. 


Essex. 


Kearny. 


Marion 


1 . 12,333 

2 . 12,333 

3 . 12,334 

I 4 . 18,000 


11-2 -3-4.... 

. 50,000.. 

33,000.. 

55,000.. 

31,400. 


.125.000.. 

70,000.. 

125,000.. 

70,000. 

v Station. 

.175,000.. 

103,000.. 

180,000.. 

101,400. 

/I . 

. 20,000.. 

15,000.. 

22,500.. 

10,900. 

2. 

. 20,000.. 

15,000.. 

22,500.. 

10,900. 

1 3. 

. 38,000.. 

23,000.. 

40,000.. 

19,400. 

)4. 

. 33,000.. 

22,000.. 

36,000.. 

17,400. 

(5. 

. 33,000.. 

22,000.. 

36,000.. 

17,400. 

16. 

. 33,000.. 

22,000.. 

36,000.. 

17,400. 

7 . 

. 50,000.. 

31,000.. 

50,000.. 

31,000. 

' Station. 

.227,000.. 

150,000.. 

243,000.. 

124,400. 

[1 . 

. 36,000.. 

26,000.. 

40,000.. 

19,400. 

2. 

. 45,000.. 

27,000.. 

47,250.. 

23,000. 

3. 

. 36,000.. 

26,000.. 

40,000.. 

19,400. 

4. 

. 45,000.. 

27,000.. 

47,250.. 

23,000. 

i 5..;. 

. 36,000.. 

26,000. . 

40,000.. 

19,400. 

16 . 

. 90,000.. 

44,000.. 

90,000.. 

44,000. 

1 1 mercury. . 

. 20,000.. 

15,000.. 

21.000. . 

13,300. 

' Station . 

.308,000.. 

191,000. . 

325,500.. 

161,500. 

(1 . 

. 10,000.. 

8,000.. 

12,000.. 

4,000. 

2. 

. 22,500.. 

12,000.. 

26,600.. 

9,000. 

4. 

. 9,000. . 

4,400. . 

9,000.. 

4,400. 

5-25 cycles . 

. 9,000. . 

0 .. 

9,000.. 

0 . 

6 . 

. 8,100.. 

3,900. . 

8,100. . 

3,900. 

7-25 cycles. 

. 9,000. . 

0 .. 

9,000. . 

0 . 

8 . 

. 8,100. . 

3,900. . 

8,100.. 

3,900. 

9 . 

. 17,000.. 

10,000. . 

19,000.. 

6,000. 

10-high pres- 





sure . 

45,000. . 

43,000. . 

50,000. . 

37,600. 

Station . 

.137,700.. 

85,200. . 

150,800. . 

68,700. 


, 180,000 


6.967 

5.967 
13,500 
13,500 

31,400. 

70,000. 


38,000 

94,000 


.101,400... 132,000 


23,750 

23,750 

40,000 

37,600 (A) 

37,600 (A) 

37.500(A) 

55,000 


7,800. 

7,800. 

19,400. 

13,900. 

13,900. 

13,900. 

19.600. 


16,000 

16,000 

26,000 

26,000 

26,000 

26,000 

37,000 


.255,000 

. 40,000 
. 49,900 
. 40,000 
. 49,900 
. 40,000 
. 90,000 
. 21,000 


9,500 

9,000 

8,550 

9,000 

8,550 


06,300... 173.000 


19.400. 

16.400. 

19.400. 

16.400. 

19.400. 
44.000. 
13,300. 


31,000 

34,000 

31,000 

34,000 

31,000 

52,000 

20,000 


.148,300... 233,000 


4,000. 

9,000. 

3,120. 

0 . 

2,800. 

0 . 

2,800. 

6,240. 


9,000 . 
15,000 
6,000 
0 

6,000 

0 

6,000 

12,000 

47,000 


.. 47,460... 101,000 


lb 


Perth Amboy. ..j| . 

(station. 18,000. 

Total all stations.865,700. 


Firm reactive capacity. 
System total. 


.865,700. 


4,500. 

. 2,180 




4,500. 

. 2,180 




11.250. 

. 5.450 




20,250. 

. 9,810. 

. 20,250 

•« 9,810«• 

. 16,000 

919,650. 

.465,810. 

.947.560 

..403.270.. 

.655,000 


.260,900. 


...260,900.. 

.262.000 

919,550. 

.726,710 

947.550 

..664.170.. 

.917,900 


A—Essex 4, 5, 6 can deliver 37,500 lew each only if Essex 7 is in operation. With the low-pressure boilers 
only, there is insufficient steam-pipe capacity to these units. 

B —Depends on ability of low-pressure units to absorb steam from high-pressure unit 10. 


Table I. Turbine-Generator Capacities as of 
December 8,1941 



Unit No. 

Kva 

Kw 

Power 

Factor 


1. 

13,703. 

. 12,333. 

.0.90 

g 

2 ....... 

13,703. 

. 12,333. 

.0.90 

tt 

3. 

13,704. 

. 12,334. 

.0.90 

_a 

4. 

22,500. 

. 18,000. 

.0.80 

‘•S 

s 

6. 

144,000. 

.125,000. 

.0.87 

M 

— 



— 


5. 

207,610. 

. 180,000 



I 1. 

25,000. 

. 22,500. 

.0.90 


1 2. 

25,000. 

. 22,500. 

.0.90 


| 3. 

44,444. 

. 40,000. 

.0.90 

l 

] 4. 

40,000. 

. 36,000. 

.0.90 

W 

( 5. 

40,000. 

. 86,000. 

.0.90 

J 6. 

40,000. 

. 36,000. 

.0.90 


/ 7. 

58,825. 

. 60,000. 

.0.85 


1 7. 

273,269. 

.243,000 



1. 

44,444. 

. 40,000. 

.0.90 


2. 

52,500. 

. 47,250. 

. 0.90 

*►. 

3. 

44,444. 

. 40,000. 

.0.90 

5 

4. 

52,500. 

. 47,250. 

.0.90 

w 

5. 

44,444. 

. 40,000. 

.0.90 

6. 

100,000. 

. 90,000. 

.0.90 


1 mercury... 

25,000. 

. 21,000. 

.0.84 


7. 

363,332. 

.325,500 



1 ...... 

12.632. 

. 12,000. 

.0.95 


2. 

28,000. 

. 26,600. 

.0.95 


4. 

10,000. 

. 9,000. 

.0.90 


5-26 cycles.. 

9,000. 

. 9,000. 

.1.00 

s 

6. 

9,000. 

. 8,100. 

.0.90 

•a. 

7-25 cycles.. 

9,000. 

. 9,000. 

.1.00 


8. 

9,000. 

. 8,100. 

.0.90 


9. 

20,000. 

. 19,000. 

.0.95 


10-high pres- 





sure. 

62,500.. 

50.000.. 

.0.80 


9. 

169,132. 

.150,800 


. I 

r i. 

5,000.. 

. 4,500. 

.0.90 

5 o 

2 . 

5,000.. 

. 4,500. 

.0.90 


' 3. 

12,500., 

. 11,250. 

.0.90 

* 1 1 

i- 



- - 

I 

13. 

22,500.. 

, 20,250 


Total... 

.31. 

1,035,843 

.919,550 


60 cycles.29. 

1,017,843. 

.901,550 


25 cycles.. 2. 

18,000. 

. 18,000 


Steam.,, 

..80. 

,1,010,843 

.898,550 


Mercury 


..25,000 

. .21,000 



ator is not available at all power factors; 
Public Service system machines have 
ratings as synchronous condensers of only 
about 65 per cent of their kilovolt¬ 
ampere rating. 

Since stability ratings are relative 
values, the criterion assumed for the 
transient-stability studies of individual 
machines was that the phase-angle dis¬ 
placement for a selected rating should not 
exceed 50 per cent of the pull-out angle in 
the time required to dear a fault at the 
machine terminals. The studies show 
that the phase-angle displacement is much 
more dependent on the turbine power 
output than on the generator power 
factor. Therefore, generator power-fac¬ 
tor limits have been raised to 95 per cent 
which are shown in Table II. 

The kilowatt ratings given are within 
all limitations on all condensing turbine- 
generators. In the cases of the noncon¬ 
densing units (that is, the superposed ma¬ 
chines) the ratings given are within all 
limitations except the stability limit for 


faults on the 13,200-volt bus to which the 
particular machine is connected. There¬ 
fore, during lightning or sleet storms 
when system trouble is frequently experi¬ 
enced, it may become desirable to favor 
the loading of these units by shifting the 
load from them to less efficient units 
normally operating in reserve. 

So - far consideration has been given 
only to the limitations in the dectrical 
plant, but the use of superposed units 
and large high-pressure boilers introduces 
the factor of boiler capacity into the 
kilowatt supply problem. Low-pressure 
boilers connected to a main header with 
one spare boiler installed for a group of 
ten or so were desirable and economical. 
However, with high-pressure high-capital- 
cost boilers which should require Clean¬ 
ing only once in six months, the economy 


of a spare boiler is questionable. There¬ 
fore, a large high-pressure boiler outage 
generally makes unavailable some high- 
pressure turbine capacity due to this 
lack of flexibility in the boiler plant. The 
tables shown in this paper do not make 
allowances for both boiler and generator 
outages in different stations. This prob¬ 
lem requires further study and a definite 
condusion regarding the relations of the 
boiler plant to system capacity. 

Kilovar Supply 

Table III shows the present-system re¬ 
active capacity other than in generators 
as of December 1, 1941. Some of this 
capadty is considered as either a part 
of the load or nonfirm; 260,900 kilovars 
is firm capadty, which is considered the 
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Figure 2. Generator output chart showing 
typical relative kilowatt and kiiovar capacity 


same as generator capacity. This has 
been installed largely to correct power 
factor and relieve overloaded or low- 
voitage conditions as they have developed 
individually. Recently, as the static- 
capadtor program developed, the broader 
picture of kiiovar supply has been studied 
so as to co-ordinate the entire program. 
Prompted by the desire to obtain in¬ 
creased kilowatt generator ratings to 
meet the recent greatly increased indus¬ 
trial loads, the past conception of carry¬ 
ing the major part of the kiiovar load on 
the generators has had to be abandoned 
in favor of kiiovar capacity installed at 
the load. The problem has therefore de¬ 
veloped into the maimer in which this 
could be accomplished with the greatest 
speed and lowest cost. 

Kiiovar capacity can be provided by 
the use of 

Extra copper in the generator stator and 
field windings 

Synchronous condensers 

Oversize synchronous motors on motor- 
generator sets 

Static capacitors 

Reactive capacity on customers' premises 

The use of reactive capacity in one 
form or another and in appropriate loca¬ 
tions, can accomplish the following 
results in addition to the obvious one of 
carrying reactive load: 

Control voltage (raise only, with static ca¬ 
pacitor) 

Reduce kilvolt-ampere load between the 
capacity and the generator 

Reduce system investment 

Reduce system losses due to kilowatts and 
kilovars 

An analysis has been made of the sys¬ 
tem costs to determine those elements 
which are affected by low power factor, 
startuig with the generator as a base and 


extending to the first load point of the 
distribution circuit. In the generating 
station, only the cost of the generator 
and its switching equipment has been 
assumed to vary. In switching stations 
and substations, only transformers and 
switching equipment have been con¬ 
sidered, omitting land, building, masonry 
compartments, and switchboard. In bulk 
supply lines, rights of way have been 
omitted, and in subtransmission and dis¬ 
tribution circuits rights of way, poles, 
and conduits have been neglected. On 
this basis the incremental investment per 
kilovolt-ampere which varies with the 
load power factor has been determined. 

The relative net cost of installing kiio¬ 
var capacity in generators, large syn¬ 
chronous condensers in switching stations, 
small ^synchronous condensers in sub¬ 
stations and static capacitors on dis¬ 
tribution circuits has been determined, 
evaluating the cost of the equivalent 
kiiovar capacity, the added system in¬ 
vestment component effected by kiiovar 
loading, and the incremental losses. 
These computations show that 

1. The static-capacitor installations are the 
most economical because they are close to 
the load. 

2. The small added cost of providing re¬ 
active capacity in generators is next least 
expensive even with the added system in¬ 
vestment and no saving in losses. 

3. Adding capacity in the form of syn¬ 
chronous condensers wherever located is the 
most expensive of all due to their higher 
initial cost. 

Of course, these conclusions apply only to 
the Public Service system or to those 
cases where the breakdown of system 
costs is nearly the same. Other situa¬ 
tions would have to be analyzed similarly 
to arrive at. a proper answer. 

The limit on the amount of static 
capacitors which can be installed without 
switching depends upon the kiiovar load 
at light-load periods, the permissible 
generator power factor, and the limita¬ 
tions on the distribution system. To 
determine the maximum amount of static 
capacitors which can be installed, the 
annual kiiovar load duration curve for 
the Public Service system was estimated 
for 1942 based on past records and is 
shown in Figure 3. This figure shows a 
minimum net 250,000-kilovar load in¬ 
cluding the effects of the inherent reactive 
capacity in the system; however, an 
investigation of the possible locations' 
showed that the capacitor installations 
should be limited to 150,000 kilovars 
effective at their location. At peak loads 
this would have the effect of reducing the 
kiiovar load on generators by nearly 



200,000 kilovars. It is felt that further 
experience may show that the distrihu 
tion plant can absorb more of this capur 
ity without encountering the problem <»f 
picking up the system after a major 
shutdown, and also without experiencing 
a self-excitation problem on lightly 
loaded generators. After the limit of 
static capacitors is reached, if additionul 
reactive capacity cannot be provided 
economically in new generators or main 
tained in existing generators, because of 
the value of their kilowatt output, syii 
chronous condensers offer a quick and ee**- 
nomical way in which kilowatt genera 
tion can be obtained to meet unexpected 
demands. The higher over-all cost of 
large synchronous condensers may lie 
partly offset by the convenience of their 
operation and their stabilizing effects. 

Static Capacitors 

Provision of reactive capacity for sy»> 
tern purposes in the distribution plant, in 
the form of static (shunt) capacitors, in 
addition to improving system condition* 
with respect to increased kilowatt and 
kiiovar capacities and rfeduced system 
losses, affords marked advantages in the 
distribution plant itself in the form of 
postponement of facilities, improvement 
of voltages, and decrease of losses. These 
features of the shunt capacitor have been 
so well-publicized that extended com¬ 
ment appears unnecessary. It should be 
pointed out, however, that when system 
requirements dictate such installation of 
shunt capacitors, the location within the 
associated part of the distribution system 
may be so selected that optimum concur¬ 
rent distribution benefits are achieved. 
Since the major justification of such in¬ 
stallation lies with the system require¬ 
ments, some expansion of the natural field 
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Table III. System Reactive Capacity 

(Other Than in Generators) 


Considered as Firm Capacity 
Synchronous condensers 

Athenia switching station.40,000 

Roseland switching station.30,000 

Trenton switching station.15,000 

.Garfield substation... 5,000 

Gloucester substation....4,000 

Hoboken substation.5,000 

Olden Avenue substation.5,000 

_ 104,000 

Railway motor-generator sets with oversized motors 

Norfolk Street substation.5,000 

Plainfield substation.4,900 

- 9,900 

Frequency changers Kw Kvars 

Marion generating sta¬ 
tion. 0..32,000 

16,000. .30,000 
18,000..28,000.. 30,000 
average 

Static capacitors on distribution 
lines.99,000 

. 99,000 

220-kv transmission system 

Public Service share of capaci¬ 
tance.18,000 

18,000 

Total firm reactive capacity. 260,900* 

Not Considered as Firm Capacity 
Frequency changer 

Metuchen switching station (available 
at times on application to Pennsyl¬ 
vania Railroad and Philadelphia Elec¬ 
tric companies.,. 20,000 

Total nonfirin reactive capacity. 20,000 

Reactive Capacity Considered as Part of the Load 
25 railway motor-generator sets. .29,000 

29,000 

Bulk transmission system 

132-kv cable 9 miles.35,000 

132-kv open wire miles.22,900 

57,900 

Subtransmission system 

13/26-kv cable 554 miles.27,500 

13/26-kv open wire 638 miles. 1,500 

29,000 

Total Reactive Capacity in Load....115,900 

*Plus or minus 2,000 depending on load on Marion 
frequency changer. 


of the shunt capacitor is warranted in the 
realization of minor distribution econo¬ 
mies. Under present long-delivery sched¬ 
ules for equipment, the capacitor may 
well be employed as a temporary expedi¬ 
ent for overload conditions without ex¬ 
treme penalty, because of its low instal¬ 
lation cost and high mobility. Further¬ 
more, long-range economy of the capaci¬ 
tor versus other forms of plant addition 
may now indicate the capacitor as the 
proper solution because of the temporary 
nature of certain loads now being taken 
on and the high salvage value which is 
realized in the capacitor. 

The experience gained from some 125,- 
000 kva-years of shunt capacitor opera¬ 
tion may be of interest to those who are as 
yet undecided as to the desirable charac¬ 
teristics of capacitors. On the Public 
Service system bulk capacitors are in¬ 
stalled in 180-kva, three-phase banks, 


Table IV. Comparison of 1942 Summer Loads and 1941 Summer Normal Capacity 



All in 

One out 

Two out 


Mega¬ 

watts 

Mega- 

vars 

Mega¬ 

watts 

Mega- 

vars 

Mega¬ 

watts 

Mega- 

vars 

Load. 

Lass trolley bus. 

818.... 
- 11.... 

825 

0 





Net load. 

807.... 

825.., 

,. 807.. 

.. 825_ 

807.... 

825 

Installed capacity.... 

866.... 

803... 

.. 866.. 

• • 803*••• 

866.... 

803 

Loss of first unit..... 

Loss of second unit. 



,.-125.. 

• • 70. • • • 

-125- 

- 90_ 

- 70 

- 44 

Interconnection. 

0.... 

0... 

0.. 

0.... 

0.... 

0 

Unavailable reserves. 

0.... 

- 37... 

0.. 

..- 37- 

0.... 

- 37 


-- 

.—. 

i. 

■■ ■■■■ 

— 

"■■■■■ 

Net Public Service capacity.. 

Total Public Service reserve and excess Public 

866.... 

766.. 

.. 741.. 

.. 696.... 

651.... 

652 

Service capacity.. 

Authorised 1942 program. 

59.... 

- 59... 
150.., 

66.. 

..-129_ 

-156.... 

-173 

150 

After completion of program.. 

59.... 

91... 

. - 66.. 

.. 21... 

-156.... 

- 23 


using 12 individual 15-kva units for each 
installation. The banks are wye-con¬ 
nected, with mid-point solidly connected 
to circuit neutral. Indicating-type cut¬ 
outs are used on phase connections, phase 
and neutral lightning arresters are usually 
employed, and capacitor cases are 
grounded. 

No case of harmonic resonance has as 
yet been encountered with shunt capaci¬ 
tors. Some instances of telephone 
inductive interference on common-neu¬ 
tral circuits equipped with capacitors 
have required use of neutral reactor on 
the capacitor bank; but the cost of such 
corrective equipment is not regarded as 
sufficient to prove out the capacitor for 
its peculiar purposes. 

The operating record of all capacitor 
units on the Public Service system is re¬ 
garded as highly satisfactory. Of a total 
of some 5,600 15-kva units, 25 units have 
been removed from the lines for various 
reasons. Of this number, 17 units failed 
electrically after service periods of from 
one month to two years. The remaining 
eight units developed mechanical dif¬ 
ficulties, such as bulged tank, leaking 
bushing, or open tank seam, requiring 
removal of the unit for repairs. 

Improvements in System 
Protection 

Recognizing that markedly increasing 
the kilowatt rating of generators has de¬ 
creased their original margin of stability, 
it has become necessary to adopt several 
measures for improving the system pro¬ 
tection. Many stability studies, have 
shown that the best means of increasing 
the stability of a system, aside from 
eliminating faults or restricting them to a 
single phase, is rapid fault removal. 
Reference has already been made to the 
slight improvement in stability with 
higher generator field strengths or lower 
power-factor operation of high-speed low- 


inertia superposed generator units. A 
careful review of the system has been 
made which has produced the following 
recommendations: 

1. Rebuilding of overstressed circuit break¬ 
ers for higher speeds and greater capacities. 

2. Reinsulating of certain station busses 
and lines with post-type insulators. 

3. Reconstruction of a major part of the 
open-wire subtransmission system to a pro¬ 
tected phase design. 

4. Installation of automatic-generator field 
control to insure the proper maintenance of 
adequate field strengths at all times. 

5. Installation of high-speed carrier and 
pilot-wire relays in the bulk supply lines 
and more important subtransmission lines. 

6. Installation of voltage-controlled sys¬ 
tem-segregating relays to act as backup pro¬ 
tection on prolonged system disturbances. 

7. Splitting of 132-kv system into separate 
or higher impedance systems by operating 
with sectionalized busses at certain loca¬ 
tions. 

8. Continuance of bus differential protec¬ 
tion on all principal busses under all condi¬ 
tions of operation. 

Tap-Changing Equipment 

Following the normal practice of hand 
field regulation on generators and carry¬ 
ing as much of the kilovar load on the 
generators as is possible or economical 
may lead to excessive voltage gradients 
in the transmission and distribution 
system. Also faced with the necessity 
of maintaining certain voltage limits on 
switching station, substation, and high- 
voltage customer busses and holding 
within a =*=3 per cent voltage variation 
on regulated primary and secondary cus¬ 
tomers’ services, it becomes necessary 
to install either synchronous condensers 
in substations or tap-changing-under- 
load equipment on certain step-up and 
step-down transformers even though the 
generator busses are regulated higher 
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during heavy-load periods and lower at 
light loads. In some cases tap-changing 
equipment is cheaper, if sufficient kilovar 
capacity is available, and the kilovar 
load can be transmitted without incur¬ 
ring too much loss. 

In fact, tap-changing equipment is 
necessary to some extent to avoid building 
up excess reserves of kilovar capacity. 
Network-analyzer load-flow studies have 
demonstrated that unavailable kilovar 
capacity may be as much as ten per cent 
of the installed capacity, and the installa¬ 
tion of tap changers in transformers be¬ 
tween generating stations can frequently 
make much of this capacity available 
and still meet given bus-voltage limita¬ 
tions. Therefore this type of equipment 
may avoid the installation of kilovar 
capacity by keeping the unavailable kilo¬ 
var capacity to a minimu m and maintain¬ 
ing customers’ service voltages within 
given limits when sufficient kilovar capac¬ 
ity is available in generators or con¬ 
densers at other locations. It is, there¬ 
fore, possible to install kilovar capacity 
at the most advantageous location which 
will release other capacity for the benefit 
of other locations. The installation of a 
=*=5 per cent tap-changing transformer at 
Essex generating station will release ap¬ 
proximately 25,000 kilovars of ex ce s s 
station capacity to the system and at the 
same time will improve the 132-kv system 
voltage conditions. 

Analysis of Loads and Comparison 
With Capacity 

There must be sufficient power «n A 
reactive capacity (kilowatts and kilo¬ 
vars) in service to handle the system 
loads under all reasonable conditions. It 
is already obvious that the power capac¬ 
ity is provided by turbine generators. 

In the Public Service system there is a 
slight amount available in interconnection 
diversity entitlements and load curtail¬ 
ment obtainable by operating all-service 
busses on their gasoline engines. The 
maximum power capacity ts a relatively 
definite figure, being fixed by the outputs 
of the various turbines as shown in Table 

The reactive capacity consists of the 
excess capacity in generator stator and 
field windings and the capacities of syn¬ 
chronous condensers and motors and 
static capacitors, plus a proportionate 
share of the capacitance in the 220-kv 
system. The maximum reactive capac¬ 
ity is a relatively indefinite figure since 
the excess capacity in generators is 
highly variable depending on the kilowatt 
load carried as shown in Figure 2. Ac¬ 


cording to the power output of the 
generators and their power factors, their 
reactive outputs may vary through an 
overall range of 0 per cent up to 65 per 
cent of their kilovolt-ampere ratings. 

As with kilowatts the installed kilo¬ 
var capacity on the system must be 
greater than the arithmetic sum of the 
kilovar loads and the assumed reserves 
except that 

1. Generator kilowatt outputs and bus- 
voltage limitations make it impossible to 
distribute the kilovar load among the sources 
exactly. 

2. When kilowatts are being taken from 
an interconnection during an emergency, it 
must be possible to supply kilovars to that 
interconnection in order to maintain a 
reasonable voltage. 

Therefore, a greater percentage of kilo¬ 
var reserves is required than for kilo¬ 
watt reserves. 

Kilowatt and kilovar loads are deter¬ 
mined by the reading and summation of 
all sources of this capacity considering 
the losses in the transmission and dis¬ 
tribution system as a part of the load. 
The kilovar losses in the system are par¬ 
tially offset by the inherent reactive 
capacity in the system considered as a 
part of the load. Kilowatt and kilovar 
quantities are metered directly because 
power-factor meters and kilovolt-ampere 
readings do not permit a sufficiently ac¬ 
curate determination of these quantities. 
System load data for Public Service Com¬ 
pany are estimated for 1941 and 1942 as 
shown in Table A. 


Table A 



1941 

1942 

Condition 

Mega- 

Mega- 

Mega- 

Mega- 


watte 

rars 

watts 

vars 

Annual peak, De- 





cember (5-6 p.m. 





hourly integrated) 

..878.. 

..627.. 

..966.. 

. .692 

Winter day. 

.742.. 

..709.. 

..817.. 

..777 

Summer dav. 

.734.. 

• .739,, 

..818.. 

..826 


Every additional kilowatt of industrial 
load (day load) has associated with it 
approximately one kilovar of reactive 
load; this reactive load must be carried 
just as surely as the power load. There¬ 
fore, every kilowatt of turbine capacity 
added to the system must have added 
with it one kilovar of reactive capacity 
for industrial load and about one-half 
kilovar for residential load. Since re¬ 
active loads cannot be economically trans¬ 
mitted as far as power loads, this m«*anc 
that reactive capacity needs to be selected 
and located more carefully than power 
capacity, generally closer to the load. 


It is evident from the system load 
data that the lower day load power factor 
requires a portion of the kilowatt capacity 
over the December peak to handle the 
succeeding heavy su mm er kilovar load. 
Also the December peak kilowatt load 
does not greatly exceed the following 
summer kilowatt load. Therefore in any 
given calendar year when the load is 
steadily growing the required installed 
capacity is determined when maintenance 
schedules are the heaviest and failures 
and system disturbances are most likely 
to occur, that is during the summer 
period. 

Consideration has been given to kilo¬ 
watt- and kilovar-load reduction by re¬ 
ducing system voltage, but since system- 
and customer-voltage regulation is ob¬ 
tained by feeder regulators installed in 
substations, the system voltage reduction 
would not take effect until the regulators 
had locked out. Since system stability 
is also rapidly decreased with system 
voltage, and tests have shown that a 
reduction in voltage reduces the load al¬ 
most proportionately, this scheme of load 
reduction is not considered feasible or de¬ 
sirable. Hence the problem reduces to 
one of providing adequate facilities. If, 
for any reason these facilities are not 
sufficient, load must be dropped or cus¬ 
tomers must be called upon for load re¬ 
duction. 

A comparison of 1942 summer load and 
summer normal capacity is shown in 
Table IV for the Public Service system 
with one and two units out of service. 
Based on such a study, the 1942 program 
for 150,000 kilovars of additional re¬ 
active capacity was authorized. This is 
made up of 50,000 kva of static capacitors 
installed on distribution circuits which 
reaches the established limit of 150,000 
kilovars of capacitor installations and 
77,500 kva of synchronous condensers in 
7,500-kva and 5,000-kva units installed 
on four-kilovolt busses in substations. 
This 127,500 kva of installed capacity 
together with the calculated reduction 
in system losses makes up the 150,000 
kilovars shown in the tabulation. Some 
of this capacity may be used to permit 
higher power-factor operation of the 
generators during the summer. Main¬ 
tenance schedules for 1942 have been ar¬ 
ranged so that no more than one unit is 
expected to be unavailable for any cause 
during the summer, and the sp innin g 
reserves on the Pennsylvania-New Jersey 
interconnection are sufficient to meet all 
requirements. 

A similar tabulation for 1943 shows 
that an additional 30,000 kilovars of 
capacity is required, and this is to be 


254 Transactions 


Sds, Sedy—Supply of Kilowatts andKUomrs Electrical Engineering 





A Study of the Modified Kramer or 
Asynchronous—Synchronous Cascade 
Variable-Speed Drive 

M. M. LIWSCHITZ L. A. KILGORE 

MEMBER AIEE MEMBER AIEE 


Synopsis: Several large wind-tunnel drives 
recently built have involved a system of 
speed control which has seldom been used 
■commercially, and a number of new prob¬ 
lems had to be solved. The system consists 
■of a wound-rotor induction motor whose 
slip rings are connected to a synchronous 
motor driving a variable-speed d-c generator 
which feeds a constant-speed d-c-a-c set 
putting the major part of the secondary 
power back into the line. 

This drive is found to be very efficient 
and particularly suited to very large fan or 
pump drives where a wide range of speed is 
required. The problems of steady-state and 
dynamic stability are discussed and some 
novel methods of analysis given. 


L ARGE wind tunnels require a wide 
range of speed and accurate speed 
control and if their use factor is high, a 
high efficiency over the working range is 
desirable. Also minimum disturbance to 
the power system is important in many 
cases. To meet these requirements a 
speed-control system has been adopted 
which, while not new in principle, involved 
the solution of a number of interesting 
problems. The system as shown in Figure 
.1 consists of a wound-rotor driving motor 
(A) whose secondary winding feeds a syn¬ 


chronous motor (5i) driving a variable- 
speed d-c generator (DCi) which in turn 
drives a d-c-a-c set (DCs and Si) to re¬ 
turn most of the secondary power back to 
the line. The name “modified Kramer 
set'* is suggested by the authors since the 
scheme involves conversion of the second¬ 
ary power to d-c and field control for the 
speed changes as in the well-known 
Kramer set. The term “modified” was 
used because the Kramer set used a rotary 
converter and the d-c power was usually 
fed into a d-c motor on the same shaft as 
the main motor. Another descriptive 
name would be asynchronous-synchro¬ 
nous cascade. 

Speed Control and Design Features 

Speed control is accomplished in this 
system by controlling the speed of the 
variable-speed set, and as long as the syn¬ 
chronous machine remains in synchro¬ 
nism with the induced secondary voltage, 
the motor must run at a speed correspond¬ 
ing to the difference in frequencies. The 
speed of the variable-speed set can be ad¬ 
justed by changing field of either the d-c 
motor or the d-c generator, just as in a 


provided by the installation of a 30,000- 
kva outdoor hydrogen-cooled synchro¬ 
nous condenser at Roseland switching 
station. This will continue the main¬ 
tenance of generator kilowatt ratings for 
high industrial loads. 

Conclusions 

It is not the intention of the authors to 
summarize or restate the many con¬ 
clusions which have been tabulated 
throughout the article but to dose their 
case by focusing attention on three things: 

,1. The data which form the basis of the 
studies apply only to the Public Service 
system and should not form the basis of a 
generalization but may be accepted as a 
method of analysis. 

2. Reactive capacity in one form or an¬ 


other, particularly static capadtors, csin 
quickly make available additional kilowatt 
capacity and, by proper location, postpone 
the installation of additional transmission 
and distribution facilities. 

3. The conception of a separate kilowatt 
and kilovar load Emd supply should offer a 
practical means of presenting to administra¬ 
tive officers the highly technical problem of 
providing adequate electrical-supply facili¬ 
ties. 

It is hoped that a method of analyzing 
facilities for the supply of kilowatt and 
kilovar loads has been presented so that 
utility engineers may at this time of 
shortages in materials approach the 
problem objectively with the intention 
of getting the utmost capacity out of 
existing equipment without decreasing 
the services which are so urgently needed 
by industry and the nation. 


wide-range variable-voltage d-c system. 
The inherent speed regulation is deter¬ 
mined by the regulation of the d-c ma¬ 
chines. The application of an accurate 
speed regulator to such a system is a sub¬ 
ject in itself, too lengthy for this paper. 
It is apparent that automatic control of 
the speed can be had by controlling the 
d-c fields. 

The constant-speed set is started first 
since it is smaller and requires relatively 
little starting current. The variable- 
speed set may then be brought to speed 
and the synchronous motor field ener¬ 
gized. In this manner it is possible to ex¬ 
cite the main motor from the secondary 
while it is stationary and disconnected 
from the line. After careful adjustment of 
frequency and voltage, the primary wind¬ 
ing may be synchronized just as an on¬ 
coming generator may be. This control 
also can be made fully automatic. 

In order to understand the design prob¬ 
lem involved, one must consider the power 
distribution as shown in Figure 2 for a 
typical fan curve. It will be seen that the 
maximum secondary power to be handled 
occurs at two thirds of synchronous speed, 
but the maximum torque on the variable- 
speed set will be at full speed. Hence it is 
desirable to work at full flux throughout 
the upper range of speed, obtaining speed 
control by changing the field of the con¬ 
stant-speed d-c motor. However, in order 
to limit the size of this d-c motor it is 
found desirable to obtain the lower part 
of the speed range by field control of the 
generator holding nearly constant d-c 
voltage. The exact point of changing 
from control of motor to generator field is 
determined by the economics of the de¬ 
sign. 

Steady-State Stability 

Some interesting problems arise in con¬ 
nection with the stability of such a com¬ 
bination, and the methods developed for 
handling these may be of value in other 
similar problems. 

Since the synchronous motor must stay 
in synchronism, the machines must be de¬ 
signed so that their combined characteris- 
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Figure 1. Schematic diagram of drive and 
auxiliary machines 

Asynchronous-synchronous cascade 

tics result in stability. For the steady- 
state synchronizing-torque calculation, 
the induction motor may be treated ap¬ 
proximately as a transformer with high 
magnetizing current just as in the con¬ 
ventional induction-motor theory. How¬ 
ever, the secondary circuit now includes 
the impedances and the internal voltage 
of the synchronous machine. Hence the 
stability calculation resolves itself into a 
simple two-machine problem. 

Another exact method was given in a 
previous paper on the doubly fed ma¬ 
chine. 1 This consisted in resolving the 
torque into components: 

T= lefas -~<5jVi+ eie t V/i 2 +*»i*X 

Sfa(s+ “ ,1 sb 

where li, mi, l and tn are functions of the 
slip s. The first component is the well- 
known induction-motor torque (but, of 
course, including the total secondary-cir¬ 
cuit impedance). The second component 
is due totheprimaryresistanceandsecond- 
ary excitation and is negative. The thir d 
component is a functionof theangle (5+ «) 
and when smaller than 90 degrees results 
in positive torque increasing with the 
angle. 

The components of the stator current of 
the induction motor are due to p rimar y 
voltage and the synchronous-machine ex¬ 
citation. 

r jj f+jh 

Iu Eli mZ 

Iu*=—E cos s in 3 
U “ l+jm 

Thus the angle between I n and —J M will 
be 

— tan -1 ~ 

The primary current J a is determined by 
the output and power factor desired at a 
given speed. For the same speed (slip) 
the current component In can be easily 
found by solving the equivalent circuit 
for £*,== 0 or by using adequate formulas 
or from the circle diagram of the indue- : 
tion machine for £^=*0. Thus the cur- j 
component In can be found as the s 
geometrical difference between I x and /n. < 

In Figure 3, the primary current /, is c 



■■■NumMn 
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Figure 2. Characteristic curves 


fixed. The current component h is found 
from the circle diagram A as the current 
corresponding to the slip on which h is 
based. Assuming constant slip and vari¬ 
able angle 5 between E u and E Li the vec¬ 
tor In will not change its position, the 
vector In will describe a circle (B in 
Figure 3) with the end point of I n as 
center and I n as radius. This circle is the 
circle diagram of the primary current h 
for constant slip and variable .angle 8. 
From this it is possible to judge the ap¬ 
proximate overload capacity of the ma¬ 
chine for the conditions given by the cur¬ 
rent Ii. 


256 Transactions 


[ Dynamic Stability 

The load, the driving motor, and the 
connected sets constitute a system of 
masses connected by springs or by elec¬ 
trical ties which act like spring connec¬ 
tions. These masses can oscillate at a 
l number of different natural frequencies 
corresponding to different modes of vibra¬ 
tion. These modes of vibration could 
theoretically be excited by pulsating 
torques or could be set in sustained oscilla¬ 
tion if there was sufficient energy fed into 
the oscillating system by the negative 
damping characteristics of some mar*;™ 
Before analyzing the rest of the system 
it is well to consider the nature of nega¬ 
tive damping in such maphjnpjg, A, 
method of analysis for negative damping 
in both the doubly fed machine and the 
synchronous machines has been dis¬ 
cussed in previous papers 1 ** and is being 
discussed in another current paper.* 
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Figure 3. Circle diagram of the doubly fed 
machine 

However, it is possible to get a very clear 
picture of the physical problems and fair 
quantitative results for large machines by 
making some simplifying assumptions. 
These are: 

The per-unit primary resistance of the large 
induction motor is small. 

The rotor impedances of the synchronous 
motor at the oscillation frequency are equal 
on the two axes. 

This gives a revolving field of flux link¬ 
ing the stator winding of the induction 
motor which is determined only by the 
fixed primary voltage and frequency. 
Any small angular oscillations of the rotor 
induce additional Voltages in the second¬ 
ary at slip frequency plus the oscillation 
frequency and slip frequency minus oscil¬ 
lation frequency. These voltages are 
superimposed on the steady-state quanti¬ 
ties and act through the reactance of the 
induction machine (as viewed from the 
secondary) and the equivalent imped¬ 
ances of the synchronous machine. Both 
of these extra components induce oscilla¬ 
tion frequency currents in the rotor of the 
synchronous machine, and its impedance 
must be evaluated on this basis. This 
would form a basis for calculation as in¬ 
dicated in appendix A, in which the damp¬ 
ing coefficient is determined from the 
speed-torque curve of the induction motor 
with its rotor short circuited through the 
impedance of the synchronous 
The negative-damping coefficient (ratio of 
change in torque to change in velocity) in 
per unit is shown to be the slope of a line 
drawn between two points at (s-f* A) and 
(s—a) slip values. To further simplify 
the approximate solution, let us assume 
that the resistance of the rotor circuit of 
the synchronous machine is negligible 
while considering the effects of primary 
resistance, and that the primary resist¬ 
ance is negligible while considering the 
effects of secondary resistance. This is 
approximately true because the reactance 
predominates in determining the currents - 
and amplitudes, so that the losses and in- 
phase components of currents may be 
approximated by calculating the effect of 
the resistances one at a time. 
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Figure 4. Electrical analogy for the parts of 
a mechanical system 


This results in the approximate solution 
that the resistance of the secondary cir¬ 
cuit acts to cause a negative damping 
whose value depends on the slope of the 
speed-torque curve of the induction motor 
short-circuited through the impedance of 
the synchronous machine, neglecting rotor 
resistances. Again since the actual rotor 
currents involved are at slip frequency 
plus and minus the oscillation frequency, 
this slope is to be determined between two 
points at slip values (5+ A) and (5— A). 
This can readily be seen to be true for the 
case where the oscillation frequency be¬ 
comes very low, and one may think of 
the oscillation as moving from point to 
point on the speed-torque curve. 

The effect of the resistance of the syn¬ 
chronous-motor rotor circuits is to pro¬ 
duce positive damping of any angular os¬ 
cillations between the machines. Again 
the same concept of taking the slope of 
the speed-torque curve may be used, ex¬ 
cept that the slip is zero. One can make 
an approximate allowance for the differ¬ 
ence on the two axes by taking the direct- 
axis equivalent circuit and a voltage pro¬ 
portional to the flux in the quadrature 
axis, and a voltage for the quadrature-axis 
flux proportional to the direct-axis flux. 
This relation is due to the fact that it is 
the flux on one axis that induces voltage 
in the rotor circuit of the other axis due 
to small angular oscillations. 

Electrical Equivalent of Mechanical 
Systems 

According to well-known methods one 
can analyze torsional vibration problems 
by representing the parts by their elec¬ 
trical equivalents, as shown in Table I. 
Thus the equivalent circuit for the fan 
load and the induction machines will be 
represented by Figure 4A. L F and R F 

Table I 


Electrical 

Mechanical Quantities Equivalent 


Angular velocity......Current (7) 

Torque..... Voltage (E) 

Moment of inertia...Inductance (L) 

Torsional flexibility (reciprocal of 

stiffness)...... J ..... .Capacity (C) 

Damping (loss proportional to os¬ 
cillation velocity squared) •..... .Resistance (I?) 


correspond to the moment of inertia and 
the damping of the fan; C FA represents 
the spring of the shaft between the fan and 
the rotor of the induction machine; L A 
corresponds to the moment of inertia of 
the rotor of the induction machine. C A 
and R A correspond to the change of power 
of the induction machine due to the syn¬ 
chronizing torque, and the damping be¬ 
tween the synchronous machine (Si) and 
the induction machine. The resistance 
can be negative for negative damping. 

The moments of inertia (L) will be ex¬ 
pressed in pound-feet-seconds 2 per me¬ 
chanical radian, the synchronizing torques 
and torsional stiffness (1/C) in pound-feet 
per mechanical radian, and the damping 
torques (R) in pound-feet-seconds per me¬ 
chanical radian. 

Since the synchronous machine (Si) has 
a different number of poles and a different 
angular velocity (speed) than the induc¬ 
tion machine, the capacitance and the re¬ 
sistance that correspond to its synchroniz¬ 
ing torque and its damping will have other 
values than those of the induction ma¬ 
chine (C A and R a ) namely 



Rsi-Ra^—J-RaK! 


This is in accordance with the fact that 
the power which corresponds to the syn¬ 
chronizing torque and the damping is the 
same for both machines. 

Any oscillations of the synchronous ma¬ 
chine (Si) will be transmitted to the DCi 
and an alternating electromotive force 
will be induced in the armature of this ma¬ 
chine of the value 


N P dw 

e = - -<£10“ 8 —- 

2 ir a dt 


volts 


This electromotive force will produce a 
current that depends on the ohmic resist¬ 
ances and the inductances of the armature 
circuits of both d-c machines, and, as a 
consequence, power will be transmitted 
from the DCi to the DC*. This power 
transmission will damp the oscillations, 
that is, it will act as a damping force. The 
inductance causes a lagging of the current 
and the resultant torque. This gives a 
component of torque 180 degrees out of 
phase with the displacement, hence it is 


analogous to a spring. Thus the d-c 
machines are connected by spring and 
damping torques. The corresponding ca¬ 
pacitance and resistance can be assumed 
connected in parallel or in series. The 
paralleling has the advantage that the 
formulas obtained are more general, inde¬ 
pendent of the frequency of the oscillation. 

For this case the damping torque of the 
DCi will be 


r e „ T „ 0.739 „ ^ 
J=>— Ta=*IE L -- -■ lb ft sec 


and the synchronizing torque 
r d ib ft 


E l is the armature voltage of the d-c ma¬ 
chine, Si? and S L are the sums of the re¬ 
sistances and inductances of the circuit of 
both d-c machines, 12 is the angular ve¬ 
locity of the DCi. 

The equivalent circuit for the synchro¬ 
nous machine (Si) and the d-c machine 
(DCi) is shown in Figure 4B. L Sxm repre¬ 
sents the moment of inertia of the vari¬ 
able-speed set (S 1 +DC 1 ), R d 1 represents 
the damping and C Dx the synchronizing 
torque of the DCi. 

Both the d-c machines are coupled by 
spring and damping in the same manner 
as the synchronous machines (Si) and the 
induction machine (A). For similar rea¬ 
sons the constants R m and C Di that rep¬ 
resent the DCi are different from Rp x and 
C D} : both d-c machines have different 
speed and different coil fluxes. The ratio 
of the torques produced by the current I 
in both machines is 

Tpi^npx (N<t>) Di 
Tpi »D2 (N4>)m 

Thus the constants for the DCi will be 

K pj^RpiKi Cpi =* CdiKi 

T , n Di (mm 
A2» .,, .— 

tipi (N4>) pi 

The equivalent circuit for the constant- 
speed set (DC 2 +S 2 ) will be therefore rep¬ 
resented by the Figure 4C. L Si p t repre¬ 
sents the moment of inertia of the con¬ 
stant-speed set (DC 1 +S 1 ), R Si represents 
the damping, C Si the synchronizing torque 
of the synchronous machine (Si). 

Using the equivalent circuit Figure 4 it 
is possible to set up the differential equa¬ 
tion for the whole set. By solving this 
equation the resonant frequencies can be 
found, and the damping factors of the 
oscillations can be determined. However, 
it is more convenient to connect the three 
separate circuits of Figure 4 to one circuit 
and to set up the differential equation for 
this Circuit. Dividing all constants of 
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Figure 4B by the factor (P S1 /PJ 2 and all 
constants of Figure 4C by the factor 
(D SI /P a ) 2 XKi the equivalent circuit Fig¬ 
ure 5 will be obtained. 

Solution op Equivalent Circuits for 

the Electrical Analogy 

An electrical system such as shown in 
Figure 5 can readily be solved for a given 
frequency, however, the determination of 
the natural frequencies is quite difficult. 
In the practical problem described in 
reference 4 a set of simultaneous equa¬ 
tions was set up for the branches of the 
network, and a numerical solution ob¬ 
tained by matrix methods. This in¬ 
volves four complex roots or eight dis¬ 
tinct roots and is too laborious for 
general use. A more practical semi- 
graphical solution with the usual com¬ 
plex number representation of the im¬ 
pedances was obtained by plotting the 
current for a given applied voltage at dif¬ 
ferent frequencies. Two frequencies be¬ 
tween which the phase of the current re¬ 
versed were taken as an indication that 
resonance lay between them, and more 
points were tried near the peak currents 
to determine the exact resonance. The 
circuit was set up approximately on the 
a-c calculating board. Although nega¬ 
tive resistance or even the very low posi¬ 
tive resistance of some branches could not 
be represented, the solution did indicate 
the points of resonance which could thp n 
be calculated accurately. 

The circuits were checked at the natural 
frequencies for any net negative damp ing 
assuming a small impressed force in the 
branch containing the negative resistance. 
Also, the amplitudes for any impressed 
forces at the propeller at the natural fre¬ 
quencies were checked by these methods. 

Conclusion 

Methods have been indicated for deter¬ 
mining the stability limits of this system, 
and the dynamic stability or hunting 
characteristics have been analyzed. The 
results of the application of this type of 
analysis indicate that the machine s ran 
readily be designed to be stable. Also pro¬ 
viding the motor is operated well below 
synchronous speed, 8 or 12 per cent below 
for large machines, it is possible to avoid 
any tendency to hunt. 

List of Symbols 

This does not include certain symbols 
defined as used, or the symbols indicating 
the. machines as shown in Figure 1. 

O'—Number of parallels 
«i. —Impressed voltage of primary and 

secondary 


164 S 



Eli, Eli —Induced voltages in primary and 
secondary 

/*»(1+T2) 

Si —Frequency of primary and secondary 
impressed voltage 
h= -ri/sx m 
I—Current 


I n —Magnetizing current 
l=> [(1 -j- r2) n -(- (1+n)r s /^ ] w 
l, L —Inductance 

-L + Cl + n)* 2 —- — "Ls 

L Ti 

n —Rpm 

N —Total number of conductors 
rj, f*—Stator and rotor resistances 
roa —Resistance of damper winding on the 
direct axis 

r Dg —Resistance of damper winding on the 
quadrature axis 
tj —Field resistance 
s —Per-unit slip 
T —Torque 

Ti —Damping torque per radian per second 
T ,—Synchronizing torque per radian 
*x. —Stator and rotor leakage reactance 

%ad —Reactance of armature reaction on 
direct axis 

x ag —Reactance of armature reaction on 
quadrature axis 


x Dd —Leakage reactance of direct-axis 
damper winding 

x dq —Leakage reactance of quadrature-axis 
damper winding 

Xf —Leakage reactance of the field 
—Magnetizing reactance 
Z —Impedance 
O!—Power-factor angle 
jS—Angle between machines 
5—Angle between voltages of machines 
A Per-unit torsional oscillation frequency 
Ti^xt/xm —Leakage coefficient 
<t >—Flux per pole 
0—Angular velocity 


Appendix A. Simplified Solu¬ 
tion of Negative Damping for a 
Doubly Fed Polyphase Machine 


In the analysis, the following assumptions 
are made: 

1. The primary resistance is negligible in compari¬ 
son with primary reactance at the frequencies 
Considered. 

2. The three-phase winding of the machine be 
replaced by an equivalent two-phase winding. 

3. The coefficients of self-inductance of primary 
and secondary (JLi and Lt) and of mutual inductance 
‘ (■“) 0X6 independent of the relative position of rotor 
and stator. 

4. The primary flux is sinusoidally distributed, 
and its amplitude is the same at all times. 


Figure 5. Electrical analogy for the combined 
mechanical system 


5. The angular motion of the rotor with respect to 
that of the stator flux is represented by 

st+f(t) (1) 

where <■>« is equal to 2 t times the frequency of the- 
a-c voltage applied to the rotor. 

6. The amplitude of the angular oscillations repre¬ 
sented by f(t) is small, so that cos /(<) can be taken 
as unity, and sin /(/) can be taken as /(/). This is a 
good approximation up to about 15 electrical de¬ 
grees. On this basis 


cos 0 = cos «|f— f(t) sin o>,t (2) 

sin 0= sin w s f+/(f) cos <a s t (3> 

7. The systems providing excitation for stator and 
rotor are very large, so that they are unaffected by* 
any change in the motor. 

The flux linkages in phase a of the second¬ 
ary due to primary flux are equal to 


. aw y l 

“-— cos 0 ( 4 ) 

Li 

where fa represents the primary-flux link¬ 
ages. Similarly, the flux linkages in second¬ 
ary phase b are 


Ph 1 


Mfa . 

—r— sin 0 


(S) 


The voltage in phase a of the secondary is 


eai^ptag—Ei sin (co s t—<j>) (6) 

where Ej is the amplitude of the voltage 
applied to the secondary, and 0 is the phase 
angle between this voltage and the voltage 
PPca- The voltage in phase b is 


In the operational form the currents in 
phases a and b of the secondary are 


V 


V 


Mat'—Ei s5n 

r+pL 

PPtn'+Ei cos(usi —<f>) 
r+pL 


( 8 ) 


( 9 ) 


The total flux linkages of the secondary 
phases are 


p H —M I -i a L ( 10 ) 

Pbt^-M~ibL ( 11 ) 

In equations 7 to 11, r is the resistance and 
L is the equivalent coefficient of self-induct¬ 
ance of the secondary, which is equal to 



( 12 ) 
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From the two-reaction theory of torque 
the torque in the machine is 

Tz= ‘ia^D t -^WPa i 

= M~- sin 0X 
L\ 


I 


M — p cos 6+Ez sin ( u s t—<f >) 
x«i _ 

«£>i 

M — cos6X 
L\ 

\I/X 

—Mr~ P sin 0 +.E 2 cos (u> s t—4>) 
Li _ ' 


+ 


(13) 


This torque equation can be expanded and 
simplified to equation 14. 


T=*M 


Pi M h_ / —r<j>s 

iiL L\ r 2 - 




r*+<t> s *L* 

. „ f(t)o>s cos c*st+pf(t) sin u s t 
s vaQ -r~c-h 


cos 0 


r+pL 

f(t) u> s sin <ti g t—pf(t) co s ugt 
r+pL 


) 


+ 


^(r’+^L 2 ) 


(r cos <t>—oj g L sin <f> — 
f(t)a s L cos </> —f(l)r sin <£)"] (14) 


If the angular oscillation represented by 
J(t) is set equal to 6a sin a At, where Oa 
is the amplitude of the fundamental fre¬ 
quency of variation and o>a is 2r times this 
frequency, the torque is represented by 
equation 15, in which «+=*(t<> 4 +tuA), 
*}_= (u s — «a), and the secondary resistance 
is r+ at«+, r~ at a-, and r, at «*. 


<o+r+ 


T j M tL\i - - r i u ±)+ 

\ Ii/W+W 

M — eJ 1 ■ ■ ■ • )(r, cos 4>-<* a L sin <f>) - 

Ei Vs+«*-£< 2 / 

u-r- \ 

f- 2 +<i)_ a X 2 / 

K&X- 


r+ 2 -|-o>+ 2 2. 2 
cos «a/* 




2cj t 8 \ 

r,*+«.«z,y 


r+ 2 +<o+ 2 2< 2 r- 2 4-w- 2 i 2 
co,L cos<£-f-r sin 


LL-t-JS^A ' 


in 

i 


X 


^ 2 +w s 2 Z, 2 

sin «a t (15) 


The sin «a t term of equation 15 represents 
a torque in phase with and opposed to the 
alternating displacement, and is therefore 
the synchronizing torque. 

The cos a At term represents a torque in 
phase with and aiding the velocity. The 
nature of this torque is such that it tends to 
increase any small variation in the motion 
of the rotor, and thus it provides negative 
damping in the machine. 

This equation indicates that the damping 
factor at any speed can be determined from 
the speed-torque curve obtained with the 
rotor short-circuited. The slope of a line 
between two points on this curve is the value 


of the damping coefficient at the speed 
halfway between those points. Thus if 
vibration is forced at the frequency corre¬ 
sponding to wa, and the speed of the ma¬ 
chine is («—«*), the damping factor will 
be the slope of the line connecting points 
on the curve at the speeds («—«,) +«a and 
(«—« s )—« a. 

In the practical case the secondary is not 
connected to a system of infinite capacity, 
so the secondary voltages induced by the 
pulsations act through a circuit which in¬ 
cludes the impedance of the machine con¬ 
nected in the secondary. Since the pulsa¬ 
tions induce oscillation frequency currents 
in the rotor of the connected synchronous 
machine, the rotor-circuit resistances must 
be divided by the per-unit oscillation fre¬ 
quency when this impedance is added into 
the equivalent circuit. 


Appendix B. Tests on Model 
System 

In order to study the stability of the sys¬ 
tem under consideration, a model has been 
set up as shown in Figure 6. The induction 
machine A was loaded by a d-c generator 
for want of a fan, but a flywheel has been 
put on the shaft of this d-c machine as a 
substitute for the high WR* of the fan. A 
variable ohmic resistance and a variable 
inductance have been put in the armature 
circuit of both d-c machines DCi and DCi 
in order to vary the damping torque as well 
as the synchronizing torque of these ma¬ 
chines. The constant-speed set (DCt+Si) 
consisted of duplicates of the machines of 
the variable-speed set (DCi+Si) with the 
sole exception that the synchronous machine 
(Si) had a damper winding of copper while 
the synchronous machine (St) had a damper 
winding of material with high resistivity. 

The rating and the constants of the dif¬ 
ferent machines were as follows: 

Induction motor: 

100 horsepower—2,200/440 volts—60 cycles—3 
phases—8 poles 

fi-1.2 r 2 = 1.19 
Xi—4.5 3Ca=4.0 

Xn =147 WR* = 172 pound-feet 2 

Flywheel WR* —164 pound-feet 2 

Synchronous machines: 

100 kva—2,300 volts—60 cycles—3 phases—6 poles 

n *= 1.27 ac a tf=57.0 r/= 0.161 

Xi =5.0 x aa —54.3 X/= 6.2 

1’d&= 2.76 f2>jj= 3 1.27 

#0^=8.3 Xj>q=4.3Q 

WR*=195 pound-feet 2 

Transformer between A and Si: 

3X33 kva—2,300/440 volts—60 cycles 

ri=0.32 3 Ci-|-3C2™1.5 

r 2 = 0.0734 (including brushes) 

The constants given above are expressed in ohms 
per phase for 60 cycles; they are reduced to the 
primary of each machine. 

D-c machines: 

160 horsepower—230 volts—525 amperes—1,100 
rpm— WR* =* 305 pound-feet*—6 poles—6 parallels 
—2V-450 

Armature resistance r 0 ” 0.0073 
Armature reactance *o**0.11 at 26 cycles 
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As could be expected, the tests have shown 
that the system is statically stable and that 
the speed control takes the same course as 
in the conventional Kramer set, where the 
machine that absorbs the slip power of the 
induction machine is a rotary converter. A 
continuous variation of the speed is possible 
without any disturbances. 

In order to study the dynamic stability, the 
damping of the system has been artificially 
weakened by overexcitation of the synchro¬ 
nous motor (Si) or by putting an inductance 
in the armature circuit of both d-c machines. 
Two kinds of conditions under which sus¬ 
tained oscillations have been observed are 
given in the following: 


Condition A 


Machine 

Volts 

Amperes Cos <f> Slip 

A.... 

.2,310. 

.. .25.5.. .0.738 leading. .26.6% 

Si.... 

. 626. 

. . .31.5...0.57 leading 

DCi.. 

. 58. 

. . .75 

St.... 

.2,310. 

. .. 0 


The frequency of the oscillation was 
f0=2.5 cycles per second. The machine (Si) 
was overexcited. Between both d-c ma¬ 
chines was placed an additional resistance 
= 0.024 ohm. 

For these conditions the following damp¬ 
ing and synchronizing torques were deter¬ 
mined: 



Td 

Ts 

Machine 

(Pound-Feet-Seconds) 

(Pound-Feet) 

Si . 

.-68 . 


DCi... 

. 62.7. 


St . 

. 9.6. 

. 885 


The factor Ki (Figure 4) is here equal to 1, 

the factor is equal to X -f '-f = 17.6, 

320 0.512 

thus the equivalent circuit and its constants 
are as shown in Figure 7. 

Substituting the impedances of Figure 7 
in the equations, the characteristic dif¬ 
ferential equation of the system can be 
found, and by solving this equation the 
tested frequency of the oscillations can be 
checked. The substitution leads to a dif¬ 
ferential equation of seventh degree. For 
the solution of such an equation Graeffe’s 
method or the matrix method, both of 
which are rather laborious, has to be used. 
An examination of Figure 7 shows that this 
is not necessary in our case, where the 
machine (Si) has a much higher rating than 
it has in the real induction synchronous 
cascade. 

fo=2.5 cycles per second corresponds to 
£=15.7. The impedance of the machine 
(Si) is so large for this value of p that it has 
practically no influence on the impedance 
that represents the two d-c machines. Thus 
we can omit the tail of Figure 7, and the dif¬ 
ferential equation will be only of the fifth 
degree. A further reduction by 1 is possible, 
if we limit our considerations to a natural 
frequency around 2.5 cycles per second. It 
is then possible to replace both impedances 
in parallel that represent the two d-c ma¬ 
chines by one impedance. With this as- 
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sumption the following impedances will de¬ 
termine the oscillations: 


Figure 6 (left). Va¬ 
riable-speed syn¬ 
chronous Kramer-set 
laboratory - model 
test of large wind- 
tunnel drive 


Figure 7 (upper right). Elec¬ 
trical analogy with numerical 
values corresponding to model 
test 



Zi=19.8 68- 


Z t -43+16.6^+— 

P 


3,100 


served during the tests. It must be noticed 
that the damping and synchronizing torques 
depend on the frequency of the oscillations. 
The values of these torques as given above 
were determined for / a =2.7 and are not 
correct for the low oscillations. Thus the 
second pair of roots is only approximate. 


synchronizing torque of the synchronous 
motor (Sj) are 

T d =8.8 pound-feet-seconds 
. T,=3,330 pound-feet 

The differential equation of the oscillation is 

*H-1.0+382 =0 

and the roots are 

£--0.6*719.6 

To the angular velocity 19.5 corresponds 
/o=3.1 cycles per second. The calculation 
gives a small positive damping, while the 
test has shown sustained oscillations, that 
is negative damping. The discrepancy is 
caused by the difficulty of exact determina¬ 
tion of the input (and output) current, and 
so on, at the starting of the oscillations. The 
figures under conditions A and B are only 
approximate. 


The characteristic differential equation is 
with these constants 

P i -3.89£*+379£*-f338^+4,910=0 

The roots of this equation are 

=2,4 *719 
£m-0.54*j3.6 

To the angular velocity 19 corresponds 
f 0 — 3.02 cycles per second. Since the real 
part of this pair of roots is positive, the 
damping is negative, and the oscillations are 
sustained. 

To the other pair of roots corresponds a. 
slow oscillation with 0.67 cycles per second. 
A- slower oscillation than this has been ob¬ 


Condition B 


Machine Volts Amperes Cos ^ Slip . 


A .2,460... 17.7.. .0.71 leading. .35.4% 

Si . 920...20.7...0.50leading 

DCi... 80...90 


The frequency of the oscillations was f 0 — 2,9 
cycles per second. The second d-c machine 
had been cut out, and the DCi was loaded 
into a resistor. A large reactance between 
both d-c machines had given under the same 
conditions the same frequency of oscilla¬ 
tions. The machine (Si) was overexcited 
(«<*■“ 1.95). 

For these conditions the damping and 
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Loss-of-Field Protection for Generators 
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Synopsis: The features of a new protective 
relay scheme are described. The scheme is 
designed to remove underexcited a-c gen¬ 
erators from the system, upon occurrence 
of undervoltage, before loss of synchronism 
occurs. The relay development and its 
operating characteristics are described. 
Calculations required to determine genera¬ 
tor behavior after loss of field are also pre¬ 
sented to make the application of this 
scheme easily applied to generators on any 
system. 

The Problem 

T HOUGH electrical circuits from gen¬ 
erator armature windings outward to 
utilization apparatus have received much 
attention from a protective viewpoint in 
the past 20 years, relatively little atten¬ 
tion has been given to generator field¬ 
winding protection. Calculations show 
that loss of field in a large generator may 
cause serious- voltage disturbance to the 
system. A need for some suitable protec¬ 
tion method that will initiate disconnec¬ 
tion of the troubled machine is indicated. 

When loss of field occurs on a loaded 
generator, the magnetic coupling between 
the rotor and the stator becomes so weak¬ 
ened that the rotor advances and, after a 
short ’ period, pulls out of synchronism 
with the system. The unit continues to 
carry load of varying magnitude but 
draws a high component of wattless cur¬ 
rent from the system. 

Continued operation without excitation 


larly if the generator is a large unit in re¬ 
lation to other operating capacity. For 
complete loss of field, calculations have 
indicated that, on most power systems not 
equipped with automatic-generator volt¬ 
age regulators, seriously low-system volt¬ 
ages may be reached in not more than 10 
to 15 seconds and in some cases in as short 
a time as one second. 

System loads affect the degree of volt¬ 
age disturbance after loss of field. If a 
large percentage of the load is induction 
motors equipped to be disconnected only 
after the voltage has reached 25 to 50 per 
cent of normal, many of these will stall as 
the voltage is reduced to approximately 
75 per cent of normal at the bus. This 
condition becoming cumulative, may 
cause voltage instability until the voltage 
has been reduced to a value where most of 
the motor load does become disconnected. 

Since 1927 there have been five serious 
machine-excitation failures on the system 
with which the authors are connected. 
In addition to these, three other cases of 
field trouble have developed in large ma¬ 
chines which might easily have caused 
loss of field, had the conditions not been 
discovered and corrected. One of these 
failures reached the stage of voltage in¬ 
stability, as referred to above, because of 
motor loads, and the station bus voltage 
was reduced to 37 per cent of normal be¬ 
fore a sufficient number of motors was dis¬ 


connected to permit recovery to approxi¬ 
mately 80 per cent of normal voltage. 

It became evident some years ago that 
this system in New York required ade¬ 
quate means for main-generator field pro¬ 
tection. The results of the development 
which followed, and a description of the 
means.for applying it, are outlined in suffi¬ 
cient detail to permit practical use of the 
information by others. 

Field protective relays should be sensi¬ 
tive to any reduction of excitation that 
will, at any generator load, become unsat¬ 
isfactory for continued operation of the 
machine. Relays which operate at a 
specific value of field current or voltage do 
not give full coverage, since they must be 
set to operate at values well below no-load 
excitation conditions and yet be required 
to function for excitation disturbances 
under full-load conditions that are within 
safe operating range so far as the relays 
can determine. The new relay scheme de¬ 
scribed herein provides the degree of sen¬ 
sitivity desired and equally satisfies the 
requirements for field protection at any 
level of generator loading. 

Generator Behavior After 
Loss of Field 

Field loss in a generator may be partial 
or complete. Types of partial field failure 
are: 

(а) Field rheostat trouble. 

(б) Reductions in excitation voltage. 

(e) Internal short circuit in a section of the 
field winding. 

(d) Operating error. 

Complete field failure would include: 

(a) Winding open circuit. 


has harmful effects to both the generator 
and to the system. The generator, now 
an asynchronous machine, will be subject 
to high circulating currents in the face of 
the field rotor or in the amortisseur wind¬ 
ing, and these may cause injurious heat¬ 
ing, at least in local areas. Also induced 
current or voltage will appear in the field 
winding depending upon whether it is 
short circuited or open circuited. 

The effects of field failure may be much 
more important on the system, particu- 

Faper 42-20, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter convention, New York, N. Y., January 
26-30, 1042. Manuscript submitted October 24. 
1941; made available for printing November 21, 
1941. 



Figure 1. Generator losi-of-Reld character¬ 
istics after accidental tripping of field-supply 
breaker (large 1,800 rpm unit) 


(6) Slip ring or equivalent short circuit. 



Figure 2. Generator loss-of-Reld character¬ 
istics after loss of field to main exciter (3,600 


G, C. Crossman, H. F. Lindbmuth, and R. L.. 
Wbbb are all assistant engineers with Consolidated 
Edison Company of New York, Inc., New York, 
N.Y. 


a — bus voltage 

B— Generator reactive current into generator 
C-—Generator reactive kilovolt-amperes into 


rpm unit) 

A —Bus voltage 

B —Generator reactive current into generator 


The authors acknowledge the assistance of 8. B. 
Crary in the method of calculation, the late L. N. 
Crichton on the relay development, and R. S. 
Quimby in connection with the voltage regulator 
design. 


generator 
D^-Generator field current 
£—Generator output kilowatts 
F—Slip-ring voltage 


C—Generator reactive kilovolt-amperes into 
generator 
D —Generator field current 
£—Generator output kilowatts 
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Figure 3. Phase-angle 
characteristics of reactive- 
current relay (tripping oc¬ 
curs in area to right of 
characteristic curves) 


100 ° 

90° 


80® 


Figure 4. Time-reactive 
current characteristics of 
reactive-current relay (vol¬ 
tages are input values to 
magneticvoltage regulators) 
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(c) Loss of field to main exciter. 

(d) Accidental opening of field supply 
breaker. 

(e) Operating error. 

To show the behavior of generators 
when complete loss of field occurs, two 
machines on the system with which the 
authors are connected, were selected. One 
of these shows conditions for the case of 
"accidental tripping of field supply break¬ 
er," and the other, "loss of field to main 
exciter." The machine used to show ef¬ 
fects of the first condition is one of the 
largest units on the system and operates 
at 1,800 rpm. The curves showing the 
various behaviors are given in Figure 1. 
The generator used in the second case is a 
unit of medium size which operates at 
3,600 rpm. Its characteristic curves are 
given in Figure 2. 

In both cases the system was considered 
to be operating with normal capacity for 
off-peak conditions. No generator auto¬ 
matic voltage regulators were considered 
to be in service. 

In calculating the effects shown in 
Figures land 2 many varying effects must • 
be taken into consideration. The more 
important of these may be itemized as: 

1. The effects of turbine-governor action 
are not likely to be great before loss of syn¬ 
chronism. However, after loss of synchro¬ 
nism, violent governor action may occur, 1 ’* 
thereby causing wide fluctuations in genera¬ 
tor power output. There may be small 
power oscillations before loss of synchronism 
due to the effects of inertia in the rotating 
parts of the affected generator. 

2. Generator and system impedances must 
be carefully considered since their relative 
values determine, in large part, the degree of 
voltage disturbances after loss of field. 
Obviously the effect on system voltage will 
be greater as the relative size of the machine 
increases. 

3. The time constant of the generator field 
circuit determines the rate of decay in bus 
voltage after loss of field. The field-winding 
open-circuit time constant as modified by 
any field circuit external resistance deter¬ 


mines, in approximately inverse porportion, 
the rate of decay in internal generated volt¬ 
age and bus voltage. 

4. Initial power output of the affected 
generator has an effect on the elapsed time 
from loss of field to loss of synchronism. 
Obviously the time will be shorter as the 
load on the generator becomes larger. 

6. Initial reactive loading on the affected 
generator must be taken into account, since 
the loss of that output has its effects on the 
reactive output required of the other system 
machines. Higher reactive loading tends 
toward greater deduction of bus voltage 
after loss of field. 

6. Generator voltage regulators were not 
considered in these calculations, since they 
are not used generally on the system with 
which the authors are concerned. If regu¬ 
lators are used on sufficient generating ca¬ 
pacity, they will help materially in main¬ 
taining bus voltage when one generator 
has lost its field. 

The methods used in calculating the 
changes occurring after loss of field are 


given in appendixes I, II, III, which are a 
part of this paper. 

Development of Protective 
Equipment 

The results of Figure 1 show that a re¬ 
lay designed to measure "input” megavars 
might readily be used to detect generator 
field excitation disturbances to the degree 
desired. However, as is shown here, the 
rate of decay of voltage is so fast for some 
machines that the rate of increase in 
"input” megavars is greatly reduced be¬ 
fore loss of synchronism occurs. Hence, 
the torque and operating speed of such a 
relay is reduced where fast performance is 
desired. The rate of change in reactive 
current is not affected. Consequently a 
relay designed to measure reactive current 
and be sensitive to its direction would be a 
better instrument for this purpose. This 
reactive current relay must have high 
operating speed if it is to dear the ma¬ 
chine before the bus voltage is reduced 
bdow the minimum permissible value. 

Calculations have indicated that such a 
relay applied as single-phase dements 
would be subject to incorrect operations 
on unbalanced system short circuits. 
Hence, a polyphase relay with three de¬ 
ments (one per phase) was indicated. 

Figure 5. Typical installation of field pro¬ 
tective relays 

A —Reactive-current relay 
B —Undervoltage relay 
C—Magnetic voltage regulators 
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The relay is a polyphase induction disk, 
three-element self-reset watt-type device 
with provisions for time and wattage ad¬ 
justments. Seven wattage taps varying 
from 50 to approximately 500 watts per¬ 
mit use of the same relay on any size gen¬ 
erator. 

To permit measurement of reactive cur¬ 
rent a magnetic-type voltage regulator 
was chosen to maintain constant voltage 
at the relay when variations occur in the 
bus voltage. The magnetic voltage regu¬ 
lator holds ± 1 per cent of normal voltage 
on the relay coil and permits not more 
than =*=5 degree phase shift while the in¬ 
put voltage varies from 60 per cent to 110 
per cent of normal. 

Care was required to assure satisfac¬ 
tory performance from zero to 60 cycles 
and over a corresponding range in voltage 
on the potential supply to the magnetic 
regulators and to the relay. Since the 
generator potential transformers are used 
for the relays, these may be energized dur¬ 
ing the generator starting period, thereby 
producing this wide range of frequency 
and voltage. 

Figure 3 shows the phase-angle charac¬ 
teristics of the relay supplied through the 
magnetic voltage regulators with input 
voltage at 120 and at 70 volts. It will be 
noted that the relay maximum torque ap¬ 
pears at about 90 degrees leading current. 
To obtain this characteristic the relay 
voltage leads the normal in-phase current 
by 90 degrees, as would be necessary in 
applying a watt element for reactive cur¬ 
rent measurements. 

Figure 4 shows the time-reactive cur¬ 
rent curve of the relay when supplied at 
120 and 70 volts through the magnetic 
voltage regulators. 

It will be noted in both Figures 3 and 
4 that the relay torque does not change 
appreciably over this wide voltage range 
and that the phase shift of the tripping 
characteristic is not great. 

Bus-voltage magnitude is a major con¬ 


sideration in detennining whether a ma¬ 
chine should be tripped instantly or 
should be allowed to operate and permit 
manual restoration of field excitation. 
When a generator is small compared with 
the system-connected generation and is 
linked to the other system generators 
through relatively low impedance, loss of 
field in that machine may not cause a 
serious voltage disturbance. Field-cur¬ 
rent interruptions may occur or serious 
field-current reductions may be experi¬ 
enced where quick correction of the 
trouble is possible and the generator need 
not be lost from the system. 

An undervoltage relay has, therefore, 
been made a part of the present scheme. 
It is a standard voltage-regulator type 
element adjustable to operate at the par¬ 
ticular voltage value dictated by the char¬ 
acteristics of an individual machine. Its 
contacts are connected in series with 
those of the reactive current relay to pre¬ 
vent tripping unless the bus voltage ap¬ 
proaches a value beyond which continued 
operation of the generator would be un¬ 
safe. 

Figure 5 shows a typical installation of 
the relay equipment. 

Figure 6 shows a simplified connection 
diagram of the relays and their associated 
equipment. Tripping of the generator cir¬ 
cuit breaker is first initiated and the field 
supply is then disconnected by an aux¬ 
iliary switch on the generator circuit 
breaker. 

System Tests 

The reactive current relay was set up 
for tests on a 50,000-kw machine. The 
unit was loaded to 14,000 kw at unity 
power factor. The main-field breaker was 
then opened, thereby connecting the field 
winding to its discharge resistor through 
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Figure 7. Loss-of-field test on a 50,000-kw 
generator—field breaker tripped 

A —Bus voltage 
B —Field current 

C—Generator reactive kilovolt-amperes into* 
generator 

0—Generator output kilowatts 

the main-field rheostat. Oscillographic 
records were obtained of field current,, 
megawatts and megavars. Bus voltage 
was obtained with a recording voltmeter. 
Some of the results of this test, test 1, are 
shown in Figure 7. In the same illustra¬ 
tion, curves are given showing the calcu¬ 
lated values for the same conditions. 
Agreement was dose enough to assure that 
behavior after loss of field can be deter¬ 
mined with sufficient accuracy for apply¬ 
ing fidd protective relays. 

Altogether four similar tests were made 
on two machines of the same design and 
rating. All initial and final behaviors ob¬ 
served on tests 1 and 2 are given in Table 
I. Complete data were not taken on the 
last two tests, which were made at higher 
initial loads. 

Calculations show, for this system, that 
the dividing line in machine rating is 
about 50 to 60 megawatts beyond which 
loss of fidd may produce unstable voltage 
conditions for the most unfavorable 
operating and load conditions. Agree¬ 
ment has been reached to apply the pro¬ 
tection to all machines on the system of 
50-megawattS and larger except for two 
60-megawatts, 25-cycle units whose char¬ 
acteristics are such that they could be 
made the “exceptions.” 

Conclusions 

The relay equipment described makes 
practicable protective measures which will 
cover virtua|ly all cases and types of loss 
of fidd in generators. It is believed that 


Table I. Results of Loss-of-Field Tests on 50,000-Kw Generator 


Generator Armature 


Field 


Teat 


Condition 


Current Volta 


Mw 


Mrar 


Current Volts 


Time to 
Trip (See.) 


1. 


2 ., 


( Before field loss.....300.... 26,500.. 

I At tripping...... ..910,.. .24,000.. 

f Before field loss.... .500... .27,000.. 

l At tripping........900....23,800.. 


.14 .... 0.+430.... + 82 

.22 ....-81..... .+200.. ..-150.1.1 

.16 ....+17...„. +625.... +118 

.22.5..... -29...... +200.... -110.1.4 
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Tabel II. Tabulation of Calculations for Appendix III 


Time—t—Seconds 



0 

0.1 

0.2 

0.3 

0.4 

«*(<). 

. 1.129.... 

0.974. 

... 0.855.. 

. 0.763.. 

. 0.688 

A*(7<0. 

. -0.155.... 

-0.119. 

...-0.092.. 

. -0.075.. 

. -0.064 

<«G). 

. 0.916.... 

0.916. 

... 0.915.. 

. 0.914.. 

. 0.912 

Ae.G). 

. 0 

-0.001. 

...-0.001.. 

. -0.002.. 

. -0.002 


. 1.508.... 

1.155. 

... 0.897.. 

. 0.723.. 

. 0.618 

. 70.5 .... 

54.0 

... 41.9 .. 

. 33.8 .. 

. 28.9 

•E«(t). 

. 0.836.... 

0.899. 

... 0.044.. 

. 0.979.. 

. 1.002 

p a (t) | P er “ nit - • : ... 

. 0.436.... 

0.358. 

... 0.304.. 

. 0.279.. 

0.278 


. 43.6 .... 

35.8 . 

... 30.4 .. 

. 27.9 .. 

. 27.8 

Qo(t) . 

. 0.813.... 

0.300. 

... 0.057.. 

. -0.039.. 

. -0.060 

Pgi-Pgit) ... 

. 0 

0.078. 

... 0.132.. 

. 0.157.. 

. 0.158 

A»(i). 

. 0 

1.3 . 

... 2.1 .. 

. 2.5 .. 

2.5 

u(t+ 1 /i&t) —degrees/0.1 sec. 

. 0 

1.3 . 

... 3.4 .. 

5.9 .. 

8.4 

Hi) —degrees..... 

. 30.1 .... 

30.1 . 

... 31.4 .. 

. 34.8 .. 

. 40.7 


. 0.612.... 

0.404. 

... 0.346.. 

. 0.389.. 

0.460 

Bus voltage—per cent. . 

Bus reactive kva into generator— % kva 

. 101.5 .... 

95.0 . 

... 80.8 .. 

. 86.5 .. 

. 84.1 

rating. 

Bus reactive current into generator— % 

. -44.4 .... 

-13.8 . 

... +6.1 

..+18.0 ... 

.+26.8 

kva rating.. 

.-43.8 .... 

-14.5 . 

..,+6.8 .. 
--A_ 

..+21.9 ... 

.+31.9 


All values are per-unit on machine rating, 137,500 leva, and 13,500 volts except where indicated otherwise. 


this further improves the reliability of 
electric service since a thoroughly reliable 
relay device has been developed which 
does not of itself create a hazard. 

The scheme provides a relay combina¬ 
tion which is sensitive to serious excita¬ 
tion reductions, regardless of initial ma¬ 
chine load and excitation values. 

This new type of field protection has 
now been applied to all 60-cyde genera¬ 
tors rated 50 megawatts and above, ex¬ 
cepting two units already provided with 
undercurrent-undervoltage relays, and to 
one large 25-cycle machine on the system 
with which the authors are connected. 
Though the first installations have been in 
service over a year no operating experience 
is yet available. 

Appendix I. Calculation Method 
for Complete Loss of Field 

Basis of Calculations 

The method used is a step-by-step process 
and takes into account the decrement of 
system generator internal voltages as the 
unexcited machine draws magnetizing cur¬ 
rent. Although less labor in calculations 
would result if this decrement were neg¬ 
lected, the authors’ calculations for some 15 
generators indicate that this decrement is 
usually about 5 per cent at the relay operat¬ 
ing point, and may be as.much as 10 to 15 
per cent at “pull-out.” Consequently, it is 
felt that the additional labor is justified. 

To simplify and reduce this work as far 
as possible, consistent with reasonable ac¬ 
curacy, several simplifying assumptions 
have been made. The first of these is neg¬ 
lecting the effects of changes in system 
load during loss-of-field conditions. Actu¬ 
ally some reduction will take place and will 
cause the bus voltage to be slightly higher 
than calculated at the relay operating point. 

Secondly, oscillations between system 
generators have been neglected, and these 
generators have been lumped into one 


equivalent machine. Since changes in sys¬ 
tem load have been neglected, this machine 
is considered to act as motor, absorbing the 
power output of the unexcited generator. 
While the actual system generators are in no 
sense motors, their effects upon the un¬ 
excited generator and its bus voltage are 
much the same. This assumption is often 
used in transient-stability calculations.® 
Third, saturation of the magnetic circuits 
in the unexcited generator and in the system 
generators has been neglected. While such 
saturation in the unexcited unit acts to 
hasten the decay of bus voltage, the satura¬ 
tion in the system generators acts oppositely. 
Furthermore, the authors’ calculations indi¬ 
cate that the unexcited machine flux is 
usually in the unsaturated region at the re¬ 
lay operating points. 

Fourth, constant prime-mover input to 
the unexcited generator is assumed, since 
the average output is constant up to “pull¬ 
out.” 

Fifth, to determine the relative swinging 
of the unexcited generator rotor against the 
system, system swings are neglected and an 
equivalent inertia is used for the unexcited 
machine. This inertia may be calculated 
by formula 4 of appendix II. 

Sixth, effects of system generator voltage 
regulators have been neglected, 

The formulas and symbols which have 
been used by the authors are for steam 
driven turbogenerators and are given in ap¬ 
pendix n. 

Where system conditions will not permit 
the use of the above assumptions, deter¬ 
mination of loss-of-field conditions becomes 
more complicated. However, practically all 
cases should be capable of solution quite 
readily if an a-c calculating board is used. 

Determination of System Equivalent- 
Motor Constants 

The first step is to determine which system 
generators are likely to be appreciably af¬ 
fected by loss of , excitation oh the unit under 
consideration. 

The system equivalent-motor synchronous 
reactance, «<*,, defined in appendix II, is 
the reactance from the unexcited machine 
terminals to the synchronous internal volt¬ 
ages of the selected system generators, such 


voltages being considered equal and in phase. 
The transient reactance X&', is determined 
in the same way. 

The system equivalent motor inertia, H s , 
is the sum of the corresponding inertias of 
the system generators. 

The field time constant of the system 
equivalent motor, 7y, is a weighted aver¬ 
age of the system-generator field time con¬ 
stants, with greater weight being given to the 
units expected to supply the greater por¬ 
tions of the unexcited generator magnetiz¬ 
ing current. 

Step-by-Step Calculations 

After the initial values of all quantities 
have been determined, the size of the time 
interval, At, should be selected to cause 
relatively small changes in angle and direct 
axis flux during this period. For purposes of 
clarity in the following explanations, it will, 
be assumed that a 0.1-second interval has 
been selected. 

During the first time interval, that is, 
from time zero to time 0.1 second, the angle 
S is held constant, and only the generator 
direct axis flux, e g , is changed. The value 
of this flux at time zero, that is, <?„(„), is re¬ 
duced by the amount Ae g ( 0 ), the change 
from time zero to time 0.1 second, deter¬ 
mined from either formula 8 or 9, depending 
upon whether the excitation supply voltage 
decays gradually or whether it drops to 
zero instantly, as in a solid short circuit. 
The value of E g to be used in this formula 
will, of course, be that for time zero, that 
is, E g („). No change in e g will occur as 
may be seen from formula 10. 

With e g ( 0 .i), e s (o.i) and 5(o.i) thus deter¬ 
mined for time 0.1 second, corresponding 
synchronous voltages £„( 0 .i) and £,( 0 . 1 ), 
generator output, P 0 ( 0 .i), and other re¬ 
quired quantities may be determined from 
the formulas in appendix II. 

During the next time interval, that is, 
from time 0.1 second to time 0.2 second, e g , 
e„ and 8 will change. The change Ae g ( 0 .i) 
will be determined as before, using E t (o.i), 
and will be added to e^o-i) to obtain e g at 
time 0.2 second, that is, e g ^. 2 ). Flux 
«i(o.s) will be obtained similarly. 

To obtain the new angle at time 0.2 
second, J(o. 2 ), several intermediate steps must 
be taken. The difference between the as¬ 
sumed constant input to the machine, that 
is, the initial output P gt neglecting losses, 
and the output at time 0.1 second, P g (o.i), 
constitutes an accelerating or decelerating 
force, depending upon whether this differ¬ 
ence is positive or negative. This force is 
considered as acting from time 0.05 second 
to time 0.15 second, and during this period 
will produce a change in the velocity of the 
generator rotor above system speed. This 
velocity change is designated by the symbol 
Aw(o.i) and is obtained from formula 6. 
The velocity at time 0.15 second is con¬ 
sidered as an average velocity for the timo 
interval 0.1 second to 0.2 second, and is 
designated by the symbol This 

velocity is equal to the algebraic sum of the 
above change in speed, Aw( 0 .o, and the cor¬ 
responding average speed at time 0.05 
second, designated by the symbol w (0 . 05 ). 
Since the angle 8 was held constant from 
time zero to time 0.1 second, w(o.o»/is zero, 
and therefore w(o.»), is equal to Aw( 0ll ). 

The average velocity for the time 
interval, 0.1 second to 0.2 second, is meas- 
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tired in the electrical degrees per time inter¬ 
val, that is, degrees per 0.1 second. Conse¬ 
quently, 65(o.i6) is numerically equal to the 
change in the angle 8 during this period. 
Therefore, 8 at time 0.2 second, 5(o. 2 ), is 
equal to the angle 8 at time 0.1 second, 

2(0-1) plUS 65(0.16). 

The angle at time 0.3 second is obtained 
similarly. Velocity 65( 0 .2s) is equal to 
«(<M8) plus A65(0*2), and 8( 0 .j) is equal to S( 0 . 2 ) 
plus 65(o.2<). 

All subsequent step-by-step calculations 
are made by a continuation of this method. 

These steps are shown in detail by the 
sample calculations of appendix III for the 
generator of Figure 1. 

Other quantities, such as generator ter¬ 
minal voltage and magnetizing current, may 
easily be obtained for each time interval by 
the usual vector calculations. 

Inasmuch as each step of calculations de¬ 
pends upon the previous step, the accuracy 
at each step should be checked as far as pos¬ 
sible. 

Simplifications When Tgf' Is Large 
and Hgf' Is Small 

When the ratio of the generator-field time 
constant, T 0 /, to the generator equivalent 
inertia, H g ' t is around 2.0 or greater, the 
generator-output power oscillations are 
small and may be, neglected without ap¬ 
preciable error. Consequently, as the flux 
decays, the machine advances by just 
enough to hold constant output. 

Therefore, the procedure here consists in 
determining e„ and e M for each step as be¬ 
fore, and then determining by trial-and- 
error process the angle 8 which will produce 
the constant output. Although two or three 
trials may be necessary for each step, the 
number of steps to be calculated will be 
considerably less than required by the pre¬ 
viously outlined method of step increments of 
velocity and velocity change, because much 
larger time intervals may be used. 


Appendix II. Calculation No¬ 
menclature and Formulas 

Nomenclature 

Eg “Generator voltage behind synchronous 
reactance x da (per-unit field current— 
saturation neglected). 

Generator voltage corresponding to 
direct-axis flux (per-unit generator direct- 
axis flux). 

xa t *= Generator direct-axis synchronous re¬ 
actance. 

Generator direct-axis transient re¬ 
actance. 

I — Generator output current. 

ft™Angle between generator and system 
equivalent motor-—electrical degrees. 

Generator power output to system. 

Qe** Generator reactive kilovolt-amperes 
supplied to system and corresponding to 
voltage Eg and current I. 

.E#™ System equivalent-motor voltage be¬ 
hind synchronous reactance (per-unit 
field current-saturation neglected). 

«*** System equivalent-motor voltage cor¬ 


responding to direct-axis flux (per-unit 
motor direct-axis flux). 

Xfa = Direct-axis synchronous reactance of 
system equivalent motor plus system im¬ 
pedance between this motor and the 
generator. 

Xds' — Direct-axis transient reactance of sys¬ 
tem equivalent motor plus system im¬ 
pedance between this motor and the 
generator. 

Xgg = X d g-\-X ds . 

Tgdo' — Open-circuit time constant of gen¬ 
erator—seconds. 

To/ “Field-circuit time constant of gener¬ 
ator during loss-of-field conditions—sec¬ 
onds. 

T g / — Field-circuit time constant of system 
equivalent motor during loss-of-field con¬ 
ditions—seconds. 

t =Time in seconds. 

Af “Time interval selected for step-by-step 
calculations—seconds. 

H 0 =Inertia of generator and turbine rotors 
—kilowatt seconds of generator and tur¬ 
bine rotors divided by the kilovolt¬ 
ampere base used in calculations. 

Hf =Inertia of system equivalent motor— 
kilowatt-seconds of system equivalent 
motor divided by kilovolt-ampere base 
used in calculations. 

Equivalent inertia of generator and 
turbine rotors relative to an infinite 
system inertia—kilowatt-seconds divided 
by kilovolt-ampere base used in calcula¬ 
tions. 

.S'/™Generator acceleration constant cor¬ 
responding to H g '. 

Eat **Initial value of E» before generator 
loss of excitation. 

Pgt= Initial value of P g before loss of exci¬ 
tation. 

/= System frequency—cycles per second. 

S( t ) = 8 at time t. 

Eg( t )—Eg at time /. 

E s ft) =»E, at time t. 

e g ( t ) «* at time /. 

«a(0 “ at time Z. 

Ae 0 ( t ) “Change in e g during time interval 
A t between time t and time (/-{- A/). 

At,( t ) = Change in e a during time interval 
AZ between time / and time (Z+ At). 

P g (t) “ Generator power output at time /. 

Qoii) “ Qo a t time Z. 

«(h-V«aj) “Average velocity of generator 
rotor above system speed during time 
interval At between time Z and time 
(Z-f-AZ)—electrical degrees per time, in¬ 
terval At. 

<■»(«— >M0 “Average velocity of generator 
rotor above system speed during the time 
interval At between time (/— AZ) and 
time /—electrical degrees per time inter¬ 
val AZ. 

A65(i)“ Change in velocity of generator 
rotor from the average velocity 65(,- i/tu) 
to the average velocity 65( 4 +i/,aj)— elec¬ 
trical degrees per (time interval AZ)*. 

Eofit) “Average generator per-unit field 
current corresponding to average exciter 
output voltage during time interval be¬ 
tween time Z and time (Z-j- AZ), divided by 
the generator field circuit resistance. 


All quantities are per-unit quantities on 
the selected system. kilovolt-ampere base 
unless otherwise indicated. 

Formulas 

Field Current—Direct-Axis Flux 
(x d g—Xdo')t s cos 8 


E 0 = 


Xgg — (X d g X&s') 


j X d g X d g 

l | (xtt-xas^Ccos B)*~ 

Xgg 

Xgg-{x d g-x ds 0 _ 


CD 


(x ds —x da ')e B cos 8 
Xgs-(Xdo-X d o') 


Xds-Xds 


X. 


ps 


' ~ 1 (x d g-x dg ')(cos 8)* " 

_ Xgr •— (x d g X dg r ) _ 


( 2 ) 


Real and Reactive Power 
Pg+jQp=— sinft-H 


X 0 


f (^-^coss) (3) 

\ Xgs Xgg ) 


Inertia 

n , HgHg 
H ° ~Hg+H, 


(4) 


Generator Acceleration Constant and 
Velocity 


180/(A<)> 

K ‘ - H/~ 

A0)( t ) “ Kg’(Pgt Pg(,t)) 

“(rt-ViAO “ «(t- VfAt) + Au>(t) 

Field Decrement^—Generator 


(5) 

( 6 ) 
(7) 


When change in exciter voltage during the 
time interval AZ must be considered. 


a - Egf(t)~ E o(t) 

ACff(») rp , AZ 

i gj 


( 8 ) 


When excitation voltage supplied to the 
generator field may be considered as zero 
during the time interval AZ, 


Agg(o = -fy At 
1 or 


(9) 


Field Decrement—System Equivalent 
Motor 


. . Esi—E a (t) ., 

A *(0“—— At 
1 «/ 


( 10 ) 


Appendix III. Sample Calcula¬ 
tions for Generator of Figure 1 

Generator Rating 

137,600 kva 13,800 volts 

110,000 kw 60 cycles 

80 per cent power factor 1,800 rpm 
Full-load field current '■». 1,640 amperes 
Per-unit field current “ 720 amperes 

Prime mover—medium-pressure steam 
turbine 
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Synopsis: Data have been obtained during 
the past three years on the magnitude and 
wave shape of lightning currents discharged 
by arresters in service on several solidly 
grounded neutral circuits of the American 
Gas and Electric Company system. Cor¬ 
related measurements have been obtained 
with the cathode-ray oscillograph, the ful- 
chronograph, and the surge-front recorder. 
The maximum arrester-phase leg current 
recorded in this investigation was 9,600 
amperes with 70 per cent of the currents less 
than 1,000 amperes. The wave fronts of the 
low-magnitude currents were, in general, 
abrupt. For crest magnitudes of over 1,000 
amperes they ranged from two to over 25 
microseconds to crest. The maximum rate 
of rise recorded was 2,500 amperes per 
microsecond. 

The components in all discharges were of 
relatively short duration, with times to half 
value averaging 25 microseconds and with 
no measurable durations in excess of 500 
microseconds. 

Of the 18 arrester-phase legs studied, all 
but one discharged at least once during the 
investigation. Nineteen of the 21 separate 
records of discharges in three-phase arrester 
banks had currents which, if arresters had 
not been installed, would have produced 
voltages in excess of the standard basic 
impulse level for the voltage class of the ap¬ 
paratus involved, so that failure of unpro¬ 
tected equipment might have occurred. 

Purpose and Scope 

T HIS investigation was undertaken in 
1939 to determine the lightning duty 
imposed on arresters in service. Factors 
that affect this are frequency of occur¬ 


rence, magnitude,’wave shape, and mul¬ 
tiple character of the discharges. Five 
measuring stations were set up at different 
three-phase arrester locations, two in 
substations of The Ohio Power Com¬ 
pany in Ohio, and three in substations 
of the Appalachian Electric Power Com¬ 
pany in Virginia. One of the latter loca¬ 
tions was moved during the course of the 
investigation so that in all, a total of six 
arrester banks was studied. 

Description of System and 
Recording Installations 

A summary of the pertinent charac¬ 
teristics of the substations at which the 
recording installations were made is 
given in Table I. They are located in 
regions where lightning was known to be 
frequent and at arrester banks where 
past experiences had indicated that a 
higher than average number of discharges 
was to be expected. The power sources 
feeding the circuits on which the study 
was made are solidly grounded. 

The two recording stations on The 
Ohio Power Company system are at 33- 
kv delta-connected transformers. The 
installations on the Appalachian Electric 
Power company system are made in one 
similar 33-kv station; in two 12-kv sta¬ 
tions, one with grounded-neutral and the 
other with delta-connected transformers; 
and in one 132-kv station with' delta-con¬ 


nected transformers. The station grounds 
and earth resistivity are low at all of 
these locations. 

Pictures and a schematic diagram of 
the recording equipment are shown in 
Figures 1 and 2. Each installation con¬ 
sists of a high-speed fulchronograph, and 
surge-crest ammeter links in each arrester 
phase lead together with a slow-speed 
fulchronograph, crest ammeter links, and 
a magnetic surge-front recorder in the 
common ground lead of the three arrester 
phases. In two cases (Twin City and 
Stone Creek), a cathode-ray oscillograph 
is also connected in the common lead. 
The cathode-ray oscillograph equipment 
was designed and built especially for the 
purpose of automatically recording light¬ 
ning transients. It consists essentially 
of a glass-envelope hot-cathode oscillo¬ 
graph tube, the necessary electrical cir¬ 
cuits, a special camera to photograph the 
trace produced by the transient on the 
fluorescent screen, and a current shunt. 
These recording instruments have been 
described in the literature., 1 ' 2 

The field installations were serviced 
on an average of once a week during the 
lightning season, and usually after each 
lightning storm. 

Paper 42-17, recommended by the AIEE com¬ 
mittees on power transmission and distribution, and 
protective devices for presentation at the AIEE 
winter convention, New York, N. Y., January 
26-30, 1942. Manuscript submitted November 12, 
1941; made available for printing December 11, 
1941. 

I. W. Gross is electrical research engineer with 
American Gas and Electric Service Corporation, 
New York, N. Y. G. D. McCann is transmission 
engineer, industry engineering department, and 
Edward Beck is section engineer, switchgear engi¬ 
neering department, both with Westinghouse Elec¬ 
tric and Manufacturing Company, East Pittsburgh, 
Pa. 

This investigation has been made possible by the 
co-operative efforts of the two companies with 
which the authors are associated, as well as a num¬ 
ber of individuals. The authors acknowledge the 
contributions of the field organizations of The 
Ohio Power Company and the Appalachian Electric 
Power Company in installing and servicing the 
field installations, and of O. Ackermann of the 
Westinghouse Electric and Manufacturing Com¬ 
pany for his assistance in the design and supervision 
of the cathode-ray oscillographs. 


Tgio 1 = 6.26 seconds 


0.241 Tgf — 0.975 second (cor- 


Generator and System Constants 
0.940 

Xig 

responding to. 
field resistance of 
0.138 ohm and ex¬ 
ternal resistance 
of 0.747 ohmV 

*dt “0.511 T,/= 9 0 seconds 

*<t. v 


7 '•=0.264 »= 53.4 seconds 

*0* * 


•1.451 


H g — 7.7 seconds 


Afs=0.1 second H t '= 6.73 seconds 

Reactance—generator bus to generator 
ternjiiials0.048 

All values are on machine rating 137,500 
kva and, 13,500 volts. Reactances' are per 
unit . , 


Formulas 


E a 




e 9 — 0.582g g * cos 6 
0.518 —0.099(cos 5) 2 

e s —0 329e g cos 8 


0.830-0.159(cos «)* 


Po+jQi= 0.689E,E, sin 5+j(0.689£ ff 2 - 

O.Q89EgE s cos S) 

Aco(t) - 16.0(0.436 —Pg(t)) since P ffi - 0.436 
A eg(t) *= — Q. 103 Eg(t) 

0.836-r£./ t ) 

=^ since £,*=0.836 

yu 


The values calculated with the preceding 
formulas are listed in Table II. 
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General Discussion of Records 

Twenty-one separate sets of records 
have been obtained involving 49 single¬ 
phase arrester-discharge currents with a 
total of 88 individual components. Rec¬ 
ords were obtained at all six stations and 
their distribution is shown in the lower 
part of Table I and in the top curve of 
Figure 3. As shown in Figure 3, more dis¬ 
charges per arrester year were obtained 
than in other previously reported inves¬ 
tigations. This is because the locations 
were chosen from past experience which 
indicated that they would yield, more 
than the average number of records. 
The curves in this figure show consider¬ 
able variation from each other. This is 
probably due to a number of factors in¬ 
cluding variance in lightning frequency, 
the number of arresters in multiple, and 
the type of line construction. 

Of the 21 separate records, ten in¬ 
volved discharges in three phases, eight 
in two phases, and three in only one 
phase; Sixteen of the records showed 
only single-component discharges in each 
of the individual arrester phases. In the 
remaining five, which had multiple com¬ 
ponents in one or more phases, the num¬ 
ber of components varied from two to 12. 
Of the 21 records, all but three had maxi¬ 
mum crest magnitudes in the common 
lead which were substantially equal to 
the sum of the maximum crests in the 
individual phases. 

In 12 of the records all of the compo¬ 
nents-were entirely negative. Four rec¬ 
ords were entirely positive. For two rec¬ 
ords the components in two of the phases 
were entirely negative, while the com¬ 
ponents in the third phase were entirely 
positive. One record had nonosdllatory 
components of both polarities in the same 
phase. Two of the records had oscilla¬ 
tory components. Twenty-three of the 



88 individual components, or 26 per cent, 
were initially positive. 

Detailed Discussion of 
Particular Records 

A few of the records which have been 
obtained are discussed in detail because of 
their special interest. In considering 
the fulchronograms, the limit of sensi¬ 
tivity of the fulchronograph should be 
borne in mind. Its lower range of current 

Figure 1. Lightning recording station at the 
Twin City Substation of The Ohio Power 
Company 


sensitivity is about 50 amperes. In addi¬ 
tion, the wave shape of arrester-discharge 
currents with times to half value of less 
than about 20 microseconds will not be 
recorded. Therefore, in the case of cur¬ 
rents of short time to half value or of 
short duration, the instrument will indi¬ 
cate that they were short but will not 
supply accurate information on the times 
involved. Attention is called to this be¬ 
cause most of the components of dis¬ 
charge currents recorded in this investi¬ 
gation were of short duration. 

B—Close-up of the fulchronographs and 
cathode-ray oscillograph shunt 
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comparable simultaneous field records 
of current were obtained with the ful- 
chronographs and the cathode-ray oscil¬ 
lograph. Since only one arrester phase 
discharged, the same current passed 
through one high-speed fulchronograph, 
the low-speed fulchronograph, and the 
cathode-ray oscillograph, permitting a 
direct comparison of their records. 

The current rose abruptly in 2.5 mi¬ 
croseconds to 250 amperes and reached 
its crest of 500 amperes in 20 micro¬ 
seconds. It decayed to half value in 33 
microseconds. After decaying to 100 
amperes in 45 microseconds, it persisted 
at about this value until it decayed below 
the recording range of the fulchronograph 
in 175 microseconds. In 2,750 micro¬ 
seconds it again rose , to about 100. am¬ 
peres and lasted to 2,900 microseconds. 
This second portion might either be power 
follow or lightning current. 

The cathode-ray oscillogram of this 
record illustrates the effect of the arrester 
breakdown on the wave shape of the 
front of the discharge current. After the 
gap breaks down, there is a rapid rise of 


current through the arrester brought 
about by the change in the surge circuit. 
This rate of change, measured in the ar¬ 
rester circuit during the period of read¬ 
justment, is greater than that which 
would exist in the line surge if no arrester 
discharge had occurred. Thus, the wave 
front of the original surge is more nearly 
as shown by the broken line of Figure 
4b. 

Record 72, Figure 5. Only the cath¬ 
ode-ray oscillogram is shown for this rec¬ 
ord, since the duration is so short that 
only (me link of each of the high-speed 
fulchronographs was magnetized. For 
this record, the surge-crest ammeter links, 
the slow-speed fulchronograph, and the 
cathode-ray oscillograph records indicate 
a crest magnitude Of 1,000 amperes in 
the common ground lead. Surge-crest 
ammeter links and high-speed fulchrono¬ 
graphs in the individual phase legs indi¬ 
cate currents totalling 550 amperes which 
is considerably less than the recorded neu¬ 
tral current. The reason far this is un¬ 
known and as pointed out previously, 
such a discrepancy has occurred in only 


TIME IN MICROSECONDS 

<d) 

Figure 4. Record 71 obtained at the Twin 
City substation, May 8, 1941 

(a) Cathode-ray oscillogram of current in 
common ground of lightning arrester 

(b) Replot of oscillogram to a linear scale 

(c) Slow-speed fulchronogram of current in 

common ground 

(d) High-speed fulchronogram of current 

in phase 3 

microseconds and then rose to about 30 
amperes after 66 microseconds. 

Record 77, Figure 6. This record is 
of particular interest. It gives the first 
cathode-ray oscillograph record of a 
lightning-arrester discharge current of 
considerable magnitude. It shows in de¬ 
tail the entire duration of the discharge. 
In addition, it is substantiated by ful¬ 
chronograph records in each of the three 
poles and the neutral of the arrester. It 
was obtained during the failure of a de¬ 
fective bushing in the station. 

Because of its importance, the original 


S w 

* iS 1001- 
o o 

hi (O 

g < 90 - 

2 v 

o « 80 ■ 

I * 

O 111 

h > 70, 
5 <9 

* « 60- 
S'8“- 

s|«. 

os > 

<z30- 

h.2 

o* _ 


GROSS, MCCANN ft BECK 
^34 SINGLE PHASE 
ARRESTER YEARS 


„GR0SS S McMORRIS 3 
1020 ARRESTER YEARS 


^WAGNER, MCCANN 
a BECK 3 

73 ARRESTER YEARS 


HHKUMM 

Essiiss 


1* 3 4 3 6 7 8 . 

NUMBER OF DISCHARGES PER INDIVIDUAL 
ARRESTER PHASE PER YEAR 

Figure 3; Weighted distribution of lightning 
discharges throughIndividual arresters 


a very few cases. 

The neutral current has an abrupt 
front of less than one quarter of a micro¬ 
second and a time to half value of 8 mi¬ 
croseconds. It decayed to zero in 32 


oscillogram shown in Figure 6a has been 
replotted to linear co-ordinates in Figure 
6b. The fulchronograms are plotted in 
Figure 6c. 

An analysis of the record shows that 


Table II. Tabulation of Data on Surge Fronts* 


Time to Crest in 

Crest Magoi- Microseconds 

Phases Nominal tude in Amperes . . ’ 1 

DU- Record System Average of Cathode-Ray Surge-Front 
Charged Number Kv Instruments Oscillograph Recorder 


Average Rate of Rise in 
Amperes Per Microsecond 


Cathode-Ray 

Oscillograph 


Surge-Front 

Recorder 


8......92...... 33.......-9,800.... 

.... 3.7 .. 

.... 4.4 ...1,850... 

.... 8.8 .... 

..... 2,500 

. 58B 


.... 6.6 ... 

..... 665 

2..... ,91...,, .132....... -3,150.... 

3.66... i .. 33....... —2,000.. 

... .Over 25....... 

.... 8.3 ... 

..... 240 

3..... .55. 33,...... -1,600...... 

.... 2 .. 

. 800 


Of 11 additional records of surges with crest, magnitudes less than 1,000 amperes, all had surge fronts of 
less than one microsecond as indicated by seven cathode-ray oscillograms and six surge-front recorded 
records, except the surge of record 71, Figure 4, which had an effective front of 2.5 microseconds. 

* These measurements were made in the common ground lead of three-phase, arrester banks. 


268 Transactions 


Gross, McCann, Beck—Lightning Currents Electrical Engineering 



















NEGATIVE POLARITY *<»*' 


NEGATIVE POLARITY 


10,000 



Figure 5. Cathode-ray oscillogram of record 
72 obtained in common lead of arrester bank 
at the Twin City substation. May 22,1941 

The fulchronographs and surge-crest ammeter 
links both recorded single negative crest 
magnitudes of zero amperes in phase 1, 50 
amperes in phase 2, 500 amperes in phase 3, 
and 1,000 amperes in the common ground. 
The high-speed fulchronographs showed no 
measurable duration 


the three-phase legs of the arrester dis¬ 
charged simultaneously for the sum of 
the crest currents recorded by the ful¬ 
chronographs and the surge-crest amme¬ 
ter links in each phase equals the crest 
magnitude of 6,500 amperes recorded by 
the fulchronograph and surge-crest am¬ 
meter links in the co mm on ground lead. 
The cathode-ray oscillogram showed a 
peak current of 10,000 amperes with a 
high oscillation believed to have been 
caused by the bushing failure. Its mean 
value of 6,500 amperes is in complete 
agreement with the records of the ful¬ 
chronographs and magnetic links. The 
shape of the tail of the wave was probably 
affected by the bushing failure and, there¬ 
fore, should not be taken as indicative of 
the normal arrester discharge. 

Record 94, Figure 7. This record 
consists only of the high-speed fulchrono- 
grarns in the individual phase legs of the 
arrester, as the slow-speed fulchronograph 
and the oscillograph in the common 
ground lead were not in operation. The 
record is of interest, because of the con¬ 
siderable number of components in all 
phases, 7 in phase 1, 12 in phase 2, and 
6 or 7 in phase 3. The third component 
in phase 3 may actually be two super¬ 
imposed oh each other. The crest cur¬ 
rents ranged from a maximum of 9,600 
amperes, the highest recorded in this in¬ 
vestigation, to a minimum of 510 amperes. 
The maximum measurable duration of 
any component was 400 microseconds. 
All of the components were totally nega¬ 
tive, with the exception of the 9,600 am¬ 
pere component which was initially nega¬ 
tive followed by a positive portion with a 
crest of 800 amperes. 

Record 96, Figure 8. This figure 
shows cathode-ray oscillograms of cur¬ 
rent in the common ground lead. The 
duration as measurable on the Mchtono- 
grams was too short to warrant plotting, 
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Figure 6. Record 77 obtained at the Stone 
Creek substation, June 12,1941 

6A Cathode-ray os¬ 
cillogram of current 
in .common ground 
lead of arrester bank 



5 10 15 

TIME IN MICROSECONDS 
(SB) 


6B Replot of os¬ 
cillogram to a linear 
scale 

6C High-speed ful- 
chronograms of cur¬ 
rent in each arrester 
phase 

Slow - speed ful¬ 
chronograph re¬ 
corded a negative 
crest of 6,500 am¬ 
peres and the same 
crest magnitudes as 
recorded by the ful¬ 
chronographs were 
recorded by the 
surge-crest ammeter 
links 



Figure 7 (below). High-speed fiilchronograms of the current in each lightning arrester phase 
for record 94 obtained July 18,1941 at the Twin City substation 
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Figure 8 (left). Cath¬ 
ode-ray osciilo gra ms 
ofrecprd96obtained 
in common. ground 
lead of arrester bank, 
at the Stone Creek 
substation, July 28, 
1941 


The fulchronographs 
recorded compo¬ 
nents of no measur¬ 
able duration and 
the following crest 
magnitudes: 

Phase 1 +150 + trace 
-100 - 200 +600 

Phase 2 No current 

Phase 3 +150 + trace 
-100 -300 +450 

Neutral +300 +trace 
-100 - 500 +1000 



GROSS, MCCANN 8 BECK 
34 COMPONENTS WITH CREST 
'MAGNITUDE EXCEEDING 
1000 AMPERES 


WAGNER,McCANN 8 BECK 2 
18 COMPONENTS 


OMITTING LONG 
'duration RECORD 

NO. 48 
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TIME TO HALF VALUE IN MICROSECONDS 


Figure 10. Percentage distribution-curves of times to half 
value of individual components of lightning currents 
discharged by arresters 


but the recorded crest currents are tabu¬ 
lated in the caption of the figure. The 
arrester phase leg currents were of low 
magnitude and short duration, as indi¬ 
cated by the fulchronograph records and 
the oscillograms. The fronts of all com¬ 
ponents are abrupt. 

Analysis and Discussion of Data 

The records obtained have yielded con¬ 
siderable information on the magnitudes 
and wave shapes of currents discharged 
by arresters in service. Data on wave 
fronts are given in Table II and Figures 
9, 10, and 11 show the distribution of 
crest currents, times to half value, and 
measurable durations of individual com¬ 
ponents. Comparisons are made with 
similar data published previously, since, 
as more and more data accumulate and 
are integrated, existing curves may be 
modified by the added data. 

Crest Currents. Figure 9 shows the 


distribution of the crest magnitudes of 
all 88 components recorded in this in¬ 
vestigation. For comparison with data 
secured in other investigations made with 
the surge-crest ammeter link only, a curve 
for the crests of the maximum compo¬ 
nents in each of the.49 arrester discharges 
is also shown. There is substantial agree¬ 
ment between this curve and the curve 
published by Gross and McMorris. 3 The 
deviations between the curves in the re¬ 
gion of the low currents are probably the 
result of differences in instrument sensi¬ 
tivity. It is of interest that the percent¬ 
age distribution of the crest magnitudes 
of the individual components differs only 
slightly from that of the maximum crest 
current of each discharge. 

The maximum current so far recorded 
in this investigation is 9,600 amperes, ob¬ 
tained in record 94, Figure 7. Currents 
considerably higher than this value do 
occur infrequently in service as reported 
by other investigators; therefore, the 
upper limit of current in Figure 9 must 


be considered with reservations for the 
time being. 

Wave Fronts. Table II lists the data 
obtained on wave fronts by means of the 
magnetic surge-front recorder and the 
cathode-ray oscillograph. They indicate 
that the low current discharges have 
abrupt fronts, usually less than a micro¬ 
second. This is to be expected, since for 
a short period following the sudden break¬ 
down of the arrester gap, the current 
rises quickly as discussed for record 71, 
Figure 4. The low current discharges 
thus give little information on the fronts 
of the surges occurring on the line. For 
currents in excess of 1,000 amperes the 
fronts vary between 2 and 25 microsec¬ 
onds with average rates of rise of from 
less than 125 to 2,500 amperes per micro¬ 
second. The highest rate of rise reported 
by Wagner, McCann, and Beck 2 is 3,200 
amperes per microsecond. Considering 
the number of measurements (29) of 
wave front reported in these two papers, 
the percentage of arrester discharges hav- 


JSAXIMUM CREST CURRENT FROM 459 
MAGNETIC LINK REC0R0S OBTAINED 
BY GROSS' 8 MCMORRIS 3 



CREST MAGNITUDE OF 88 
INDIVIDUAL COMPONEN1 
• GROSS, MCCANN 8 BEC 
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Figure 9(left). Per¬ 
centage distribution 
curves of the crest 
magnitudes of light¬ 
ning currents dis¬ 
charged by arresters 


Figure 11 (right). 
Percentage distribu¬ 
tion curves of the 
measurable duration 
of individual com¬ 
ponents of arrester 
discharges 
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ing rates of rise greater than 3,200 am¬ 
peres per microsecond will be small. 

Times to Half Value. Figure 10 
shows the percentage distribution of 
times to half value plotted on two bases: 

1. Considering all 88 components. 

2. Considering only the 34 components 
that exceeded 1,000 amperes. 

This was done because the time to half 
value of the small magnitude compo¬ 
nents might be influenced by the ful- 
chronograph’s lower limit of sensitivity. 
However, both curves are in good agree¬ 
ment but indicate considerably shorter 
times to half value than the curves pub¬ 
lished by Wagner, McCann, and Beck 
covering measurements on a number of 
systems prior to 1941. It should be noted 
that the Wagner, McCann, and Beck 
curves include only the few records se¬ 
cured on the American Gas and Electric 
Company system before 1941. 

Measurable Duration. Percentage 
distribution curves of the measurable 
duration of arrester-discharge currents 
are given in Figure 11. This duration is 
the time required for the current in a 


component to decay below about 50 am¬ 
peres. Since the measurable duration 
should be greatly influenced by the crest 
magnitude of the surge, the data have 
been plotted both for all 88 components 
and for the 34 exceeding 1,000 amperes. 
As would be expected, longer durations 
are recorded for the higher magnitude 
discharges. The longest duration ob¬ 
tained in this investigation is below 500 
microseconds. This corresponds to the 
results reported by Wagner, McCann, 
and Beck if the long-duration surge ob¬ 
tained by them on an ungrounded system 
is omitted. This was expected since the 
present study has been conducted en¬ 
tirely on solidly grounded neutral sys¬ 
tems. As has been previously pointed 
out, 2 * 4 the windings of grounded-neutral 
transformer banks providing a path to 
ground in parallel with the arrester, are 
more likely to absorb the low-magnitude, 
long-duration portions of a surge than 
are the arresters. 

Arrester Protection. The number of 
arrester discharges which were associated 
with surges that would have produced 
dangerous potentials in the absence of the 


arresters have been estimated and listed 
in Table I. If one or more arrester cur¬ 
rent components in one or more phases 
of any discharge had a crest magnitude 
which indicated that the incoming surge 
on the line would have produced a volt¬ 
age at the station in excess of the standard 
basic impulse level, with no arresters 
present, it was counted as one possible 
failure. Nineteen of the total of 21 rec¬ 
ords had currents above the critical value. 
At Twin City, Stone Creek, and Rocky 
Mount, all discharges were in the danger 
zone. At every station, at least one surge 
appeared that might have caused damage. 
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The Fundamentals of Industrial 
Distribution Systems 


cent lights and small motors unsuited to 
440-volt service would favor the use of a 
208Y/120-volt system. 

Load Density 


D. L. BEEMAN 

ASSOCIATE AIEE 

Synopsis: The intensive manufacturing 
activity accompanying the present defense 
program has stimulated interest in industrial 
electric power distribution. The ultimate 
objective is one of effectively satisfying 
electric power requirements with reasonable 
first cost consistent with a fair standard of 
safety and service reliability. 

This paper presents the fundamental as¬ 
pects of industrial power distribution, with 
particular reference to low-voltage power 
supply to distributed electrical machinery, 
and compares various basic system designs, 
including large concentrated substations and 
distributed load-center substations with 
radial and secondary network modifications, 
as to safety, service reliability, simplicity, 
and so on, relative to estimated installed 
cost. The comparative analysis compre¬ 
hends the complete electrical system be¬ 
tween high-voltage supply bus and utili¬ 
zation terminal of low-voltage feeders. 
The ideal size of unit substation as in¬ 
fluenced by operating voltage and load 
density is covered. 

Principles of system design here disclosed 
are applicable not only to new plant con¬ 
struction but to expansion or moderniza¬ 
tion of existing plants as well. 


T HE intent of this paper is to present 
the comparative merits of the several 
typical forms of industrial plant electrical 
distribution systems presented with a 
view to the general adoption of that sys¬ 
tem which will, in. the majority of cases, 
meet the overall requirements most ef¬ 
fectively. 

General Considerations 

The characteristic features on which the 
evaluation of merit depend are: 

First cost. 

. Safety, 

Service reliability. 

Simplicity of operation. 

Voltage regulation. 

Efficiency. 

Maintenance cost. 

Flexibility in meeting load changes. 


R. H. KAUFMANN 

MEMBER AIEE 

Only the over-all system performance is 
significant. This requires simultaneous 
recognition of all elements between the 
primary power source and the ultimate 
utilization machines. These elements 
are: primary feeder switching and trans¬ 
mission circuits, step-down transformers 
together with their associated high-volt¬ 
age and low-voltage switching equipment, 
low-voltage circuits to secondary distri¬ 
bution centers, secondary distribution 
panels and branch circuits to individual 
loads. 

Primary Operating Voltage 

The primary operating voltage will, in 
general, be fixed by considerations out¬ 
side the general factory requirements. 
The presence of a considerable number of 
large motors may favor the use of 2,400 or 
4,160-volt primary systems. It will 
otherwise be generally preferable to adopt 
the incoming utility-system voltage so 
long as it is not in excess of 15 kv. Com¬ 
mon system voltages are 4,160 and 13,200 
volts. 

Secondary Operating Voltage 

The great majority of manufacturing * 
plants with which we are concerned in¬ 
corporate machine tools powered by rela¬ 
tively small motors, usually not in excess 
of 25 horsepower. Except for very small 
fractional horsepower units, the adoption 
of a nominal 440-volt level is to be pre¬ 
ferred to lower voltages. Advantage can 
thus be taken of substantial reductions in 
secondary switching cost and size together 
with corresponding reductions in second¬ 
ary cable cost. 

The use of four-wire system suitable for 
440-volt motors offers a promising means 
of supplying both power and fluorescent 
lighting from a common system retaining 
the advantages of 440-volt operation. 
Incandescent lighting, while of ever 


The load densities commonly encoun¬ 
tered, including both power and lighting, 
are in the range of about 8 to 25 volt-am¬ 
peres per square foot. 

Lighting load levels for up-to-date il¬ 
lumination intensity may be expected to 
be 4 to 6 volt-amperes per square foot for 
incandescent lamps and 2 to 3 volt-am¬ 
peres per square foot for high power- 
factor fluorescent lamps. 

Power-load densities will be subject to 
greater variation ranging between about 
6 and 20 volt-amperes per square foot. 
Areas devoted largely to assembly will 
show the lower load levels while intensive 
manufacturing areas will show the higher 
levels. 

Accumulated records indicate a fairly 
limited load-density range in the order of 
8 to 15 volt-amperes per square foot for 
existing manufacturing plants, and the 
higher contemplated values apply to pro¬ 
posed new plants. Plants of higher load 
density are known, but this fact does not 
affect the following discussion. 

Specific System Comparison 

To avoid abstract comparisons, a rep¬ 
resentative distributed load block has 
been selected totaling 3,600 to 3,750 kva 
with a load density of 10 volt-amperes 
per square foot and suited to 440-volt 
utilization. Individual control of low- 
voltage radial feeders, averaging 150 kva 
each, is to be provided in all cases. The 
primary service is considered to be 4,160- 
yolt, three-phase, 60-cycle, with a short- 
circuit interrupting requirement of 
150,000 kva. 

Evaluations of comparative installed 
cost includes all electrical equipment be¬ 
tween the main high-voltage power sup¬ 
ply bus and the terminals of the 150 kva 
low-voltage feeders. 

The typical forms of distribution sys¬ 
tems have been classified as follows: 

A. Single large substation—radial low- 
voltage feeders. 

B. Distributed load-center system. 

1. Simple radial (Figure 4). 


Paper 42-21 recommended by the AIEB committee 
on industrial power applications forpresentation at 
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lessening importance for factory lighting, 
may be encountered, and is suited to 120- 
volt operation. This operating voltage 
may be derived from 440-volt system by 
transformers, or by separates lighting trans- 
formers independent of the powersystem.. 

A load composed largely of incandes- 


2. Primary selective (Figure 5). 

3. Secondary selective (Figure 7). 

4. Secondary network (Figure 8). 

Variations and combinations of these 
systems axe used, but this does not alter 
the basic data presented here. 
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Figure 1. Schematic diagram of conventional 
distribution system 

To simplify the text and aid in clari¬ 
fying the interpretation of results, the 
system comparative study has been pre¬ 
sented in two sections: 

1. A comparison of the single large sub¬ 
station versus the distributed load-center 

System. 

2. Comparison of the several forms of load- 
center distribution. 

I. Single Large Substation Versus 
Distributed Load-Center System 

In the past. it has been common prac¬ 
tice to distribute power to a relatively 
large factory area at utilization voltage 
from a single step-down substation ac¬ 
commodating several thousand kilovolt¬ 
amperes. This , will be referred to as the 
conventional method, a typical circuit 
diagram of which is illustrated in Figure 1. 

The modern l^ad-centef distribution 
method incorporates distributed step- 
down stations of smallcapadty (600-1,000 
kva for 440-volt operation and 300-600 
kva for 208Y/120- or 220-volt operation) 
from which low-voltage power is distrib¬ 
uted to the immediately surrounding area 
as shown in Figure 2. A bad-center unit 
is defined as an integrated step-down 
station consolidating step-down trans¬ 
former, high-voltage switching unit, and 
low-voltage switching equipment, as 
typified by the illustration in Figure 3. 

Application of the distributed load- 
center system not only allows a substan¬ 
tial reduction in total system investment 
cost, but also provides numerous other 
advantages. 

Cost 

The distributed load-center system 
shows a lower installed cost than the con¬ 
ventional system because: 

1. Power is transmitted directly to the 
utilization area at high voltage. This ma¬ 


terially reduces cable investment cost and 
total PR losses. 

2. The cost of low-voltage switching equip¬ 
ment is materially less than for the con¬ 
ventional method because of lower short- 
circuit currents associated with the smaller 
substations. 

Although transformer cost per kilo¬ 
volt-ampere diminishes with increasing 
rating, this influence is far overshadowed 
by the cost reductions enumerated under 
1 and 2 for ratings erf 600-1,000 kva at 
440 volts and 300-600 kva at 220 volts. 

For example, the installed cost of these 
two systems, based on the reference load 
block of 3,750 kva, would be about $71,000 
for the distributed load-center system, 
Figure 2, compared with about $103,000 
for the large single substation type Figure 
1 . 

Reductions in secondary cable and sec¬ 
ondary switching-equipment costs for the 
distributed load-center system over¬ 
shadow the increase in transformer cost. 
The necessity of simultaneous recognition 
of all system parts for determining the 
lowest over-all first cost is evident. 

System Planning and Financing 

The use of small load-center substa¬ 
tions permits electrical capacity to be 
added in small increments when and 
where needed; thus large capital layouts 
are not required, making it easier to fi¬ 
nance plant extension. This elimin ate 
the necessity for involved planning; 
hence, reduces engineering costs and er¬ 
rors. On the other hand, large substa¬ 
tions require involved forecasting of loca¬ 
tion and magnitude of loads and high ini¬ 
tial investment, which is not completely 
put to work until the anticipated load is 
reached. If future developments do not 
permit utilizing the capacity of the large 
substation as planned, then the initial in¬ 
vestment is not utilized efficiently or ef¬ 
fectively. 

A spare transformer for the Small load- 
center unit represents less idle capital 


Figure 2. Schematic diagram of load-center 
distribution system 

than the larger spare unit for the large 
station. 

Installation Considerations 

The small substations compared with 
large ones offer many advantages from 
the standpoint of handling and installa¬ 
tion. For example: 

1. No expensive enclosures or foundations 
are required. 

2. The small self-contained metal-enclosed 
load-center unit can be located within the 
working area close to the center of the par¬ 
ticular load area being served, while the 
large substation must generally be located 
at one side of the working area because of 
size and weight of component parts to be 
handled. 

3. They can be moved more easily from 
one location to another to cope with changes 
in electrical demands accompanying changes 
in manufacturing technique. 

4. In the event of a failure, service can be 
restored more quickly because less time and 
equipment is required to move the small 
units. The change can usually be made with 
equipment and personnel normally avail¬ 
able around the average factory. 

These advantages are only fully real¬ 
ized with completely metal-enclosed unit- 
type substations as shown in Figure 2. 

Voltage Regulation 

Because of the shorter secondary runs 
in load-center distribution, voltage drop 
and light flicker are less. This improves 
the performance of motors and lamps, 
and hence facilitates more and better pro¬ 
duction. 

System Flexibility 

Load-center distribution is ideally 
adapted to industrial plants, because it 
may be used in various circuit arrange¬ 
ments to meet varying degrees of service 
continuity required by manufacturing 
processes, and because small units are 
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Figure 3. Typical form of load-center unit substation 



used, variation may be adapted within 
small factories. 

This comparison indicates the load- 
center distribution system as bang the 
most desirable for the average industrial 
plants. The single large substation de¬ 
sign is not only more costly, but is de¬ 
ficient in other important respects, such as 
electrical operating efficiency, voltage regu¬ 
lation, greater initial engineering and plan¬ 
ning, higher financing cost, and less flexi¬ 
bility as to future expansion or extensions. 

Subsequent analysis of variations in 
system arrangement will, therefore, be 
limited to the distributed load-center de¬ 
sign. 

II. Load-Center-System Circuit 
Arrangements 

The principal reason for considering 
variations in circuit arrangements is that 
of service reliability. The various ar¬ 
rangements may be classified into four 
groups typified by forms 1, 2, 3 and 4, 
which provide progressively increased 
service reliability and may be individually 
characterized as follows: 

(All percentage cost figures are based 
on the typical example previously de¬ 
fined.) 

Type 1 — Simple Radial (See Figure 4) 

This arrangement represents the sim¬ 
plest form of load-center distribution and 


provides a single direct electrical channel 
extending to each low-voltage load area. 
All system elements are considered to be 
operated at rated capacity. 

The lowest possible installed cost is ob¬ 
tained due to simplicity of the arrange¬ 
ment and complete absence of secondary 
power-supply duplication, together with 
selection of the. optimum size of load- 
center unit. (See appendix for further 
discussion.) 

For cost comparison, this arrangement 
will be arbitrarily assigned a value of 100 
per cent. 

The inherent simplicity together with 
circuit breakers of adequate interrupting 
capacity results in a high order of safety. 
The load-center unit-substation primary 
disconnecting switches are for isolating a 
load-center unit only when completely 
deenergized. 

All load to a particular area is always 
delivered by way of a single well-defined 
route which makes for simplicity in opera¬ 
tion. 

Voltage regulation is only slightly in¬ 
ferior to the best circuit arrangement con¬ 
sidered, the difference being due to nor¬ 
mally operating all transformers and 
cable at full rated capacity. 

Service reliability of this arrangement is 
not the best, for a failure of the primary 
cable or its associated junctions interrupts 
power flow to the entire load block pend¬ 
ing repair or installation of a temporary 



Figure 5. Schematic diagram of primary- 
selective-circuit arrangement 

section. A failure of a load-center trans 
former or its associated connections re¬ 
sults in an interruption of power to that 
local area pending repair or replacement 
of the faulty unit. To deenergize one ele¬ 
ment for inspection or maintenance (that 
is, primary feeder breaker, load-center 
transformer or high-voltage disconnect 
switch) likewise demands interruption of 
power flow. 

In the great majority of applications, a 
higher degree of service reliability will be 
desired and warranted. 

Type 2—Primary Selective (See Figure 

5) 

As will be observed from the figure, this 
circuit arrangement is distinguished by 
the use of duplicate primary high-voltage 
feeders, either of which is capable of 
handling the entire load block in com¬ 
bination with a high-voltage transfer 
means at each load center. 

Under normal operating conditions, 
approximately equal numbers of load- 
center unit substations are fed from each 
primary cable. While operating nor¬ 
mally in this condition, operating char¬ 
acteristics are practically the same as the 
type 1. 

The presence of the primary transfer 
means makes it possible to reestablish 
service to all load centers with one pri¬ 
mary feeder deenergized. 

A failure of one primary cable would in¬ 
terrupt service to those load centers which 
were being fed from this circuit. Service 
can be restored by changing the position 
of the. transfer means at the respective 
load-center unit substations. The dura¬ 
tion of the outage will depend on the time 
required to locate the system operator 
who is authorized to operate the transfer 
means and the time consumed in visiting 
those stations at which power interrup¬ 
tion occurred. 

For maintenance or inspection of pri- 
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mary circuit equipment, only a short in¬ 
terruption is occasioned since load centers 
are individually transferred before de¬ 
energizing the primary feeder. 

It is important to note that, following 
reestablishment of voltage on a primary 
feeder, load-center units should again be 
returned to their normal feeder, which 
will account for another service inter¬ 
ruption of short duration. 

The use of a primary loop circuit as il¬ 
lustrated in Figure 6 constitutes a varia¬ 
tion of the primary selective circuit ar¬ 
rangements. Unless automatic section- 
alizing circuit breakers are incorporated, 
a primary circuit fault results in an ex¬ 
tended interruption to the entire load, no 
part of which can be reenergized until the 
circuit has been sectionalized to exclude 
the faulty section. The chief advantages 
of the loop circuit are: 

!• The ability to combine feeder and tie- 
circuit functions when primary power-supply 
stations are located on opposite sides of the 
plant. 

2. The ability to isolate a particular load 
center in the event that fire or explosion 
should damage both primary cables at one 
location. 

3. Primary circuit loading is inherently 
equalized with both primary switches at 
each load center closed as they normally 
would be. 

The installed cost is increased due to 
additional primary switching equipment, 
high-voltage cable, and the use of pri¬ 
mary transfer means on all load-center 
unit substations. The cost of this ar¬ 
rangement, relative to the cost of .the 
simple radial becomes about 130 per cent. 

For a primary circuit-interrupting re¬ 
quirement not exceeding 50,000 kva at 
circuit voltages belowfive kilovolts,metal- 
clad circuit-breaker transfer means, in¬ 
cluding a two-position structure with one 
circuit breaker, can be used without in¬ 
creasing the over-all cost level by more 
than approximately five per cent, as com¬ 
pared with disconnecting switches as the 
transfer means. 

Safety is impaired when the primary 
transfer means is disconnect switches. 
Although interlocked to prevent opera¬ 
tion except when low-voltage breakers 
are open, hazards nevertheless exist 
The presence of a transformer turn-to- 
turn coil failures may allow the flow of 
substantial primary current irrespective 
of low-voltage breaker position. A major 
electrical fault at a transformer or its as¬ 
sociated primary connections, which pro¬ 
duces a primary circuit trip-out, may lead 
to serious consequences since normal rou¬ 
tine procedure provides for transferring 
all deenergized , load-center:* units to 



Figure 6. Schematic diagram of primary- 
selective-circuit arrangements with loop pri¬ 
mary feeder 


healthy feeders. When the faulty trans¬ 
former is so transferred, the faulty circuit 
is closed on the healthy feeder by means 
of the transfer disconnect switch. Of 
lesser importance but nevertheless dis¬ 
turbing is the fact that a complete shut¬ 
down of both primary feeders results, 
and much confusion may easily exist be¬ 
fore service is reestablished. 

Circuit breakers adequate for high- 
voltage system short-circuit duty should 
be considered in all cases, as they elimi¬ 
nate the shortcomings of disconnect 
switches. 

Service reliability^ is much better than 
that provided by this circuit arrangement 
except under unusual circumstances as 
covered under the topic of safety. It is 
to be expected that primary circuit fail¬ 
ures will be far more numerous than trans¬ 
former failures, many of which will be 
accounted for by imperfect cable tap con¬ 
nections or termination. 

•* The service interruption of more or less 
indeterminate duration following a pri¬ 
mary circuit outage is of course objection¬ 
able but may, in many instances, be tol¬ 
erated. 

The fact that both primary circuits are 
usually brought into close proximity at 
every unit substation represents a dis¬ 
tinct hazard to service continuity. 

The presence of the transfer means 
which must be manipulated on a number 
of load centers for every transfer from 
normal to emergency operation and again 
in restoring normal conditions, makes this 
circuit arrangement slightly more com¬ 
plicated to operate than the simple radial 
circuit arrangement. 

Type 3—Secondary Selective (See 

Figure 7) 

The secondary selective circuit ar¬ 
rangement differs from those previously 
described in that the load center incor¬ 
porates complementary branches, each 
permanently associated with a particular 
high-voltage feeder. Transfer from nor¬ 
mal to emergency operation is accom¬ 


plished by means of a low-voltage tie 
breaker between the two complementary 
sections. This extends the duplication of 
supply to the load-center low-voltage bus 
and thus provides for continued service 
with either a transformer or a primary 
feeder out of service. 

Under normal conditions the tie breaker 
is open and both transformer breakers are 
closed, in which state the system exhibits 
all the elements of simplicity to be found 
in the simple radial system. 

For emergency operation, the trans¬ 
former low-voltage breaker associated 
with the channel which has been or is to 
be deenergized is opened and the low- 
voltage tie breaker closed. Loading levels 
have been selected such that a trans¬ 
former is subjected to not more than 125 
percentratingduringemergencyoperation. 

The installed cost is increased over that 
of the primary selective arrangement 
largely because of reduced normal loading 
level on transformers. The relative cost 
level is between 145 and 150 per cent of 
the’ cost of the simple radial circuit. 
However, the reduced normal transformer 
loading provides additional benefits, aside 
from service reliability in the form of 
lower losses, lower transformer tempera¬ 
ture and consequent increased life, and 
better voltage regulation. The cost per 
kva can be reduced by normally operat¬ 
ing the transformers at a load more 
nearly equal to rating, depending on load 
curtailment to avoid excessive trans¬ 
former load during emergency operation. 

The same order of safety as associated 
with the simple radial circuits is retained. 
All transfer switching from normal to 
emergency conditions and vice versa is 
performed on full interrupting-capacity 
low-voltage air circuit breakers. The pos¬ 
sibility of producing a complete primary 
system shutdown by transferring a fault 
to the healthy feeder is eliminated. The 
individual transformer primary discon¬ 
nect switch is used only for isolating pur¬ 
poses and on this basis may be considered 
to represent only a slight hazard. 

In respect to service reliability, this cir¬ 
cuit arrangement excels the primary-se¬ 
lective circuit. Continued operation is 
insured with a transformer as well as a 
primary cable out of service. For very 
little increased cost, provision can be 
made for automatic transfer to emergency 
operation through electrical operation of 
the tie breaker, by which means restora¬ 
tion of voltage may be accomplished 
within an interval of about one to two 
seconds. The normal operation of trans¬ 
formers at considerably less than rating 
allows an unusual temporary load demand 
in any area to be met without distress. 
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Simplicity of operation comparable with 
that of the simple radial circuits is ob¬ 
tained. The low-voltage tie breaker be¬ 
tween complementary bus sections repre¬ 
sents the only feature which modifies the 
operating procedure. 

Voltage regulation is reduced under nor¬ 
mal operating conditions as a result of 
reduced transformer loading. Voltage 
regulation under emergency operating 
conditions is only slightly inferior to that 
of the simple radial circuits as a result of 
transformer operation of 125 per cent 
rating. 

Type 4—Secondary Network (See 

Figure 8) 

The secondary network system is dis¬ 
tinguished from others in that continu¬ 
ously connected duplicate sources are 
provided to each low-voltage load-center 
bus. The prime source is represented by 
a transformer tie to the primary system 
while low-voltage tie circuits intercon¬ 
nected with one or more other prime 
sources constitute the emergency source. 

Two or more primary feeders are used, 
and. the emergency source for one load 
center is derived from prime sources asso¬ 
ciated with a different primary feeder. 

Provision is made for automatically 

Table I. Relative Performance Characteristics, Load-Center Distribution 

System Design 





NO 1 
SIMPLE 
RADIAL 
(FIG 4 ) 

NO. 2 
PRIMARY 
SELECTIVE 
(FIG 9 ) 

NO 3 

SECONDARY 
SELECTIVE 
(FIG 7) 

NO. 4 
NETWORK 

(FIGS) 

LOAD CENTER UNIT 
DETAIL 

Mill 

vwBSw. 

m 

l k 

>»«««» tuAAl 
wffff ffifT 

W T V T V 

m 

t 

Tn.p 

jrii'X. 

TRANSF* LV CIR BRKER 

AL-2I200A 



. I200A 


(90000IC) 



NET PROT. 

FEEDER CIR BRKER RATING 

AEIB400A 



. AL- 2 400A 


(29000 IC) 



(50000IC) 

TOTAL NO FEEDER CIR.BRKERS 25 

25 

24 

24 

LOAD CENTER UNITS NO. 
UNIT TRANSF KVA 
TOTAL TRANSF KVA 

FIRM LOAD CAPACITY 

5 

750 

3750 

5 

750 

J750 

*3750 

4 

750 
. 6000 
*3750 

6 

750 

.4500 

"3750 


ZOO 


three or more primary feeders. This can 
also, be accomplished in two-feeder sys¬ 
tems by the introduction of primary 
transfer switches in combination with 
suitable means for insuring prompt trans¬ 
fer of load-center units to healthy feeders 
following loss of voltage on one feeder. 
Transfer devices offer no economic ad¬ 
vantage over three-feeder systems, hence 
are not considered because of the hazard 
of transfer switches. 

It will be immediately apparent that 
the introduction of permanently con¬ 
nected emergency tie circuits will in¬ 
crease the low-voltage short-circuit cur¬ 
rent level unless the size of . load-center 
units is simultaneously reduced. Where a 
number of load-center units are inter¬ 
connected on the low-voltage side, careful 
design and specification of tie circuit im¬ 
pedance will be necessary to realize the 
most favorable economic balance. It will 
quite often be necessary to insert reactors 
in the tie circuits to obtain the desired 
results. The same care in system design 
is required in incorporating one or more 
additional load-center units in the net¬ 
work at a future date as dictated by fu¬ 
ture load conditions. 

The installed cost of the secondary net¬ 
work referred to the simple radial type 
will be in the range of 175 to*200 per cent. 



Figure 7. Schematic diagram of secondary-selective-circuit arrangement 


dealing any particular prime source or tie 
circuit which becomes involved in fault 
without interrupting other source connec¬ 
tions. This requires a network protector 
in the secondary of each transformer. A 
network protector is an automatic drcuit 
breaker equipped with directional relays. 
The relays trip the protector whenever 
power flows from the low-voltage to the 
high-voltage terminals of the transformer. 
It does not trip for power flow in the op¬ 
posite direction. Automatic redosing is 
provided. 

The required reserve capacity in pri¬ 
mary cables and transformers is not 
greatly different than that for the second¬ 
ary sdective circuits. Loss of voltage 
on one primary feeder immediatdy re¬ 
sults in automatic transfer of the load 
previously carried by that feeder to ad¬ 
jacent load centers by way of the inter¬ 
connecting low-voltage tie circuits. Re¬ 
serve transformer capadty is needed to 
avoid transformer loading levds in excess 
of 125 per cent of rating. Two primary 
feeders, to which the load centers are al- 
ternativdy connected, would require that 
the normal load levd per transformer be 
hdd to 63 per cent of rating. The re¬ 
quired transformer capadty may be re¬ 
duced by about 30 per cent by the use of 
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The increased cost is the result of the in¬ 
troduction of low-voltage tie circuits and 
the more costly low-voltage switching 
equipment demanded by increased short- 
circuit current level. 

With respect to safety, the secondary 
network, with low-voltage circuit break¬ 
ers of adequate interrupting capacity, is 
comparable with the secondary selective, 
and the simple radial types. JThe fact 
that more than one source circuit must be 
opened to deenergize a particular load- 
center low-voltage bus represents some 
additional hazard, unless highly trained 
personnel is available. 

The increased low-voltage short-circuit 
level to be expected with the secondary 
network is opposed to the interests of 
safety. Higher short-circuit current 
levels mean more violent disruptive ef¬ 
fects at the point of fault. It may also 
jeopardize the safety of nearby branch 
circuit-switching units and individual load 
controllers unless the system is carefully 
checked and designed to avoid such a 
possibility. 

Service reliability is of the highest order 
to the load-center low-voltage bus. A 
primary feeder or transformer unit may 
be deenergized without incurring inter¬ 
ruption of service to any load center. 
Electrical faults in primary feeders or 
transformers will be automatically re¬ 
moved without service interruption ex¬ 
cept for a momentary voltage depression 
during the time the faulty element is be¬ 
ing severed from the system. 

Operating simplicity is sacrificed in the 
secondary network. In general any sys¬ 
tem incorporating multiple paralleled 
branches introduces operating complica¬ 
tions. Should primary feeders originate 
from different high-voltage bus sections, 
as they should preferably do, voltage or 
phase-angle differences between these two 
sources will cause circulating currents 
which increase the loading on some load- 
center transformers and may create many 
perplexing problems for the operating de¬ 
partments. To deenergize a particular 
load-center low-voltage bus requires that 
two or more source circuits be opened. 
The maintenance and adjustment of net¬ 
work protectors with their associated net¬ 
work relays require greater skill than do 
conventional air circuit breakers. 

Voltage regulation is good but not sig¬ 
nificantly superior. The normal load 
regulation may be either above or below 
the secondary selective circuit, depending 
on the particular form being considered. 
The regulation under emergency opera¬ 
tion is likely to be inferior to the second¬ 
ary selective form due to voltage drop ' 
in the low-voltage tie circuits, 
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It excels in the ability to accept heavy 
motor starting currents without light 
flicker which is directly the result of higher 
short-circuit current levels. This feature 
will be of value, however, only if motor 
starting currents approach that value 
which will produce light flicker. For in¬ 
stance, across-the-line starting of a 25- 
horsepower motor on a 440-volt system 
having a short-circuit current level of 
25,000 amperes will result in a voltage 
drop of only one per cent. Since this 
would be judged to represent no notice- 
■ able flicker effect even with incandescent 
lighting, an increase in short-circuit cur¬ 
rent level could not be credited with im¬ 
proving light flicker. However, when 
larger motors are to be started on the 480- 
volt system, the network acquires some 
additional advantage. 

Summary of Comparative 
Performance 

Comparative installed-cost and elec¬ 
trical-performance characteristics of the 
various forms of distributed load-center 
systems are condensed in Table I. Quali¬ 
ties which are incapable of numerical 
evaluation are rated in terms of letters, 4 
representing the best, B the next best, and 
so on. 

The system cost comparisons are based 
on the representative load area expressly 
defined in the early part of this paper. 
While deviations from this basic load con¬ 
dition will influence the specific values,to 
some degree, all systems will be similarly 
affected. 

In every case, air circuit breakers of 
adequate interrupting capacity have 
been used for all low-voltage switching 
operations. Cascade arrangements 5 are 
used where it permits savings on breaker 
cost. All systems have been designed to 
provide individual control of the same 
number of secondary feeder circuits. An 
average unit feeder capacity of 150 kva 
(about 200 amperes at 440 volts) has 
been selected as representing a reasonable 
value commensurate with operating flexi¬ 
bility and ease of installation. 

The selection of load-center unit rat¬ 
ings has been made with optimum in¬ 
stalled cost as the objective. 

Application of Limiters 

For the purpose of diminishing the in¬ 
stalled first cost, particularly in the case 


To realize the service reliability of 
which the system is capable, of course, 


demands that the fault-current interrupt¬ 
ing ability be unquestionably established 
under service conditions. 

The application of limiters without 
proper isolating switches seriously im¬ 
pairs safety and operating flexibility. 
To deenergize any part thereof requires 
either that the entire network be deener¬ 
gized or the particular section be isolated 
by literally cutting the energized conduc¬ 
tors. The former would nullify the serv¬ 
ice continuity rating which the network 
systems claims as its chief advantage. 
The latter constitutes a serious hazard to 
operating personnel. 

All repairs, additions or modifications 
made after the system is initially ener¬ 
gized must be worked “hot”. Although 
such practice is quite common in the 
utility industry, its successful application 
depends on a maintenance crew unusually 
skilled in handling electrical circuits and 
kept in practice by continual experience. 
The usual industrial plant would be un¬ 
likely to maintain a competent group of 
such skilled men and would afford insuf¬ 
ficient practice to maintain proficiency. 

The usual limiters incorporate no 
positive operation indicator. Tie circuits 
may have been divorced from the system 
as a result of internal fault without 
warning to the operating department 
and thus constitute a hazard to service 
continuity under emergency operating 
conditions. 

Selection of Circuit Arrangement 

The problem of selecting that circuit 
arrangement which will satisfy applica¬ 
tion requirements becomes primarily one 
of balancing service reliability against 
installed cost. It should, however, be 
borne in mind that a system, theoretically 
not perfect, but with the best possible 
type of equipment, is better than a sys¬ 
tem more perfect on paper, but with 
second-rate apparatus, such as a fusible 
dement instead of a breaker. 

Service reliability requirements will 
vary widdy for various service conditions. 
The requirements for warehouses and 
storerooms will be low, although the abil¬ 
ity to restore excitation to the more im¬ 
portant circuits is obviously advantage¬ 
ous. General manufacturing plants op¬ 
erating on a piece-rate basis have observed 
that dectrical-service outages of as much 
as twenty or thirty minutes rarely result 
in diminished output for that day. A 
few industrial processes are seriously in¬ 


significant interval, such as wire enamel¬ 
ing and glass working. 

In these more exacting applications, the 
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of the secondary network system, the 
substitution of limiters for air circuit 
breakers has been proposed. 


fluenced by service interruption for anj 




COST PER KVA OF CAPACITY-DOLLARS 


secondary network-System may be justi¬ 
fied, although even an allowable outage 
interval of two or three seconds will permit 
application of the secondary selective cir¬ 
cuits with automatic transfer, at consid¬ 
erably less cost. 

For all but the most exacting require¬ 
ments, the secondary-selective-circuit ar¬ 
rangement should find general if not uni¬ 
versal application in industry in view of 
these outstanding merits. 

1. Moderate Installed Cost 

Based on maintaining full system load 
during emergency operation, the cost is 
moderately greater than that of the mini¬ 
mum tolerable system arrangement. The 
increased cost above the simple radial 
system is largely invested in active mate- 


formers need only be operated when com¬ 
pletely deenergized. 

3. Good Service Reliability 

Each secondary feeder circuit has ac¬ 
cess to two low-voltage sources derived 
from different primary feeders. Auto¬ 
matic transfer may be readily incorpo¬ 
rated to limit service interruption to an 
interval of one or two seconds. 

4.. Simple to Operate 

The operating simplicity of the simple 
radial system is obtained. There is no 
question as to the proper switching opera¬ 
tion required to meet a particular situa¬ 
tion. Each duplex load-center unit is 
self-contained and independent of others. 


Load density affects the over-all system 
costs, principally because of the effect on 
cable cost. The total installed cost per 
kilovolt-ampere of load-center distribution 
system for load densities 2 volt-amperes to 
20 volt-amperes per square foot inclusive 
are shown in Figure 11. The range of load 
densities studied should cover most average 
factory installations. It is interesting to 
note that, regardless of load densities, the 
shape of the curves is the same, and the 
optimum size of units is not affected. 

The kilowatt losses per kilovolt-ampere 
capacity is substantially constant over the 
range of units from 100 to 1,500 kva. 

The above curves have all been for 480- 
volt secondaries. When lower-voltage sec¬ 
ondaries are used, the cost per kilovolt¬ 
ampere of the system is higher, because of 
the great amount of secondary cable re¬ 
quired and because of the increased cost of 
secondary switchgear. This results in most 
economical sizes of transformers for 240- 


rial (primary cables and transformers) 
which return benefits in the form of im¬ 
proved voltage regulation, reduced op¬ 
erating temperature, lower losses, and the 
ability to meet unusual temporary peak 
load demands without distress. 

For areas which allow a lower order of 
service reliability, first cost can be re¬ 
duced by curtailing load during emer¬ 
gency operation. A 40 per cent load re¬ 
duction during emergency operation al¬ 
lows system first cost to be reduced to 
within about 10 per cent of the simple 
radial circuit. No change in load-center 
size or design is needed, the result being 
accomplished merely by assigning a larger 
normal load block to the particular load 
center. 

2. High Order of Safety 

All secondary switching operations af¬ 
fecting service are performed with low- 
voltage air circuit breakers of adequate 
interrupting capacity. The disconnect¬ 
ing switches on the primary of the trans- 



Figure 9. Cost of load-center distribution as a 
function of transformer size 


480 volts 


5. Voltage Regulation Is of the 
Best 

The normal voltage regulation is en¬ 
tirely comparable with that of any other 
system, although the difference between 
any of the distributed load-center systems 


volt or 120/208-volt circuits, being 300 to 
600 kva. 

Figure 12 shows the comparative cost of 
120/208-volt load-center radial system com¬ 
pared vrith 480-volt system. 

Voltage Regulation and Short-Circuit 
Current Level 


is actually not significan t. 


Appendix 

Optimum Size of Load-Center Unit 

The most economical size of unit substa¬ 
tion is determined principally by the cost 
of the unit substation itself. This point is 
illustrated in Figure 9, which shows the 
cost per kilovolt-ampere of the small capac¬ 
ity of a radial load-center distribution 
system and the cost per kilovolt-ampere of 
the load-center unit. 

The smaller load-center units are more 
expensive, because small equipment is inher¬ 
ently more expensive per kilovolt-ampere. 
The larger load-center units become increas- 


The normal voltage regulation of a dis¬ 
tribution system will be controlled pri¬ 
marily by transformer regulation and volt¬ 
age drop in low-voltage circuits. 

Transformer regulation will be in the 
order of one per cent at 1.0 power factor and 
three to four per cent at 0.8 power factor at 
rated current and correspondingly less at 
lower currents. 

The voltage regulation in low-voltage cir¬ 
cuits is a function of conductor configura¬ 
tion, current loading and length of run. 
Using three-conductor or three single-con¬ 
ductor cables in conduit, in sizes ranging 
from 1/0 to 500,000 at current levels ap¬ 
proaching the thermal rating, the voltage 
regulation, on the basis of 440 volt, three- 
phase, three or four-wire service, will be in 
the order of one-half to three-fourths per 


mgiy expensive because of the large switch- 
gear required to handle the high, short- 
circuit current accompanying larger trans¬ 
former banks. The optimum size of trans¬ 
formers lies between these two limits and 
for 480-volt secondaries 600-, 750-, and 
1,000-kva units are most economical. 

The shape of these curves of Figure 9 is 
accentuated by cable costs. For the smaller 
units more primary cable but less secondary 
cable is required. For the larger units less 
primary cable is required, but there is a very 
material increase in the amount of second¬ 
ary cable necessary to transmit the power 
over the larger load area. This point is 
illustrated in Figure 10. 
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figure 10. Cable cost'as a function of trans¬ 
former size 
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Figure 11. Load-center distribution system 
costs as affected by load density 

480 volts 

Curve A —2 volt-amperes 
Curve B —5 volt-amperes 
Curve C—10 vol t-amperes 
Curve D—20 volt-amperes 
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Figure 12. Comparative costs of 120/208* 
volt and 480-volt load-center distribution 
systems 


cent per hundred feet of transmission, and 
will be more or less independent of power 
factor in the range of 0.7 to 0.9 lagging. At 
lower operating voltages, theper cent voltage 
regulation will be correspondingly increased. 

Separation of conductors increases the 
reactive voltage drop and increases the 
voltage regulation by increasingly greater 
amount as the power factor deviates from 
unity in the lagging direction. 

Incremental voltage or flicker-influence 
factor goes hand in hand with short-circuit 
level. The greater the short-circuit current 
the lower will be the abrupt voltage change 
resulting from a given low-power-factor 
abruptly applied load. 

However, increased short-circuit current 
level means increased low-voltage switch¬ 
ing-equipment expense, more violent dis¬ 
turbance associated with an electrical 
fault, and restricted application of conven¬ 
tional motor starters. It is therefore advis¬ 
able to design for the lowest short-circuit 
current level commensurate with best over¬ 
all economy and freedom from light flicker. 
No benefit can be claimed, as far as light, 
flicker is concerned, for increasing the short- 
circuit current above that required for free¬ 
dom from flicker. 

■' The magnitude of hbrupt voltage dip 
which cain be permitted if the frequency of 
the occurrence is of the order of a few per 
hour is about two per cent for incandescent 
and about , four per cent for fluorescent 
lighting. 


Table II shows the required short-circuit 
current level to permit full-voltage starting 
of general-purpose induction motors for 
two per cent and four per cent voltage dip 
respectively on a 440-volt, three-phase sys¬ 
tem. 


Table 11. Required Short-Circuit Current Level 
for. Limited Voltage Dip With Across-the- 
Line Motor Starting 


Motor Rating 
(Horsepower) 

2% Dip 
(Amperes) 

4% DiP 
(Amperes) 

15. 

... 7,500. 

. 3,750 

30. 

... 15,000. 

.7,500 

50. 

...25,000. 

.12,500 

100. 

...60,000. 

.25,000 


Effect of Load-Density Variation 

Variation in load density influences the 
mean length of run (MLR) between the 
load-center bus and the utilization machine. 
The MLR directly affects the investment 
cost In low-voltage distributing circuits 
(about two to four dollars per kilovolt¬ 
ampere per 100 foot at 440 volts) and the 
voltage regulation (about one-half to three- 
fourths per cent per 100 foot at 440 volts 
with closely spaced conductors). 

The area associated with a given load 
center will be directly proportional to load- 
center rating and inversely proportional to 
load density. It follows that the MLR will 
vary in like manner except as the square 
root of load-center rating and load density, 
since the length of run is governed by the 
lineal dimension of the sides. Expressed 
mathematically, this becomes 


MLR-k J— ” ttot 
" load density 

assuming, of course, that the shape of the 
load area remains unchanged. 

Low-voltage circuit runs generally follow 
a rectangular course coinciding with the 
building form rather than a direct diagonal 
path to the subdistribution point which in¬ 
creases the length of run by 40 per cent for 
square load areas. 

To enable rapid evaluation of low-voltage 
MLR, the attached Figure 13 has been pre¬ 



Figure 13. Mean length of secondary run 
„ versus load density 


pared, giving the horizontal MLR as a func¬ 
tion of lo’ad density for various load-center 
ratings, based on rectangular configuration. 
To this must be added the vertical lengths 
almost invariably involved. For floor or 
underfloor installation, a 10-foot allowance 
(5 feet at each end) is reasonable. For over¬ 
head installation, a 15- to 30-foot allowance 
would generally be expected. 
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the response of these relays to transient 
currents of nonsinusoidal wave form can 
be specified in a more generalized form. 
Field and laboratory tests which have 
been made have shown good agreement 
with the results of the differential-an¬ 
alyzer study, although it has not been 
possible to cover the complete range by 
test. 


T HE factors involving current-trans¬ 
former performance that affect the op¬ 
eration of protective equipment have re¬ 
cently received considerable attention. 1- * 
The fact that the transient performance 
may be greatly different from the steady- 
state performance has been recognized, 
but little quantitative data on transient 
performance have been published. Data 
from oscillograph records of tests and 
from approximate analytical methods 
have definitely indicated the magnitudes 
of the expected steady-state errors and 
at the same time conveyed the thought 
that the transient errors would be very 
much larger. This paper presents some 
of the results of a study of current-trans¬ 
former transient performance that has 
been made on the differential analyzer 
with the effects of transformer saturation 
more accurately considered. 

While the information presented here¬ 
with is neither a complete coverage of the 
subject nor even a complete summary of 
what has been done to date by the au¬ 
thors, it has seemed desirable to publish 
it now for the general benefit of the inter¬ 
ested engineers. More specifically the 
data presented apply to current trans¬ 
formers such as might be encountered in 
bus-differential protection. The magni¬ 
tude of expected error under various con¬ 
ditions of application was studied for a 
wide range of transformers of the con¬ 
ventional bar-type construction and of 
the bushing type, but it is possible to pre¬ 
sent only a small part of these results here 
because of space limitations. Most of the 
data presented here on the bushing-type 
transformer was for a transformer physi¬ 
cally larger than would be normally used, 
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in order that the data would show what 
improvement can be affected through in¬ 
crease in size. 

• Certain broad assumptions have been 
made regarding the distribution of fault 
current between circuits, the degree of 
similarity of the various transformers, 
and so «n, since all combinations of pos¬ 
sible operating conditions cannot be con¬ 
sidered in a study of this type. However, 
the data will be useful as a basis for judg¬ 
ing the expected performance of existing 
and contemplated installations, particu¬ 
larly since the effects of variations of such 
important factors as the magnitudes of 
fault current, size of transformer, number 
of transformers, and time constant of the 
d-c component of fault current have been 
studied. In addition to the factors in¬ 
volving the current, the data have been 
referred to a base involving a factor which 
is called the transformer size constant 
This size constant depends upon the 
physical construction of the transformer 
and the total secondary resistance both of 
the winding and of the burden. With this 
information the data already presented 
can be translated to apply to other trans- 
fomjers if the physical dimensions and the 
secondary loading are known. 

The results were recorded as reproduc¬ 
tions of the error current in the differen¬ 
tial-relay circuit versus time during pe¬ 
riods of large through-fault currents, and 
a portion of these results is summarized 
here as a function of the governing factors 
mentioned above, with respect to the. ap¬ 
plication possibilities of instantaneous 
overcurrent and of time-delay overcur¬ 
rent relays. For other types of relays, 
such as those having harmonic restraint, 4 
d-c restraint, percentage differential re¬ 
straint, and so on, it will probably be 
necessary to consider each application on 
its own merits, at least until a time when 


Conclusions 

From the data presented here, as well as 
from the large amount of data taken 
which could not be included, the following 
conclusions may be drawn: 

1. The concept of transformer size con¬ 
stant has been introduced. The transient 
performance of two transformers having the 
same size constants and saturation charac¬ 
teristics will be practically identical when 
the primary current, in ampere turns per 
unit of core length, is the same for both. 
Of two transformers having the same size 
constant the one having the longer magnetic 
circuit will give better performance for the 
same value of primary current. 

2. Data have been obtained to show the 
calculated differential-circuit error currents, 
that appear as a result of transformer satura¬ 
tion, for a wide range of magnitudes of 
through-fault current, transformer size 
constant, d-c time constant of the primary 
circuit, and number of transformers in the 
group. 

3. When conventional current transformers 
are used, the magnitude of differential-error 
current with faults of ten or more times 
rated current can be from 30 per cent to 
75 per cent or larger, depending on the size, 
even at a high-voltage bus where the d-c 
time constant of the fault current may be 
only two or three cycles. 

4. From a study of the differential-error 
current curves obtained, it is apparent that 
time-delay settings of only three or four 
cycles will not insure proper operation, when 
simple time-delay relays are used for bus- 
differential protection; very much greater 
delays may be necessary. 

5. The differential-error currents are par¬ 
ticularly severe at a bus where the fault 
current has a very long d-c time constant. 
For these applications it is not practical to 
design conventional current transformers 
large enough to insure that they will not 
saturate at the larger values of fault current. 
Therefore, there is a definite field for the new 
air-gap current transformer recently intro¬ 
duced.* 

6. The form and magnitude of the dif- 
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Table I 



Size 

Constant 

Turns* 

Inch/ 

Ohms 



Rating 


Mean 
Length 
of Core, 

In. 


Second¬ 
ary Re¬ 
sistance, 
Ohms 

Trans¬ 

former 

Type 

Amperes 

Ampere-Turns 
per Inch 

Core Length 

Core 

Area 

Sqln. 

Second¬ 

ary 

Turns 

A. ... 

B. ... 

..16,700.. 

..50,000.. 

. Bar. 

. Bushing. 

..4,000/5. 

..4,000/5. 


.1.30. 

.9.90. 

♦ ••«25 *0*••» 
..♦.37.3.... 

...800,... 

...800.... 

...1.99* 

...3.40* 


* Including I ohm lead resistance. 
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jS=flux density in the core-in lines per square 
inch 

Upon substituting the expressions for the 
secondary current i% and the mutual flux 
<j> of equations 3 and 4 into equation 2, 
there is obtained a general equation for 
determining the performance of a single 
transformer, including the effects of its 
burden, when theprimarycurrentis known. 
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Figure 2a. Symmetrical component of fault 
current equal to 269 rms amperes per inch core 
length 


Figure 1. Saturation , characteristic of the 
mutual flux path 


ferential-error current depends greatly on 
the number of transformers in the group.. 


Analysis of Cuirent-Traiisformer 
Performance 


The performance of a current trans¬ 
former can be determined from the volt¬ 
age equation of its secondary circuit 


10 


dt 




dii 

dt 



where 

is the flux linkages of the second¬ 
ary due to the mutual flux 
Ni = the number of secondary turns 
<£=*the number of flux lines mutual to both 
the primary and secondary windings 
<s <= the secondary current in amperes 
>i=resistance of the secondary circuit, in¬ 
cluding that of the burden, in ohms 
£a=secondary leakage inductance plus the 
inductance of the burden in henrys 
/=time in seconds 


Equation 1 is integrated to give 


±_ 

10 * 





( 2 ) 


where the constant of integration is pro¬ 
portional to the residual flux 
Another relation is that the magneto¬ 
motive force acting on the core is pro¬ 
portional to the primary ampere turns 
less the secondary ampere turns, or, for a 
transformer having only one turn in the 
primary 

A(3) 

0.4*- 


where 



Dividing through by the factor rd/N£, 
there is obtained a more convenient form, 

C 0 ~ 1 V f(j~ 0^) * + 

10 ‘7,(j-^) +Ch (6) 

where the factor, C—A N^/rJ, turns* inch 4- 
ohms, is defined as the transformer size 
constant. 

If the secondaries of current transform¬ 
ers applied to bus differential protection 
are connected in parallel, through a dif¬ 
ferential-relay circuit of negligible imped¬ 
ance, the above equations can be used to 
determine the performance of each trans¬ 
former separately, i Furthermore, pre¬ 
vious work has shown that the trans¬ 
former errors due to the residual flux and 
to -the flux associated with Lg are small 
compared with the errors caused by the 
flux associated with 22j. For a through ' 
fault at a bus of n- 1-1 feeders and trans¬ 
formers, transformer 1 carries total fault 
current and in view of the above assump¬ 
tions its performance is given by: 

CA - 10 */( t-sfr m 



Figure 2b. Symmetrical component of fault 
current equal to 988 rms amperes per inch core 
length 



Figure 2c. Symmetrical component of fault 
current equal to 1/438 rms amperes per inch' 
core length 



Figure 2d. Symmetrical component of fault 
current equal to 1,975 rms amperes per Inch 
core length 


It is further assumed that all transform¬ 
ers have identical size constants and satu¬ 
ration characteristics and that the fault 
current is equally divided between the 
other tt transformers. The equation for 
each of the n transformers is 


Cft.-10" 



K \ 

J w 

”o.4r/ 


I dt 


( 8 ) 



primary current in amperes 
h/OAir *= magnetomotive force acting on the 
core in ampere turns per inch of 
core length 

f=mean length of core in inches 


The current through the differential-re¬ 
lay circuit is equal to the secondary cur¬ 
rent of transformer 1 less the sum of the 
secondary currents of the other tt trans¬ 
formers. Referred to the primary this 


The flux mutual to the primary and sec¬ 
ondary windings can be Written as 


<t>=Al3 

where 

A »area of core in square inches 


(4) 


error current is: 

jjir \ \ (i\ h n \ 

7“\F 0.4*/ n \nl 0.4*-/ 

(nhn h \ 

0.4tr Q.4*y 


(9) 


amperes per inch of core 
length 


Figure 2e. Symmetrical component of fault 
current equal to 3,950 rms amperes per inch 
core length 

Figure 2. Error current in the differential cir¬ 
cuit as a function of the magnitude of through- • 
fault current 

Fault current completely offset. One trans¬ 
former versus five. Saturation curve 1 

C=16,700 turns* inch/ohms 
7=0.265 second 


May 1942, Vol. <31 


Concordia, Weygan&t, Shott—Transient Characteristics Transactions 281 




Figure 3. Differential-error current for a 
through-fault current having a d-c component 
one-half the crest value of the a-c component 

One transformer versus five. Saturation curve 
1. Symmetrical component of fault current 
equal to 1,975 amperes per inch core length 

C=*16,700 turns 2 inch/ohms 
7= 0.265 second 

The total fault current is of the form 
~ = y ffcos a) e- t/T - cos (ut+a) ] (10) 

where 

h/l— crest value of symmetrical component, 
amperes per inch of core length 

T =time constant of the d-c component in 
seconds 

a * determines the magnitude of the initial 
offset 

<<>=>2 irf 

Equations 7-10 were solved on the 
University of Pennsylvania’s differential 
analyzer 6 ’ 7 to determine the error current 
in the differential-relay circuit as a func¬ 
tion of the magnitudes of through-fault 
current, d-c time constant, number of 
transformers, and transformer size con¬ 
stant. The primary current ijl (equa¬ 
tion 10), was generated by the machine 
and formed one component of the second¬ 
ary current. This secondary current was 
integrated to determine the mutual flux 
density p according to equation 8, and p 
in turn moved an index in the p direction 
of the saturation curve as plotted on an 
analyzer input table. An operator manu¬ 
ally controlled the index in the direction of 



Figure 4. Differential-error current for trans¬ 
formers having saturation characteristic 2 


Through-fault current, completely offset. Sym¬ 
metrical component of fault current equal to 
1,975 amperes per inch core length. One 
transformer versus five. 

016,700 turns 2 inch/ohms 
7=0.265 second 


magnetizing force IT so as to keep the in¬ 
dex on the saturation curve and, at the 
same time, move the exciting current 
component of the secondary current in 
proportion. The primary and exciting 
currents were added to form the inte¬ 
grand of equation 8. Two saturation 
characteristics were used as shown on 
Figure 1. Curve 1 is for silicon steel core 
material and was used for most of the 
cases considered. Curve 2 is for a trans¬ 
former in which air forms a considerable 
part of the mutual core area in parallel 
with the iron. These two curves cover an 
extreme range of saturation characteris¬ 
tics for conventional current transform¬ 
ers. For the very high degrees of satura¬ 
tion which cause the large errors observed, 
the effects of hysteresis are negligible, and 
were not considered in this study. Other 
studies of similar transient circuit per¬ 
formance with iron saturation which have 
been made have also indicated that con¬ 
sideration of hysteresis is not necessary 
to explain the fundamental phenomena. 

Results 

The differential-relay error currents 
have been determined for a wide range of 
through-fault currents, transformer size, 
and d-c time constant. One set of results 
shows the error currents for the case in 
which the total through-fault current in 
one transformer is equally divided be¬ 
tween two other transformers. The dif¬ 
ferential analyzer was set up so that the 
results for the case of one transformer ver¬ 
sus three, one versus five, and one versus 
an infinite number, were also obtained at 
the same time. The data obtained for the 
case of one transformer versus an infinite 
number show in addition to the differen¬ 
tial current which might flow in this case 
the absolute error current of the trans¬ 
former under study. The constants for 
the bar-type current transformer, and for. 
the bushing-type transformer, studied 
are tabulated in Table I. Data have also 
been obtained for very large and very 
small transformers having size constants 
C= 200,000 and C=4,170, respectively. 

The following sections describe that 
part of the data which is presented in this 
paper. The effects of variations of such 
important factors as the magnitudes of 
fault current, the d-c time constant, the 
number of transformers, and the trans¬ 
former size constant, are shown. 

Magnitude of Fault Current 
> * .. 

Figure 2 shows the error currents (rer 

ferred to the primary) as obtained with 
transformer A (Table I). The total 
through fault current in one transformer 
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Figure 5a. T =0.0106 second 




Figure 5c. T =0.0424 second 



Figure 5d. T =0.0848 second 
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Figure 5e. T =»0.1696 second 


Figure 5. Differential-error current as af¬ 
fected by the magnitude of the time constant 
of the d-c component of fault current 

Through-fdult current, completely offset. Sa u- 
ration curve 1. Symmetrical component of 
fault current equal to 1,975 amperes per Inch 
core length. One transformer versus five 

C=16,700 turns 2 Inch/ohms 

(which will be designated as transformer 
1) is equally divided between five other 
transformers. The fault current is com¬ 
pletely offset and has a relatively long d-c 
time constant of T= 0.265 second. The 
magnitudes of fault currents are given in 
terms of the rms value of its symmetrical 
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Figure 6a. 0=16,700 turns 2 inch/ohms 
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Figure 6b. C = 50,000 turns 2 inch/ohms 
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Figure 6c. C = 200,000 turns 2 inch/ohms 

Figure 6. Effect of transformer size constant 

Through-fault current, completely offset. Satu¬ 
ration curve 1. Symmetrical component of 
fault current equal to 3,950 amperes per inch 
core length. One transformer versus five 

T — 0.0424 second 

a-c component. This value multiplied by 
2Xy/2 is equal to the maximum instan¬ 
taneous fault current for a completely off¬ 
set wave; 

For a small fault current having a sym¬ 
metrical component of 269 rms amperes 
per inch core length (Figure 2a) the dif¬ 
ferential-error current is proportional to 
the saturation ampere turns of trans¬ 
former 1, since the other transformers do 
not saturate when subjected to only one 
fifth of this value of total fault current. 
It is seen that several cycles are required 
for the d-c component of core flux to build 
up to the point where the saturation is 
appreciable. The error current has a 
large d-c component and the a-c compo¬ 
nent is primarily of fundamental fre¬ 
quency. ; 

The other curves of Figure 2 show the 
effects of larger fault currents. With 
these larger currents all the transformers 
saturate, and the differential-error cur¬ 
rent-is equal to the saturation ampere 


turns of transformer 1 less the sum of the 
saturation ampere turns of the other five 
transformers. As the magnitude of fault 
current is increased, the d-c component 
of core flux reaches a higher value in less 
time. That is, all the transformers lose 
their ability to transform the d-c compo¬ 
nent of fault current in a shorter time. 
This is demonstrated by the curves of 
Figure 2 in that the d-c component of dif¬ 
ferential-error current decays at a greater 
rate for the larger values of fault current. 
The wave form of a current through the 
differential relay becomes more distorted 
due to the greater degree of saturation as¬ 
sociated with the larger fault current. 

The maximum possible error, equal to 
the total fault current, occurs when the 
accuracy of transformer 1 collapses, and 
the others transform perfectly. Even 
with the large fault current of Figure 2e 
the maximum possible error is almost at¬ 
tained during the first cycle, because 
transformer 1 saturates at a much greater 
rate than the others, and its accuracy is 
destroyed before the saturation in the 
other transformers becomes appreciable. 
Another interesting fact is that the dif¬ 
ferential current is of relatively good 
wave form although completely or nearly 
completely offset during this period, but 
that the wave form becomes greatly dis¬ 
torted after the other current transform¬ 
ers saturate. 

Smaller D-C Time Constants 

Error currents obtained with com¬ 
pletely offset fault currents having smaller 
d-c time constants are given on Figure 5. 
The transformer size constant, C— 16,700 
turns 2 inch/ohms, is the same as used 
before. Maximum instantaneous fault 
current, neglecting the decay of d-c com¬ 
ponent in the first half-cycle, is equal to 
5,590 amperes per inch core length. 
Even with the very short time constant of 
T— 0.0106 second, the maximum error 
is approximately 90 per cent of. the maxi¬ 
mum a-c component of fault current. 
The error current does disappear at a 
faster rate for the smaller d-c time con¬ 
stants. As a matter of interest, the 
value of rms symmetrical component of 
fault current is 12.4 times rated for the 
particular transformer listed in Table I 
as representative of this size constant. 
However, another transformer of identi¬ 
cal size constant might have a different 
rating. 

Effect of Transformer Size Constant 

The curves of Figure 6 give an interest¬ 
ing relation, showing the comparative 
results for three installations operating 
under similar conditions but having trans- 


0g 6000 

^?R4000 



004 008 012 

TIME-SECONDS 


016 020 ' 


Figure 7«. One transformer versus two 
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Figure 7b. One transformer versus three 
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Figure 7c. One transformer versus five 
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Figure 7d. One transformer versus an infinite 
number 

Figure 7. Differential-error current as affected 
by the number of transformers carrying fault 
current 

Through-fault current, completely offset. Satu¬ 
ration curve 1. Symmetrical component of 
fault current equal to 3,950 amperes per inch 
core length 

C=10,700 turns 2 inch/ohms 
T =0.0848 second 

formers of different size constants. ‘ Al¬ 
though the assumed fault current is the 
same in amperes per inch core length for 
all three cases it may not be the same in 
actual amperes or in times rated current. 
For the installation having transformers 
of smaller size constant, C— 16,700, all 
six transformers become highly saturated. 
Therefore, the d-c component of error 
current decays quite rapidly, and then the 
harmonic content of the a-c component 
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Figure 8. Summary curve showing the effect 
of variations in the magnitude of the d-c time 
constant 

Through-fault current/ completely offset. Satu¬ 
ration curve 1. Symmetrical component of 
fault current equal to 1,975 amperes per inch 
core length 

C« 16,700 turns 2 inch/ohms 
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Figure 10. Rms a-c component of error cur¬ 
rent over 12-cycle interval as a function of the 
magnitude of fault current and of the d-c time 
constant 

Through-fault current, completely offset. Satu¬ 
ration curve 1 

C=16,700 turns 2 inch/ohms 
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Figure 12. Rms a-c component of error cur¬ 
rent over. 12-cycle interval as a function of the 
magnitude of fault current and of the d-c time 
constant 

Through-fault current, completely offset. Satu¬ 
ration curve 1 

C— 50,000 turns 2 inch/ohms 


becomes large. The maximum instan¬ 
taneous fault current is large for the first 
cycle or two, but the harmonic compo¬ 
nents of a-c error current are small during 
this time. For the larger size transform¬ 
ers, C— 50,000, five of the transformers 
are only moderately saturated. As before 
the a-c and d-c components of error cur¬ 
rent are large, but the d-c component 
does not decay so rapidly, and the har¬ 
monic content is small. With the hypo¬ 
thetically large transformer installation, 
C—200,000, the error current is small 
only because the fault current is of .suffi¬ 
ciently low value such that none of the 
transformers is appreciably saturated. 

Figure 6a is compared with Figure 5c 
to show the effect of doubling the fault 
current when the d-c time constant is T= 
0.0424 second, and the transformer 
size constant is C= 16,700 turns 2 inch/ 
ohms. The maximum error current is 
slightly more than doubled. Again, the 
higher degree of saturation obtained in 
the other five transformers with the larger 
fault current causes the d-c component of 
error current to decay more rapidly, and 
the harmonic content becomes greater. 


Figure 13 shows the maximum differ¬ 
ential-error currents (rms for one cycle) 
for a range of fault current and trans¬ 
former size. The effect of variation in the 
saturation characteristic is also shown for 
one size (Curves C and O'). All of the 
error currents are large except for the 
largest transformer size with rather small 
fault currents. 

Different Numbers of Transformers 

Most of the data presented above 
were for a condition of one transformer 
versus five. Figure 7 shows the error cur¬ 
rents for one transformer versus two, one 
versus three, one versus five, and one 
versus an infinite number. The results are 
all for the transformer sire constant C= 
16,700 and a reasonably small d-c tim* 
constant of 0.0848 second. Therms 
symmetrical component of fault current, 
3,950 amperes per inch core length, is 
quite large being 24.7 times normal for 
the typical transformer of this size con¬ 
stant as listed in Table I. For one trans¬ 
former versus two, all transformers are 
highly saturated. As the number of 
transformers is increased, the saturation 


in all except transformer 1 becomes less, 
and the harmonic component of error 
Current decreases. For the case of one 
transformer versus an infinite number 
(which is the same as one versus a perfect 
transformer), the a-c and d-c components 
are both large, the d-c component decays 
slowly, and the harmonics are very smalt 

Figure 7c, as compared to Figure 5d, 
again shows the effect of doubling the 
fault current for a transformer size con¬ 
stant C= 16,700, one transformer versus 
five, but with a d-c time constant of 
0.0848 second. 

Figures 6a, 7c, and 2e show the effects 
of different d-c time constants in the sam* 
manner as the curves of Figure 5, and 
under the same conditions except for a 
larger fault current. 

Degree of Offset 

The error current of Figure 3 is for the 
same conditions as Figure 2d except that 
the d-c offset is only one half. The sym¬ 
metrical component of fault current is the 
same in the two cases, but the maximum 
instantaneous fault current (and maxi¬ 
mum possible error current) is 4,193 am- 
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figure 9. Maximum rms error current over one- 
cycle interval as a function of the magnitude 
of fault current and of the d-c time constant 

Through-fault current, completely offset. Sat* 

. ration curve 1 


■16,700 turns 2 inch/ohms. 
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Figure 11. Maximum rms error current over 
one-cycle interval as a function of the mag¬ 
nitude of fault current and of the d-c time 
constant 

Through-fault current, completely offset. Satu¬ 
ration curve 1 

C» 50,000 turfa 2 inch/ohms 


w -— ~ ^ v 

compared to 5,590 for Figure 2d. Al¬ 
though the magnitudes of the a-c and d-c 
components of error current are appre¬ 
ciably smaller, the d-c component decays 
at a slower rate because of less saturation. 
The percentage harmonic content ap¬ 
pears to be about the same. 

Saturation Characteristic 

Figure 4 is also for the same conditions 
as Figure 2d, except that the.transformers 
were assumed to have saturation char¬ 
acteristic 2, Figure 1. The maximum 
error currents are about the same, but 
the a-c component is somewhat smaller, 
particularly after, the-first two cycles. 
In general, the contusions arrived at 
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with either of these two very different 
saturation curves were about the same, so 
that they should also be valid for most 
other saturation curves obtainable with 
conventional current transformers. 

Application 

The character of the differential-relay 
current varies widely depending upon the 
size constant and number of transformers 
involved, and upon the magnitude of the 
fault current and its d-c time constant. 
For this reason it is difficult to summa¬ 
rize the accumulated data for all the vari¬ 
ous types of rdays used, especially since 
the response of these relays to transient 
currents of this nature is not very well 
known. 

Results can be plotted in a form which 
will serve to indicate the expected per¬ 
formance of either instantaneous or time- 
delay relays. For instance, Figure 8 sum¬ 
marizes the effect of variation of the d-c 
time constant for the transformer size C— 
16,700 for fully offset through current 
having a symmetrical rms component of 
1,975 amperes per inch core length. The 
rms value of the completely offset wave is 
therefore equal to \/3X 1,975. The 
maximum rms differential-error current 
over a one-cyde interval can be taken as a 
measure of the current whioh determines 
the operation of an instantaneous rday. 
The rms a-c component of error current 
over the 12 cydes interval that gives the 
largest value is taken as a measure of the 
current that would determine the opera¬ 
tion of an induction-type time-dday rday 
with the time setting of approximatdy 0.2 
second. The curves were plotted for one 
transformer versus two and for one trans¬ 
former versus an infinite number thus 
covering the entire expected range of 
operation. The data taken from Figure 
5, for one transformer versus five, would 
lie between the two plotted curves. 

Figure 9 gives more complete data for 
the instantaneous error currents of the 
same size transformer. The effects of the 
magnitude of fault current over a wide 
range are shown for three different values 
of d-c time constant. The fault current in 
rms amperes per inch core length is per¬ 
fectly general. The times-rated current 
applies only to the particular transformer 
selected as representative of this size con- 



SYMMETRICAL RMS FAULT CURRENT, AMPS PER INCH CORE LENGTH 

Figure 13. Differential-error current (rms over 
one cycle) 

One transformer versus three. Through fault— 
fully offset. D-c time constant=0.265 second 

Curve A — Saturation characteristic 1, C= 
200,000 turns* inches/ohms 
Curve B — Saturation characteristic 1, C= 
50,000 turns* inches/ohms 
Curve C—Saturation characteristic 1, C= 
16,670 turns* inches/ohms 
Curve O —Saturation characteristic 2, C= 
16,670 turns* inches/ohms 
Curve D — Saturation characteristic 1, C= 
4,170 turns* inches/ohms 
Curve £—Current for 100 per cent error 

stant C— 16,700. It is seen that the er¬ 
ror current is small only in a range of very 
small d-c time constant and reasonably 
small fault current. Likewise, Figure 10 
gives similar data applicable to time-de¬ 
lay rdays. The time dday is quite ef¬ 
fective for the smaller d-c time constants. 

The data of Figures 11 and 12 are simi¬ 
lar to that of Figures 9 and 10, except 
that they are for the larger transformer 
size constant C— 50,000 turns 8 inch/- 
ohms. The times-rated fault current ap¬ 
plies only to the particular transformer 
listed in Table I. The advantages of us¬ 
ing larger transformers are apparent 
Admittedly this summary is not per¬ 
fectly accurate and may not be the cor¬ 
rect measure for determining the response 
of these rdays. It is valuable as bdng 
indicative of definite trends. 

For the high-speed rdays that depend 
upon percentage, harmonic, or d-c re¬ 
straint for proper operation, the analysis 
is more complicated. Their characteris¬ 


tics are such that each application re¬ 
quires special consideration and the ac¬ 
cumulated data are valuable as a basis 
for sdecting the proper rday characteris¬ 
tics. 

Air-Gap-Core Current Transformers 

The ideal solution of using current 
transformers large enough to insure al¬ 
most perfect accuracy up to the maximum 
value of through-fault current is not prac¬ 
tical because pf the excessive size and cost. 
A new current transformer, as described 
by Kennedy and Sinks, 5 has been de- 
vdoped for high-speed bus-differential 
protection. This transformer, which has 
air gaps in the mutual flux path, has con¬ 
stant ratio and phase-angle errors up to 
the point where the iron paths saturate. 
By selecting transformers that maintain 
a linear characteristic up to the maximum 
value of fault current, the a-c component 
of primary current is always reproduced 
with the same degree of accuracy. Very 
little of the d-c component is transformed, 
but this is not required for differential 
protection. Simple overcurrent rdays 
can be used since differential-error cur¬ 
rents appear only because of improper 
mat ching of the linear characteristics. 
The size and cost is not much greater than 
that of the standard current transformers 
ordinarily used. 
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teristic of these machines, either load 
damping must be depended upon, or 
special precautions must be taken, if 
stable operation is to be obtained. 

4. Figure 3 shows the equivalent cir¬ 
cuits and a tabulation of the direct power 


S YNCHRONOUS machines, operating 
with a-c excitation on both stator 
and rotor are used in many applications, 
for example, as induction frequency con¬ 
verters, as power and instrument Selsyn v 
drives, and as variable speed power drives. 
Reference 1 has mentioned partic ular ly 
the variable speed fan drive, and pre¬ 
sented equations for the small oscillations 
of one such doubly fed machine. Refer¬ 
ence 2 has also previously given the equa¬ 
tions of hunting of the doubly fed ma¬ 
chine (part XIV, section IV) in connec¬ 
tion with the general study of oscillations 
of rotating machines. However, since the 
present authors have been using in their 
own work equations which seem to them 
to be more convenient and simpler in 
form for calculations, and since it now 
seems desirable to present not only gen¬ 
eral equations but also some of the more 
fundamental and significant performance 
characteristics of these machines, it is 
thought that this paper may now be 
appropriate. The form of the equations 
developed possesses the additional novelty 
of facilitating the setting up of equivalent 
circuits for hunting on the a-c network 
analyzer, and allowing the quick deter¬ 
mination of the damping and synchro¬ 
nizing torques directly by wattmeter 
readings. 

In this paper there are presented: 

1. A general analysis of the doubly fed 
machine, in a form believed to be particu¬ 
larly convenient* for the study of rotor 
hunting and for the interconnection of two 
or more machines. 

2. An example showing the transient elec¬ 
trical characteristics under three-phase 
short circuit.. 

3. Examples showing the characteristic 
damping and synchronizing torques during 
hunting at various speeds and loads. 

4. Equivalent electrical circuits for hunt¬ 
ing which have been found to be of con¬ 
siderable help in the determination of the 
machine performance during small oscilla¬ 
tions by means of the a-c network analyzer. 


Results 

1. The general equations are derived 
in appendix I and are summarized in 
equations 14, 23, and 24. Attention is 
called particularly to the compact deriva¬ 
tion and the simplicity of the final equa¬ 
tions made possible by the simultaneous 
use of complex variables in the general 
transient analysis and also a complex 
angular variation. 

2. Equations 26, 27, 29, and 30, 
appendix II, give the transient three- 
phase short-circuit currents of a doubly 
fed machine or induction frequency con¬ 
verter. It is of interest here that 

(a) . The steady-state short-circuit cur¬ 
rents are determined principally by the 
short-circuit or transient reactance. 

(b) . The d-c component is of the samp 
form as that for short circuit of a syn¬ 
chronous machine. 


and. reactive kva measurements which 
determine the damping and synchronizing 
torque coefficients during hunting. The 
circuits are derived in a companion paper 
“Equivalent Circuits for the Hunting of 
Electrical Machinery” 3 4 by one of the 
authors. 
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(c). There is no transient component of 
fundamental frequency short-circuit cur¬ 
rent, such as would be observed in a syn¬ 
chronous machine; instead, the corre¬ 
sponding transient current is of rotor speed 
frequency and is moreover very smal l 

3. Figures 1, 2, and 3 show curves of 
damping and synchronizing torques for 
the hunting of a particular doubly fed 
motor. Some of the curves were calcu¬ 
lated and some measured on the network 
analyzer, using the equivalent circuits of 
appendix IV. The damping torque is 
seen to be negative up to very small slips, 
and indeed becomes most negative at a 
slip somewhat greater than the frequency 
of hunting. It is evident that, because of 
the inherent negative damping charac- 


Appendix I. Derivation of 
Transient and Hunting Equations 

(a). The equations of a two-phase ro¬ 
tating machine (see Figure 4, and see also 
reference 4, equations 10 and 11, for the 
relations between these two phase quantities 
and the usual three-phase machine quanti¬ 
ties) referred to axes connected to the stator 
and rotor, are: 
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where 6% is the angle of the machine rotor. 
Z=R-\-pL, or- 


Hence the equations are «= Z- i, when: 
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and third respectively, to obtain a neW set of equations 
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e=Z •« (4) 

where now 


« r 


fg+LtP 
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Mpe-f* 

r r -\-Ltp 


and 

< s a*+i^6s=fi* *°*-h7* 6, =** (®) 

«dr+jV=«r t dr +ji 8f = t r 

Hence the four equations with real coeffi¬ 
cients may be expressed as two equations 
with, complex coefficients. These equations 
ch ec k with reference 2, page 74, equation 23. 
(For the process see reference 2, page 147.) 


Torque 

(а) . The electromagnetic torque upon 
the rotor of an electrical machine is 

Tester-War 

If i dT -\-ji iT = i T , and tar^jtdr^trt then 

7^=real part of [{i dT —ji 9 T ) ( ~~j)('f'dr+jtqr) ] 

= -jWrSB r (8) 

where is the conjugate of V and 3 r == 
—j^ r =s flux-density wave of the rotor. Then 
from equation 5, 

tr “ Me- ie i*+L r i r ( 9 ) 

Therefore, for a smooth machine: 
r«*»real part of (10) 

(б) . The same expression for the torque 
may also be found from the relation: 1 

r=real part of i*’B=i*’G t 'i 

where the torque tensor is 
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1 

$ 

1 
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( 11 ) 


c.- H-jJft-"! 

Transformation to Axes on Stator Flux 

The stator flux rotates with a- velocity 
p9 i with respect to the stator (Figure 5) and 
the rotor flux rotates with po t with respect 
to the rotor. The rotor itself rotates with 
p6%. Hence the applied voltages are: 


and c r -E r e , ' fl ' 


( 12 ) 


Let two new axes •' and r' be introduced, 
both rotating with the stator flux. That is, 
let 
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By Ct*'Z' C (where the p in Z refers to C 
but not to C t *), Ct* • G • C, and C*- e, or by 
Z'~C t *'ZC+Ct*LpC 
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applied voltages and the angle may be 
assigned. Then either equation 16, or 
more simply the equivalent circuit shown 
later, can be used to calculate $, t T and E t . 


Or, writing out the equations 

[r s -%-L t (p-\-jpd\)\i‘ +M(p+jp6i)0 r =E 3 
M\p+j(p0i-pe*)]i''+ 

{r r +L T \p+j(pe l -pe i )])ir-Ej* (IS) 

Torque = real of 

where 

E s =*ji fl Mip9i ~jE\ E r —ji^MtpOs —jsEt 


Steady State 

In the steady state £=0, pO i»=u, po s = 
p6x—p0i**s<a, and <aL**X. Equation 15 
then becomes: 


s' 


r,+jX, 

jX m 

jsX m 

r r +jsXr 


jEi 


jsE t e 


.it 



The steady-state currents i a and t T required 
in the h unting equations of the next section, 
as well as the steady-state torque-angle 
characteristic, can be calculated from equa- 


Hunting Equations—Small Changes in 
the Complex Variables 

(а) . In setting up the equations of 
hunting of polyphase machines, two differ¬ 
ent methods may be followed: 

1. The polyphase complex equations are first 
changed to real equations and the latter are sub¬ 
jected to small changes in the variables. 

2. The polyphase equations are left unchanged 
in complex form and are subjected to small changes 
in the complex variables. 

The second method will be followed in 
this paper, as it is a more compact analytical 
procedure. 

(б) . Let p 0 t=p 6 i o + Ap6* and so forth; 
then equation 15 or 14 with the use of the 
compound tensor (reference 2, page 116. 
equation 32), 
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be 
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give the equations of hunting as: 
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where the real part of the last row is — A7V 

Steady Hunting 

During steady hunting let p — kho), where h is the per unit oscillation frequency and k 
plays the same role as j. That is -1, but kj cannot be combined. Then equations 
19 become: 


r 9 


r s +X t {kh+j ) 

Xmikh+j) 


X m (kh+js) 

fr+Xrikh+js) 

\-X r t*)kh+sE t t” 

jX m ir* 
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( 20 ) 


tion 16. In terms of the applied voltages, 
the currents are: 

JEjfe+jX^+Xi&P 

(r„+jX t )(^+jXr)+X m > (1? 

;T ,_ j(r % +jX 4 )E*P+X m & 

(r t +jX,)(^+jX T ^+X m * 

However, in many cases the stator voltage, 
current, and power factor, instead of both 


or, writing the equations out: 
[r t +X,(kh+j)} Ai?+X m Vih+j)At*=0 

X m (kh+js) A i’+ [ r r +X r {kh+js )] A i r = 
jkh(X n i s +X T ?) A9i-sEte iS A9 % - 

jX m i r * Ai s +jX m i‘* Ai r « AT e (21) 

where 

5 =l—t/= per unit rotor average slip 
S *= . 

Only the real part of the last equation (AT) 
is taken. 

In calculating AT, first the / component 
is discarded as usual after rationalization 
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Figure 2 (right). 
Damping- and syn¬ 
chronizing - torque 
coefficients of a 
typical doubly fed 
machine 

Effect of oscillation 
frequency and 
power factor. Load 
torque proportional 
to speed squared 


-g§:| 8 /#?: 

-TV 

OOO 

doo 











n 


- PF*08,h« 











L 















1 

• 

— 

— 

— 


- - 

___ 




_ 







nr] 


i~ 



_ 




RC 










n 

3 




L 

A 



0.4 0.5 0 

fi_ai_ 

_a 


J2J 

_ jl£ 


n 


_ 




— 




3 

E3 






r 



















7 



_ 
















r o 

7 


— 

Ts * SYNCHRONIZING TORQUE COEFFICIENT 



V 

t 


{ PER UNIT) 

-4 




_ 

_4 






y 


1 

1 

1 




□ 

1 

_ 

J 

_ 

J 





V\ 

h" 


J_J_ 




3 

□ 

□ 

□ 




2 




Figure 1. Damping- and synchronizing-torque 
coefficients of a typical doubly fed machine 
at no load 

so that AT is expressed in terms of k only 
(and not j). Then the k—s in the de¬ 
nominator are rationalized, so that the 
synchronizing and damping torque coeffi¬ 
cients are given by: 

AT*=T s +khT D (22) 

Two separate symbols j and k are used in 
this procedure, in order to dis tin g ui sh be¬ 
tween the complex numbers introduced by 
the original use of the complex j currents, 
voltages, and fluxes as variables, and the 
further complex k numbers introduced by 
tiie use of the complex (exponential) rotor 
angular variation. It may readily be shown 
that at any stage one may revert to real 
transient voltage equations and have only 
the complex numbers due to the complex 
angular variation. ' 

Eliminating Ai> 

If the row and column of m is eliminated 
from equation 20, or the stator current 
change At* is eliminated from 21, then 


change of the doubly fed ma chine Also, if 
the rotor impressed voltage E, is zero, the 
equations apply to the small oscillations of 
a standard polyphase induction motor. 


Appendix II. Three-Phase Short 
Circuit 

In order to illustrate the characteristics of 
the doubly fed machine under transient 
conditions, three-phase short circuits on 
both stator and rotor in turn, neglecting 
initial loading, will be considered. 


FULL LOAD 

In general, there are three components of 
current, stator fundamental frequency («i), 
speed frequency («j), and direct current. 
Note that with zero rotor r esistance the 
speed frequency term disappears, leaving 
only the fundamental and d-c components 
in equation 27. The “d-c component” de¬ 
cays exponentially to zero, just as in case 
of a synchronous machine short circuit, but 
the usual transient component of alter¬ 
nating current is replaced by the speed 
frequency term. 

(b). Rotor Short Circuit 


(a). Stator Short Circuit 

Applying, by superposition, a stator 
voltage E m , to equations 14 or 15, we obtain 
for the stator three-phase short-circuit cur¬ 
rent the operational expression: 


E, _ 

r a +L'(p+j Ul ) - \ ^,+**)(*>+>,)) (25) 


Similarly applying a rotor voltage B r in 
equations 14 or 15, the rotor short-circuit 
current becomes: 

f ’ 

_ Er _ 

l r »~f~E s {p +7«i) f 
(28) 

Whence, with r ro tor*=0 
% —% £ = 
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D'=(r'+khX t y+X s ' 

If again the rotor current A? (row and 
column of r in equation 23) is eliminated, 
then the final equation for the torque change 

IS • 


ai ■ 


AT*= real of 

(khB r +sE t e iS ) I-BN- 1 
r+r/s+khX T lf +j(sX r '~khr l ') J 

. (24) 

The phrase “real” and the asterisk (the 
conjugate symbol) refer to j and not to k. 
Both r/ and X r * are independent of the 
slip. First the is are treated as algebraic 
symbols and thejs are eliminated. After¬ 
ward the ks are treated as the complex 
operator k (where A* - -l). After ratiohal- 
uang, equation 22 holds for the torque 


(23) 
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where <»i, o>, are the constant stator fre¬ 

quency, rotor speed, and rotor frequency, 
respectively. 

Taking for simplicity the stator resistance 
r»«0, this current may be written as: 

E,e i<ai ‘ 




... , r 1 , 
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r T (.L T -L T >)E t CT? i+ju,lt 
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transient inductance 


• * 
viewed from the rotor termin als , 

If the stator resistance r, is considered, 
but rotor resistance r f »0, the short-circuit 
current becomes: 
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where 
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n{L t -l t ')Ert~Tfc H '** 

EArt+jcaL/) (r t +j<tiiL/) 
and with f stator “0, but frotor 9 * 0 , 

<*» 

The three components of current are 
again the fundamental (&>*), d-c, and speed 
frequency (on) components, but now the 
presence of the speed frequency terra de¬ 
pends on the stator resistance, and the d-c 
decrement depends on the rotor resistance. 

In case of an induction frequency con¬ 
verter connected between two parts of a 
power system, it is evident that the con¬ 
verter may be approximately represented 
simply as a reactance (the machine short- 
circuit reactance). Since t and 

£«'=£/ on a one-to-one turn ratio basis, 
the rotor and stator short-circuit currents 
will be nearly equal in amperes, and will 
also be equal in per unit if the kva base is 
taken proportional to the frequency of the 
current being considered. Thus in a net¬ 
work diagram involving a 25 by 60 cycle 
converter, all the 25-cyde system reactances 
may be expressed on a kva base 25 by 60 
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Figure 3. Damping* and syn¬ 
chronizing-torque coefficients 
of a typical doubly fed machine 

Effect of change in stator and 
rotor resistance and in rotor 
reactance in machine of Figure 2 



Figure 4. Machine 
with axes fixed in 
stator and rotor 
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Figure 5. Machine 
with rotating refer¬ 
ence axes 


times as great as that for the 60 -cyde 
system, to obtain a common diagram suit¬ 
able for short circuit calculations on either 
part of the system. 

Appendix III. Damping and 
Synchronizing Torque—Example 

Several more or less typical curves of 
damping and synchronizing torque coeffi¬ 
cients as a function of rotor speed are shown 
in Figures 1, 2, and 3. The machine of 
Figure 1 has all reactances and the stator 
resistance about twice as great as those of 
Figure 2, so that with an appropriate change 
of scale the effect of a change in rotor re¬ 
sistance may be estimated. Figure 2 shows 
the rather slight effect of a change of stator 
terminal power factor, and also the effect 
of oscillation frequency h in shifting the 
point at which maximum negative damping 
occurs. Figure 3 shows, for the machine of 
Figure 2 with an oscillation frequency of 
fca-0.04, the effects of doubling the stator 
a n A rotor resistances in turn, and also the 
effect of a greatly increased rotor leakage 
(or added external) reactance. 


Appendix IV. Equivalent 
Circuits for Hunting 

Figure 6 gives equivalent circuits* which 
represent the doubly fed machine during 
rotor hunting as well as in the steady state. 
In using these equivalent circuits as set up 
on the a-c network analyzer, the required 
voltages are first read from the steady-state 
(upper) circuit and used as indicated to 
compute the voltages to be applied in the 
hunting (lower) circuit. The total steady- 
state torque as well as the components of 
the synchronizing (T,) and damping (T<t) 
torque coefficients may then be read directly 
on a watt and reactive voltampere meter, 
according to the table of formulas shown 
under the circuits. Note that the formulas 
are based on the use of a watt- and varmeter 
which reads e *i to form the complex expres¬ 
sion W+jQ, where W is the wattmeter 
reading, and Q is the varmeter reading, both 
here and in Figure 6. As a simple example, 
consider a single generator supplying a re¬ 
active load unit. If generated voltage and 
current flowing out of the generator are 
measured, the watts will be positive and the 
vars will be negative. 

The equivalent circuits are based on the 
stationary axes equations given previously 
by one of the authors in reference 2, page 
146,. rather than on the rotating axes equa¬ 
tions derived in the paper. The reason for 
this is that the rotating axes formulas are 
simpler for hand calculations, while the 
stationary axes equations are ampler for 
equivalent circuit representation. The use 
of rotating.axes leads to d-c steady-state 
quantities, so that only hunting frequency 
terms arise during the entire calculation of 
either the current or torque changes, while 
with stationary axes the steady-state quan¬ 
tities are of fundamental frequency, and 
fundamental plus hunting and. fundamental 
minus hunting frequency currents and volt¬ 
age changes must be separately considered. 
On the other hand, the rotating axis equa¬ 
tions require four separate equivalent cir¬ 
cuits (with two meshes each) in place of 
three. It should be remarked that in gen¬ 
eral the choice of proper reference axes is 
very important if the simplest method of 
solution is to be had, and that the best axes 
depend on not only the apparatus being 
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Figure 6. Equivalent circuits for determina¬ 
tion of steady-state and hunting torques 


analyzed, but also on the aspect or particu¬ 
lar problem being considered and on the 
method of solution to be used (that is, hand 
or network analyzer). 
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Equivalent Circuits for the Hunting of 
Electrical Machinery 


GABRIEL KRON 

ASSOCIATE AIEE 


Synopsis: A general method is given to 
establish equivalent circuits for the deter¬ 
mination of the hunting characteristics— 
such as damping and synchronizing 
torques—of standard types of electrical ma¬ 
chines. The method is illustrated by setting 
' J 3 steady-state and hunting equivalent cir¬ 
cuits for the salient-pole synchronous ma¬ 
chine having amortisseur windings and for 
the doubly fed single-phase Selsyn with un- 
balanced windings, special cases of which are 
the capacitor motor and doubly fed poly¬ 
phase motor. A companion paper, “The 
Doubly Fed Machine,” contains a detailed 
study of the characteristics of one of the 
equivalent circuits as measured on the a-c 
network analyzer. 


U NTIL recently the study of damping 
torque has been confined to syn¬ 
chronous machines and rotary converters. 
Operation of these machines without 
hunting has been obtained by the use of 
properly designed amortisseur or pole- 
face windings. 

Now, however, a large number of sys¬ 
tems of rotating machines are being put 
into use, in which altogether new and 
critical problems of hunting occur. In a 
number of cases, such as power Selsyn 
systems, and variable speed wind tunnel 
drives, exact and thorough going analysis 
of the hunting possibilities has been 
necessary before satisfactory operation 
could be secured. The purpose of this 
paper, therefore, is to present methods 
tor more complete and ready analysis of 
these modem systems of interconnected 
rotating apparatus, so that hunting dif¬ 
ficulties can be predicted and provided 
for in advance of installation. 

The determination of the damping and 
synchronizing torques with standard 
methods involves an inordinate amount of 
analysis and calculation. The following 
equivalent circuits not only offer a clear 
physical picture of the interrelated 
phenomena taking place during small 
oscillations, but also enable one to get a 
quick numerical answer, either by the use 

J* p f 1 r *2-3, recbmmended by the AIEE committee 

AIEE ww m&cbiDery .' for Presentation at the 
aiee winter convention, New York N V 

1942> , Maauscript submitted 
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of the a-c network analyzer, or by stand¬ 
ard circuit methods. 

The only practical equivalent circuits 
hitherto available were those of induction 
machines having symmetrical windings 
and running at a constant speed. 1 * 2 
Recently steady-state equivalent circuits 
have been established for machines with 
asymmetrical windings, such as the ca¬ 
pacitor motor, 4 also for machines with 
asymmetrical magnetic structure such as 
the salient-pole synchronous machine. 8 
The extension in this paper from steady- 
state to hunting performance involves . 
chiefly the application of a more complex 
voltage expression upon the network, and 
not any significant change in the network 
itself. 

By a practical equivalent circuit is 
understood here one that allows the deter¬ 
mination of not only the currents flowing 
and voltages appearing in every winding 
of the machine, but also the torques, as the 
speed or angle varies. The circuit must 
also allow the approximate consideration 
of the effect of saturation and iron loss. 

Results 

The equivalent circuits of the salient- 
pole alternator of Figure 1 and the neces¬ 
sary measurements to be made are shown 
in Figure 2, while those of the doubly fed 
single-phase Selsyn of Figure 3 are shown 
in Figure 4. Similar networks and meas¬ 
urements of other standard machines are 
shown on Figures 5 to 9. A detailed 
study of Figure 8 is undertaken in a 
companion paper, “The Doubly Fed Ma- 

Figure 1. Reference axes 

and constants of the synchro* 
nous machine 

(a) Reference axes 

(b) Mutual and leakage re¬ 

actances 


0) 




chine, ’ showing numerous performance 
curves measured on the a-c network 
analyzer. 

In all these equivalent circuits it 
should be noted that: 

1. All equivalent circuits consist of a posi¬ 
tive and a negative sequence network. 

2. The asymmetry in the direct and quad¬ 
rature axis windings appears as a single 
mutual impedance between the positive and 
the negative sequence network. 

3. The asymmetry in the magnetic struc¬ 
ture (the saliency) appears as a single mutual 
impedance, not only between the sequence 
networks, but also between the stator and 
rotor windings as well. 

Also it should be noted that: 

1. The hunting networks are the same 
as the steady-state networks, except that 
the resistances are divided by different con¬ 
stants. 

2. Where two hunting networks are needed 
in place of one, the second differs from the 
first only in having the frequency of hunting 
h replaced by —A. 

3. All impressed voltages on the hunting 
networks are measured off the steady-state 
network. 

4. The steady-state torques and also the 
damping and synchronizing torques are 
measured directly by a wattmeter. 

A Principle to Establish 
Models for Physical Systems 

In setting up steady-state and hunting 
equivalent circuits for the various types 
of machines in a systematic maimer, it has 
been found, as was to be expected, that 
only such collection of terms in the equa¬ 
tions could be physically reconstructed 
or measured by instruments that formed 
a tensor. Geometric objects and other 
nontensor invariants could not be physi¬ 
cally represented. Vice versa, it was also 
found that an equivalent circuit always 
gave a set of equations that formed a 
tensor equation. 

It can be stated as an engineering prin¬ 
ciple that: A set of equations expressing 
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the performance of a physical system (be 
it electrical, mechanical, thermal, or any 
other system) may be represented by a 
model (equivalent circuit)only if the equa¬ 
tions are tensor equations. That is, 
only tensors have physical, existence, and 
only tensors can be measured. Vice 
versa, measurable physical entities al¬ 
ways appear in the mathematical analysis 
as tensors. 

This principle is only a consequence of 
previous statements that to explain the 
behavior of a physical system in terms of 
actually existing measurable physical 
entities, the system must be analyzed in 
terms of tensors. The equations of per¬ 
formance of simpler systems, such as 
stationary networks, automatically come 
out in a tensor form, whether they are so 
recognized or not, but that is not the case 
in more complex phenomena, such as the 
hunting of rotating machines. Tensors 
appear automatically only in special 
cases, while in others measurable concepts 
must be introduced either by experience 
or by the methods of tensor analysis. 

Appendix I. Rules to Establish 
Equivalent Networks 

The Determination of Torque 

on a Network 

(a). When the rotor of an electrical ma¬ 
chine rotates, at any one instant, four volt¬ 
ages appear in each of its windings (if all 
reference axes rotate with the same speed, 
including zero speed) 


where 

e=impressed voltages 
R- i ^resistance drops 
induced voltages 

p$B =voltage generated by cutting the rotor 
flux-density wave B 

The instantaneous torque on the rotor is the 
real part of 

T =*i*'B=*i*-G-i | T=i a Ba^i a Ga^ (2) 

(b). The voltage equation 1 may be writ¬ 
ten 

e=*Z*i | eZ= (3.) 

where the transient impedance tensor is 
defined as 


In rotating machinery G, hence Z is asym¬ 
metrical. 

If the impedance tensor Z is symmetrical 
it is often possible to establish a stationary 
network whose performance is also e=*Zi. 
In all standard electrical machines it is pos¬ 
sible to introduce a transformation C that 
changes the asymmetrical Z to a sym¬ 
metrical Z', thereby allowing the establish¬ 
ment of an equivalent network. 

The selection of the form of C depends on 
the desired reference frame to be employed 
and the desired form of the equivalent cir¬ 
cuit. Hence Cis different for different types 
of machines and interconnected systems. 

(c). Since the equivalent network—when 
found with the aid of C —corresponds to the 
equation of voltage 1 all the individual volt¬ 
ages R-i or pdB can be found on the net¬ 
work. Hence on all equivalent networks the 
rotor flux-density vector B appears as a 
set of differences of potential E (to a suit¬ 
able scale) and cam be easily traced on the 
network by reading the components of G-i. 


( 1 ) 


The torque then is given (in synchronous 
watts) by the wattmeter readings 

Torque =» T =* real part of i*B=t*-E (S) 

where 

£=G* (6) 

It has to be remembered that: 

1. If in a product i and E are of different fre¬ 
quencies, then iE* is divided by two, giving the 
peak of the oscillating torque. 

2. If both * and E are of the same frequency (in¬ 
cluding zero frequency) or if only one of them is of 
zero frequency, then iE* is not divided by two. 

The Equations of Small Displacements 


and so on, so that the above two equations 
become 

e+ Ae*=£(*•+■ Ai)+£(<£+ A^) + 

p(d+A6)(B+AB) (7) 

T+ AT =real part of —(*+ A«) *•(£+ AB) + 

Mp\6+ A6) (8) 

(where now T represents applied torque, 
hence the minus sign). 

Subtracting the steady-state equations 
nnH neglecting second-order infinitesimals, 
the equations of small displacements are 

Ac=jR- Ai-\-pAp-\-p6 AB-\- ApdB (9) 

Ar«-(£*- AB+Ai*-B)+Mp*Aff (10) 

(The phrase “Real part of” will be left out 
in the following.) 

Or in terms of constants 

Ae=R Ai+L-pAi+pdG- Ai+ ApeG-i 
Ar=~(i*'G- Ai+Ai*-G‘i)+Mp*A9 (11) 

( b ). The equation of small displacement 
may be written as 

Ac *=*Z - Af-f- ApOG-i 
or 


R • i-\-p^r\-pOB 
R’i-\-pL-i-\-p8G'i 


e«* = Rzpi 0 -\-p4>a-\-pdB* 

es — Ra^+pLapi^+pQGa 


(a). When the rotor oscillates for any 
cause, d becomes 0o+ A0, i becomes io+ At, 


Z =£-f- Lp -\-p0 G 


Zap ^Rzp+Lzpp+pOGxp 


(4) 



i f Ef* = W 


i f AE/~ Wi+jQi 
iW- Wi+iQt 


Ai f E/= Wt+jO, 
A ?E b *= W t +iQ* 


T^Wx+Wt+Wt+W* 

„ (Oj+O0 — (Oi+Oa) 

r„- - h 

(a) (left) Steady-state network (c) Torque formulas 



Figure 2. The sali¬ 
ent-pole synchronous 
machine on infinite 
bus 



where Z is defined in equation 4. 

Hence during small oscillations the tran¬ 
sient impedance tensor Z of any machine is 
the same as the Z during constant speed. 
However, two sets of impressed voltages 
appear: 

1, —BApB representing the internal generated 
voltages due to cutting the steady-state rotor flux- 



Figure 3. Reference axes of the doubly fed 
single-phase motor 
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Figure 4 (left). The 
M v * single-phase instru- 

^ men! Selsyn 

e f r £ J *ef ( a ) (above) Steady- 
state network 

ebr £ ‘ J *«b (b) (below) Hunting 
networks (for torque 
formulas see Table I) 




Figure 6 (right). The 
induction motor on 
unbalanced voltages 

(a) (above) Steady- 
state network 

(b) (below) Hunting 
networks (for torque 
formulas see Table I) 




Figures (left). The 
capacitor motor 

(a) (above) Steady- 
state network 

(b) (below) Hunting 
networks (for torque 
formulas see Table I) 



i+w 



Figure 7 (right). The 
single-phase induc¬ 
tion motor 

(a) (above) Steady- 
state network 

(b) (below) Hunting 
networks (for torque 
formulas see Table I) 
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density B by the oscillating speed change Api. 
This voltage appears in every machine. • 

2, be/bO representing the oscillation of the steady* 
state impressed voltage «. This voltage appears 
only in slip ring machines where e is a function of 0. 

Also small voltage changes A f may be 
impressed from outside. 

Steady Hunting 

(а) . When the frequency of oscillations— 
say in spontaneous hunting or in driving a 
reciprocating load—is ho>, and p is to be re¬ 
placed by jho)', care has to be exercised if 
the transient Z contains the complex opera¬ 
tor j. Such cases can be analytically treated 
by introducing an additional complex opera- 
tot k for p^khu' as shown in the com¬ 
panion paper “The Doubly Fed Machine.” 
However to establish equivalent networks 
it is advisable to use a physical reference 
frame that does not introduce j in the tran¬ 
sient Z, so as to avoid using equivalent net¬ 
works with two sets of frequencies. 

(б) . In replacing p by jhu>' (assuming no 
j in the transient Z) two cases have to be 
distinguished (reference 7, page 119) de¬ 
pending on the reference frame used: 

1. The steady-state currents i are constant. Then, 
all p in equation 12 are replaced by jhu. 

2. The steady-state currents i are of fundamental 



(a) Steady-state network 


Figure 8. The doubly fed polyphase 
induction motor 

(a) Cleft) Steady-state network 

(b) (left) Hunting networks 

(c) (right) Torque formulas 
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frequency. In such a case two sets of hunting equa¬ 
tions are established: 

(a) . The currents A i are of fundamental plus 
hunting frequency. Then all p in Z are replaced 
byi(l+A)» and p in Bp AB by jhu. 

(b) . The currents A i are of fundamental minus 
hunting frequency. Then all p in Z become j(l—h)u 
and p in Bp AB becomes —jhu. That is h assumes a 
negative value. 

(c). The hunting-frequency electrical 
torque AT comes out as a complex number 


AT A0 ^(Tf\rjhT d) AO 

oS 


(13) 


where T t is the synchronizing-torque coef¬ 
ficient and T d the damping-torque coeffi¬ 
cient. If one of them is negative, the system 
is unstable. In calculating T t and Td only 


frame, but y is not. It is assumed that Z 
contains no j. 

(b). To establish an equivalent network 
it is necessary to bring Z to a symmetrical 
form. Three steps are to be made: 

1. Replacing p byju and pO by tu, 

Z=R+(I-jvy) -jX=*R+n-jX (17) 

where n contains the speed v as a parameter 
n^I—jvy (18) 

2. Bringing Z to a symmetrical form consists 
chiefly of discovering a transformation C that 
changes the rotation tensor y to a diagonal form. 
When the physical reference axes have been 
judiciously selected and also are at right angles in 
space, one such C is that of the method of sym- 
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( 10 ) 


AT/ AB is needed, hence in the impressed 
voltage AB may be left out or assumed to be 
any convenient constant. 

If AB is given, the osdllating-frequency 
torque is 


AT- A8VTf-HhT D )* 


(14) 


(d). Once p is replaced by jhu, and so on, 
it is permissible to introduce a C contain¬ 
ing j. 

Steps to; Reduce 

Z to a Symmetrical Form 

(a). In machines with sinusoidal space 
waves the torque tensor G may be expressed 
along any reference frame as 


where 7 , -*C«**yC. This step brings y, hence n 
to a diagonal form. Except for the scalars n, the 
matrix of Z is now symmetrical. 

Since the sequence axes are hypothetical axes, their 
introduction does not change the frequency of any 
quantity, and it is immaterial whether first the ps 
are replaced by jhu and then are the sequence axes 
introduced or first the sequence axes are introduced, 
and then the psare replaced by jhw. 

3. Dividing the equation of voltage e»Z-i by n 
(or each equation by an appropriate scalar) 


e' =n~ l • e =» (n -1 • R+jX) • f * 


G*eyL 


G a p — y a y Lyfi 


(IS) 


where y is the rotation tensor. (Reference 7, 
page 62.) Hence the impedance tensor may 
be written as 


Z * J?-Kp/+ pOy) • A 


( 16 ) 


where / is the unit tensor. The tensors R, 
/, and L are symmetrical in any reference 


Z't 


( 20 ) 


where Z' now is symmetrical. The resistances and 
the impressed voltages are functions of the speed v. 

To find the torque, not only Z but also 
G must be transformed by C. ThenwG'i^Z 
is traced on the network. The torque is the 
real part of i • Z*, that is the sum of the watt¬ 
meter readings. 

Steps to Establish the 
Steady-State Networks 

1. The transient Z of the machine is 
first set up along a reference frame that 
gives a symmetrical Z. 

2. The torque tensor G and impressed 
voltage vector e are also found along the 
same reference frame. 
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(b) Hunting networks (for torque formulas 
see Figure 8c) 

Figure 9. The polyphase Induction motor 

May 1942, Vol. 61 


Figure 10. Com¬ 
pound machines and 
their compound net¬ 
works 

(a) Steady-state ma¬ 
chine and its equiva¬ 
lent network 


(b) Hunting ma¬ 
chine and its equiva¬ 
lent network 
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3. Replace p in Z by jca (where u may be 
zero). 

4. Divide Z by n. 

5. Establish the steady-state network. 

6. The impressed voltages are e' = n ~ 1 •«. 

7. The differences of potential Z=«G-i 
are indicated on the equivalent circuit. 

8. The steady-state torque is the real 
part of »’*•£. 

Steps to Establish 

the Hunting Networks 

1. Replace p in Z by ju' (where «' is 
ha or (1 *±h)a as indicated in a previous 
section). 

2. Divide Zby it'. 

3. Establish the corresponding network 
or networks. They are the same as the 
steady-state network except that the re¬ 
sistances are divided by different constants 


Appendix li. The Salient-Poie Synchronous Machine 

The Primitive Machine 

Let the constants of the synchronous machine of Figure la be assumed as shown in 
Figures lb and c. Its Z, G, and e tensors (or those of the primitive machine with five 
axes) have been given in reference 7, page 42 as (using X for inductance L in per unit as 
is customary in the per-unit system) 
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(24) 


(25) 


4. The voltages impressed on the hunt¬ 
ing networks are 

-ft) ( 21 ) 

where E and e' appear on the steady-state 
network, A/ is any outside impressed volt¬ 
age change and h may be plus or minus. 
Also n*de'/d0 = de/d0. 

5. On the hunting network the differ¬ 
ences of potential AE**aG- At are deter¬ 
mined (they exist across the same junction- 
pairs as £)• 

6. The following watts W and vars Q 
are measured 


AT / AO = W+jQ = i • AE *+ Ai • E * = 

T s + jhT D (22) 

7. The sum of the wattmeter readings is 
the synchronizing torque T g and the sum of 
the varmeter readings (divided by h ) is 
the damping torque T D . 

It should be remembered that: 

1. By convention the varmeter reading W+jQ is 
i-E* and not i* ■ E; hence a negative Q gives positive 
Tj). 

2. While i and E in the afctual machine are rotating 
vectors * = (A +jB)efot; AT, also i and E in the 
networks are single-phase quantities, »«real of 
CC+/Z>)e»«t When the frequency of a dr ex¬ 
pression is —uh it represents a negative Td. 

Hence if the frequency of AT is — o>k the varmeter 
reading Q keeps its sign. If AT is +«*, the sign of 
Q is reversed. 

3. If a AT expression is the product of two sinusoi¬ 
dal waves, one half of the product is the torque 
change. 


Compound Networks 

Just as ordinary equations may be repre¬ 
sented physically by equivalent networks, 
analogously a set of tensor equations may 
also be represented physically by equivalent 
networks (see reference 6, page 480) in 
which each coil represents a whole network 
and each current represents several mesh- 
currents. Figure 10 shows the general 
form of steady-state and hunting networks 
for all machines in which no relative veloc¬ 
ity exists between the reference axes. 


where 5=0—0 buI . All the five reference axes are rigidly attached to the field and 
rotate with it. (Note the change in sign of p 0 .) 

The machine is assumed to be connected to an infinite bus running at the same speed 
pQ as the field. 


Reduction to Symmetrical Form 

Let symmetrical components be intro¬ 
duced by the following transformation 

t d/ =t d/ 

;<«=(/*+*»*)/2 

i aK =-0 k -i bk )/2 (26) 

t* a <=(i fa +i ba )/2 

-j(t /a -t fla )/2 . 

If now: 

1. Ci*Z-C-Z', C t *-G-C=G' and C/*-e=e' are 
calculated, 

2. p is replaced by jh and pi by v where v is the 
per-unit velocity of the machine, 

3. Z' is multiplied by n'”* where the value of n' is 
given in equation 28. 
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(28) 


The results are 


n'" l -Z' = l/4X 
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The same result is found if first p is replaced by jha, then C is introduced. 
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(32) 


where e f and e b appear on the steady-state network of Figure 2a derived in reference 5. 
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The Hunting Equivalent Network 

(а) . The equivalent circuit of hunting 
(with per-phase constants) corresponding to 
Z' is shown in Figure 2b. It is established 
in the same manner as the steady-state net¬ 
work shown in reference 5. 

It should be noted that at least two nega¬ 
tive resistances are needed, one for each net¬ 
work. Such negative resistances may be 
used in conjunction with the a-c network 
analyzer. If no negative resistances are at 
hand, the networks of Figure 2 may be 
changed in a manner similar to that shown 
in reference 6, Figures 3b, 6, and 7. 

(б) . The components of AE—G'-Ai 1 
are shown in Figure 2b. 
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1 ta 

2jX ad Ai af +j(X ad +X at ) At fK +j(X ai ^X at ) Ai 0K + 

j(X d +X,) Ai' a +KX d - X,) Ai ba 

(33) 
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(44) 

If the rotor is connected to the rotor of 
another Selsyn with infinite inertia, or 
with assumed constant speed 


fr 


br 


(c). To find the impressed voltages Ae 
on the hunting network, let equation 31 be 
differentiated 


w y 

C^ _i “) p+ 


(41) 


bk fa 


be 

bO 


□ 



—jvef J 

-jve j, 


(35) 


Hence the resultant Ae is 


Ae = 


Ae> 




pa*C 

Reduction to Symmetrical Form 

Let symmetrical components be intro¬ 
duced by the transformation 

,«•-(#»+♦*)/2 
*«*= _j(^-4»*)/2 

i iT ={i !T +i bT )/2 
i v - j{i tT -^/2 


J171 

(1— v)e jrr t ii 


(l+i»)e 6r e- rt | 

f. 
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(45) 

b r 


| (1— v)e f | 


i ( l+v)e b | 


Since the reference axes are stationary the 
frequency of the hunting currents is (1 +h)w 
and (1— h)u. 

1. Replacing first p by jO+AJgi fiB by vu, and 
dividing Z\‘ by m' 


b t 


b a 
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Ae d f 



j(hEf+ve f ) 
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(37) 
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1 +h 





1 -\-h-\-v 


(46) 


On the field an impressed hunting-fre¬ 
quency voltage Ae^f may exist. 

(d) . By measuring the watts of i*-E and 
the watts and vars of £*• AE+ Ai*-E as 
shown on Figure 2c, the steady-state torque 
(per phase), also the damping and syn¬ 
chronizing torques are found. (Note the 
change in sign of To and T g due to that of 
bp9.) . 

In per unit on Figure 2a the impressed 
voltages je/2 and e d pXad/2r] are 1/V2. 


Appendix III. The Sin$le-Phase 
Instrument-Selsyn 

The Primitive Machine 

Let a single-phase induction motor be 
considered (Figure 3a) in which the ratio 
of the cross-phase to the main-phase turns 
is a. Let it be assumed that the im¬ 
pedances of the two stator windings differ 
by Z — R+Lp-\- 1/pC. Also on both stator 
and rotor windings let unbalanced voltages 
be im pressed. (To simplify the equations 
the saliency of the stator will be neglected 
here, but is considered in Figure 4.) 

The transient Z, G, and e of such a ma¬ 
chine is [the primitive machine with four 
windings (reference 7, page 43, or reference 
4)]. 
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where the mutual impedance of the sequence axes 
Z\ may have the form 


£i’ 
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1 +h 


VjX L - 


JXc 


a+hy 


(48) 


(42) 


By C,*ZC, C*'G’C, and Cf e 

f s * fr 


2. Replacing p by i(l-~A)u and dividing Zt’ by 
nj', the resultant Zt' is the same as Zi f , except +k 
everywhere is replaced by —A. 

The same result is found if first p is re¬ 
placed by j(l ±‘h)o> then C is introduced. 
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1 fr 
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The Hunting Equivalent Networks 


Table I. Torque Formulas for the Single-Phase Motors of Figures 4-7 


The corresponding two equivalent net¬ 
works are given in Figure 4b showing also 
AE\ =wG' • Ai*i and AEt — wG , *A*s. The 
saliency of the d axis is taken care of by the 
addition of a condenser j(X m —Xmd) com¬ 
mon to all four meshes, as in lie case of the 
salient-pole synchronous machine, Figure 2b. 

The voltages impressed on the hunting 
networks are by 


ifE/*-W' 
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(51) 


The torques are the real parts of 

AT = i*-( AEi + AEt) +(Aii+ A/„) * • E (52) 

By measuring watts and vars, the 
torques per phase are found by the formu¬ 
las shown in Table I. 

Special Cases 

1. The Capacitor Motor. The rotor-im¬ 
pressed voltages Cft and « 9f are zero, Figure 5. 

2. Polyphase Induction Motor on Un¬ 
balanced Voltages . Z —0, Figure 6. 

8. The Single-Phase Induction Motor. 
The rotor-impressed voltages are zero and 
a>, Figure 7. 

4. The Doubly Fed Induction Motor. 

Z=0 and o=» 1. Also and the 

negative-sequence networks are missing, 
Figure 8. This case is illustrated in detail in 
the companion paper.* 

5. The Polyphase Induction Motor. Z=>0, 
the negative-sequence networks are missing 
and the rotor-impressed voltage e# is also 
zero. Figure 9. 

Appendix IV. More General 
Cases of Hunting 

Machines With Arbitrary 
Reference Frames 

When a relative velocity p6' exists be¬ 
tween the stator and rotor reference axes (as 


in interconnected slip ring machines such 
as Selsyns) the equation of voltage has an 
additional term pd'V-i in it, so that 

e~(R+Lp+p8G+pO'V)-i-Z-i (S3) 

The equation of hunting then is 


Z ’ A*-y^-(G+V)-#|A0= 

(§-»)" (54) 

However V is not a tensor and it cannot 
be physically represented. 

In some cases (in machines with sym¬ 
metrical structures) V may be changed into 
a tensor by assuming all reference axes to 
rotate at the same speed. But in case of 
interconnected synchronous machines or 
instrument Selsyns that assumption can¬ 
not be made. 

Tensorial Form of the Hunting 
Equation 

It is well-known that while the equation 
of Lagrange or its generalization, equation 58 

di* 

6a a *RapiP+Clap-£+Tl3y,ai P i y (55) 

is a tensor equation, the equation of small os¬ 
cillations (derived from it by replacing by 


x a + Ax 01 and i a by «“+ A.*«) equation 54, or 
0 d(AiP) 

Ae a = Pa/3 Ai^-j-aafi —— -(~r /3-y.ot Ai^i 7 ■+• 

at 

rp y>a iP At^+^j^iPi 7 Ax* (56) 

is no longer a tensor equation. That is 
Aifi itself is not a vector (tensor of rank one) 
nor can the various terms be grouped to 
form tensors. Hence, no physical model 
(equivalent circuit) can be established to 
represent these equations in the general case. 

The tensorial form of the equation of 
small oscillations of dynamical systems in 
general and of electrical machinery in par¬ 
ticular is* 

„ . S(Si^) 

Se a ^Rap&tP+aap ———f- 
al 

K Sy pai s i p dx y +Ryp a i p dx y (57) 

where KSyp a is the Riemann-Christoffel 
curvature tensor and Si? represent "abso¬ 
lute” or "covariant” differentials. This is 
the hunting equation whose equivalent cir¬ 
cuit has to be established and this is the 
equation that fits the hunting equivalent 
circuits of machines having general refer¬ 
ence axes. 
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Saturated Synchronous Machines Under 
Transient Conditions in the Pole Axis 

REINHOLD RflDENBERG 

MEMBER AIEE 


1. Introduction 

T HE performance of synchronous ma¬ 
chines in steady-state operation, as 
w$U as in the transient state, is sub¬ 
stantially determined by magnetic satura¬ 
tion in their iron circuits. 13 ' 14 ’ 20 It is 
well-known that high initial and sustained 
short-circuit currents develop under 
widely different conditions of saturation 
and that large capacitive loading is un¬ 
stable but for the effect of saturation. 

The transition from one state of opera¬ 
tion to another under the influence of 
changing saturation will be considered in 
this paper, and we will develop the tran¬ 
sient phenomena from the magnetic char¬ 
acteristic of the machine. We fix our 
attention on the direct or pole axis since 
the fields in the quadrature axis of the 
rotor act essentially independently, ac¬ 
cording to Blondel’s theorem.® The solu¬ 
tion becomes obvious if we concentrate 
the saturation at the pole cores of the 
rotor and confine ourselves at first to sym¬ 
metrical three-phase conditions in the 
stator and to constant speed of the ma¬ 
chine. The analysis is simple® if the rotor 
consists of laminated cores surrounded 
only by exciting coils. It becomes more 
involved if damper windings or solid steel 
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rotors are used having paths for eddy- 
current formation. 

2. Change With Time of the 
Main Flux 

We consider first the stator circuit in 
Figure 1. The terminals with voltage V 
are loaded by an impedance X which, for 
simplicity, is shown with one phase only 
and may be purely reactive so that we 
have to consider only the pole axis of the 
machine. Consequently, the stator re¬ 
sistance may be neglected. Since higher 
harmonics are of secondary importance, 
We consider the phenomena of fundamental 
stator frequency only. With leakage re¬ 
actance x, the external current I requires 
an internal electromotive force 

E~V+xI=(X+x)I (1) 

This relation holds only if the amplitude 
variation of the current with time is slow 
compared with the harmonic variation 
due to the frequency w, 

< 2 > 

an assumption which will be verified later. 
With internal resistance and external 
active load, equation 1 remains unchanged 
in form, except that it then has a vector 
significance. , 

Secondly, we consider the rotor circuit 
in Figure 1. The external excitation volt¬ 
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age e is given either as constant or as a 
known function of time. With resistance 
r, number of turns IV, and rotor pole flux 
$, the exciting current i in the transient 
state is determined by 

e(t) = ri+N — (3) 

at 

This expression can be transformed by 
introducing the electromotive force E 
rather than the flux $, both always being 
proportional, 

$/#„ ~E/E 0 (4) 

If we denote the rated values of flux 
stator voltage E 0 and rotor voltage e 0) 
the last term of equation 3 equals either 
of the two following expressions: 


r *E _ d{EJE 0 ) 
N dt* aTn dt ° Tp dt 

(S) 

Herein 


—N^ 0 /E 0 

(6) 


is a time constant of the complete machine 
which has the advantage of being con¬ 
stant entirely independent of the mag¬ 
netic saturation, while 

T„=m 0 /e 0 (7) 

is a time constant of the rotor poles with 
their field windings, which has a simpler 
physical significance and is constant so 
long as the rated rotor values remain un¬ 
changed. 

The rotor circuit-equation 3 now be¬ 
comes, using equation 7, 

... . . rp d(EfE 0 ) . . 

e(t) = n-H<,7y ———- (8) 

It is expedient to take for <1> in equation 
3 the total pole-core flux which is linked 
completely with the exciting winding. 
The. electromotive force E in equation 4 
corresponds to this flux, which is regarded, 
as usual,, as the main flux of the machine 
to which also the magnetic characteristic 
is related. Hence the difference between 
electromotive force E and terminal volt¬ 
age V is caused by the leakage fluxes of 
both stator and rotor and thus x in equa¬ 
tion 1 defines the sum of stator and rotor 
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Figure 2. Internal and external excitation 
characteristics 

leakage reactances, 7 both related to the 
stator circuit. 

Thirdly, we consider the magnetic cir¬ 
cuit of the machine in the direct or pole 
axis. With open stator terminals, the cor¬ 
relation of electromotive force E and ex¬ 
citing current i is given as “no-load char¬ 
acteristic” by the functions 

E***E(i) or i= i(E) (9) 

The rotor leakage at no load may be in¬ 
cluded. herein. 

With loaded machine the armature re¬ 
action of tlie current 1 causes a change of 
the resultant excitation. We can express • 
this change by ml if m is a numerical fac¬ 
tor expressing the effective turn ratio of 
stator and rotor windings, including the 
correction due to leakage and the effect 
of phase displacement in case of active 
load. If we consider the demagnetizing 
effect of inductive current as positive, the 
magnetic characteristic 'under load 1 is 
given by the function 

E=E(i—mT) (10) 

which can be inverted to 

t(11) 

This relation for the total exciting cur¬ 
rent i is represented by Figure 2. Herein 
t M (E) is that part of the exciting current 
which is needed for the magnetization of 
the internal main synchronous flux and 
ml is that part which is necessary for 

Figure 3. Point-by-point derivation of 
voltage*- and current-time curves after sudden 
drop of load 



the magnetization of the electric stator 
circuit and which is transferred through 
the machine to the external load. 

Not only the first but also the second 
part of the current in equation 11 is de¬ 
pendent solely on the electromotive force 
E, corresponding to the main flux $. We 
see this immediately by equation 1 since 

'-xT* < I2 > 

This is represented at the left-hand side 
of Figure 2, and we will denote this line 
as the “network characteristic.” With 
constant external and internal impedances 
this characteristic is a straight line 
through the origin, as shown in Figure 2. 
Its slope in terms of stator voltage and 
current is given merely by 

X+x 

If now we insert the stator current of 
equation 12 in equation 11, and the rotor 
current of equation 11 in equation 8, and 
define the rated exciting current i 0 by 

to=ri 0 ( 13 ) 

we obtain the final relation for our prob¬ 
lem 

„ d(E/E 0 ) e(t)/r— [i^+mE/iX+x)} 

* dt ~J 0 

( 14 ) 

Thus, the change with time of the rela¬ 
tive stator voltage E/E 0 of the machine is 
determined by the difference of the ficti¬ 
tious steady-state or ohmic rotor current, 
namely e/ r, under the impressed voltage 
e{t), and the sum of the actual internal 
and external magnetizing currents neces¬ 
sary to produce the voltage E. This dif¬ 
ference, indicating a current of unbalance, 
is denoted by A i in Figure 2 and is ob¬ 
tained by drawing a parallel to the net¬ 
work characteristic through the working 
point on the no-load characteristic. If the 
difference Ai is positive, the voltage E 
increases; if Ai is negative, the voltage 
decreases. In both cases the rate of 
change is inversely proportional to the 
time constant T P of the rotor. 

Since the right-hand side of equation 14 
depends only on the two variables t and 
E, we can solve this differential equation 


graphically for many problems. It is 
convenient to write equation 14 in a 
purely numerical form, namely 


d(E/E 0 ) _e(t) StQg) 
d(t/Tp) e 0 i 0 


( 15 ) 


where the last term on the right-hand side 
represents the excitation current of the 
entire internal plus external magnetic 
characteristic, as shown in Figure 3a. In 
Figure 3b and 3c there are derived by use of 
equation 15 the changes with time of volt¬ 
age and exciting current when the load cur¬ 
rent of the generator is suddenly decreased. 
Under the influence of a voltage regulator 
a series resistance in the shunt excitation 
of the exciter may be switched on and off 
when the voltage E passes through the 
rated value. The voltage curve e(t) of the 
exciter is given in Figure 3c, and the dif¬ 
ference at every instant between this 
voltage and the total exciting current, 
taken from the characteristic in Figure 3a, 
both given in relative values, determines 
the rate of change of the voltage E, as 
indicated in Figure 3b. Step by step, the 
complete set of curves can be derived in 
this way, and experiments show that such 
curves agree well with actual oscillo¬ 
grams. *> 8 

For many important phenomena, the 
excitation voltage e remains constant dur¬ 
ing the transient process and this simpli¬ 
fies the problem materially. The exciting 
current immediately before the instant of 
switching is 

ii^ei/r ( 16 ) 

ei denoting the constant rotor voltage. 
The first term on the right-hand side of 
equations 14 and 15 now is independent 
of time and this relation can be written 


(dE/E 0 ) _i x sm_ Ai(E) 

dt 'Iq %q %q 


(17) 


where the difference current At is now de¬ 
pendent on the voltage E only. From 
Figure 4a we see that this value 

— ( 18 ) 

is given by the difference shown shaded 
between the internal magnetic charac¬ 
teristic of the machine and the external 
network characteristic, drawn backwards 


Figure 4. Derivation of transient voltages and currents 
at inductive loading with constant excitation voltage 
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from the original exciting current ii. For 
every voltage E the change with time of 
the voltage is determined, therefore, by 
the horizontal distance between the two 
characteristics, and the entire E curve can 
easily be derived graphically. We can 
integrate equation 17 rigorously by sepa¬ 
ration of the variables and obtain the 
time elapsed since the instant of switch¬ 
ing 


'- T ’f 


'd(E/E 0 ) 

tdfi 0 


(19) 


This constitutes a simple quadrature and 
Figure 4b and c show how the E curve 
plotted against time can be derived by 
graphical integration of an auxiliary curve. 
1/At dependent on E. 

The electromotive force E departs from 
the initial value which is determined by 
the previous operation of the machine, de¬ 
creases at a rate determined by the value 
of A i and approaches asymptotically the 
intersection of the internal and external 
characteristics, indicating a state of equi¬ 
librium. This new steady-state value may 
be approached from above or from below, 
depending upon the initial magnitude of 
the voltage E. 


3. Transient Voltages and 
Currents 

The other parameters of operation, as 
terminal voltage, exciting current, and 
stator current, can easily be determined 
graphically. According to equation 1, the 
terminal voltage V is the difference be- 



.Figure 5. Three characteristics which are 
constant during inductive transient performance 

tween electromotive force E and leakage 
reactance voltage xl. If, therefore, we 
draw in Figure 5 through the steady-state 
exciting current ii a straight line repre¬ 
senting the leakage characteristic of the 
synchronous machine, with slope x rather 
than X+x as for the network characteris¬ 
tic, this line subdivides the entire voltage 
E into two parts, namely, the terminal 
voltage V and the leakage voltage xl. 
Thus we can take the value of V for every 
value of E and transfer it to the time dia¬ 
gram, Figure 4c. While the electromo¬ 
tive force £ is continuous at the instant of 
switching, the terminal voltage F jumps 
by an amount equal to the change of 



Figure 6. Unbalance of currents at sudden 
short circuit under two previous machine 
conditions 


leakage voltage at the instant of switch¬ 
ing. 

The value ml for the stator current I is 
given in Figure 5 by the horizontal dis¬ 
tance between the characteristic point at 
the value E on the network characteristic 
and the vertical through the exciting cur¬ 
rent *i. This follows directly from the 
definition of the network characteristic. 
Thus the stator current I can also be 
plotted in the time diagram, Figure 4c. 
The exciting current given by equation 11 
is, according to Figure 5, the value cut off 
the i axis at a given instant by a line 
through the E point at the no-load char¬ 
acteristic and parallel to the network 
characteristic. It also is transferred to 
Figure 4c. Stator current and rotor cur¬ 
rent behave discontinuously at the in¬ 
stant of switching and jump suddenly to 
their new values, decreasing subsequently 
with time to their steady-state values, 
which for the exciting current coincides 
with the magnitude prior to the switching 
process. 

In every case it is easy to determine the 
correct scale for the stator current. We 
need only to consider the Potier triangle 
in Figure 5, which by its magnitude for, 
zero power factor gives a direct measure 
of the rated stator current. Thus we can 
measure I directly, rather than ml in the 
rotor scale. 

A significant case of operation is the 
sudden short circuit of a synchronous 
machine at its terminals. Since now there 
is no external reactance X, the network 
characteristic becomes identical with the 
leakage characteristic and, therefore, 
drops in position. This is shown in Figure 
6 for two different prior exciting currents, 
corresponding to no-load and to full-re¬ 
active-load conditions. The equilibrium 
of the currents in the machine is now 
heavily disturbed, and thus a large dif¬ 
ference current A i occurs. The voltage E, 
therefore, decreases rapidly, and very 
large currents are built up, constituting in 
the stator an alternating current I and in 
the rotor a direct current i, both decreas¬ 
ing continuously from their initial values 
to the final sustained values. Hence we 
have developed a method for determining 



Figure 7. Three characteristics which are 
constant during capacitive transient per¬ 
formance 


numerically the change with time of these 
currents with any given saturation of the 
synchronous machine. Figure 6 shows 
that the initial short-circuit stator cur¬ 
rents I s for prior no-load and full-load con¬ 
ditions differ only slightly, this difference 
being equal to the magnitude of the prior 
load current, though the sustained cur¬ 
rents l k are widely different. In any case, 
the value of the initial alternating short- 
circuit current, given by the similarity of 
the triangles, is 

I S /I 0 =E/E X (20) 


where E denotes the electromotive force 
at the instant of short circuit and E x the 
total leakage voltage of the machine at 
rated current I 0 . 

Another interesting case is the capaci¬ 
tive loading of a synchronous generator. 
The load current now is, by equation 1 


uC 


—l/uC-\-x 1—wCx 


E=-I c 


( 21 ) 


and thus changes sign. The network 
characteristic therefore must be drawn 
from the exciting current i\ toward the 
right-hand side, as in Figure 7, the slope 
being determined by the coefficient of E 
in equation 21. The increment of the 
capacitive current due to the combined- 
action of external capacitive reactance and 
internal leakage inductance is given by 
the denominator of this coefficient. 
Resonance would be approached only for 
very large values of the capacitance. 
Equation 18 can now be written in the 
form 


— ( 22 ) 

and we see from Figure 7 that A i is again 
the horizontal difference between the no- 
load characteristic and the capacitive 
characteristic of the stator network. 
However, since At has changed its sign 
compared with the inductive loading of 
Figure 4, the voltage now increases with 
time toward the final value, again deter- 
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Figure 8. Deriva¬ 
tion of transient volt* 
ages and currents at 
capacitive loading 
with constant exci¬ 
tation voltage 


LOADED OPEN 



Figure 11. Interruption of capacitive load 


mined by the intersection of the two char¬ 
acteristics. 

The terminal voltage V is always the 
vertical distance between network and 
leakage characteristics. If we lengthen 
the leakage characteristic in Figure 7 be¬ 
yond the current ii, we see that V becomes 
larger than the electromotive force E by 
reason of the inductive voltage rise pro¬ 
duced by the capacitive current. A paral¬ 
lel line to the network characteristic 
through the E point on the no-load char¬ 
acteristic cuts off on the abscissa the mag¬ 
nitude of the exciting current i, as shown 
in Figure 7. The transient exciting cur¬ 
rent here is temporarily fairly small and 
even may become negative. 

Figure 8 represents the sudden capaci¬ 
tive loading of a synchronous generator, 
previously under full inductive load, 
when the capacitance is so chosen that it 
would give full load under normal volt¬ 
age. By drawing the inverted difference 
current 1/ At and integrating this, we ob¬ 
tain in Figure 8c the change of voltage E 
with time, according to equation 19, and 
by graphical correlation we can add the 
other curves for terminal voltage V, 
stator current I e and exciting current i. 
At the instant of switching all magnitudes, 
except the electromotive force .E, jump 
to their new transient values. The excit¬ 
ing current returns finally to its original 
value ii, and electromotive force, stator 
current and, particularly, terminal volt¬ 
age attain high magnitudes. 

We now can state the general rule for 
any transient change in synchronous ma¬ 
chines with constant excitation voltage. 
Up to the initiation of the switching proc¬ 



Figure 9. Unbalance of currents at sudden 
change of general reactive load 


ess the machine may have worked, as in 
Figure 9, with an exciting current t x and 
an electromotive force E, both determined 
by the intersection of the no-load machine 
characteristic with the prior load network 
characteristic. When the network char¬ 
acteristic suddenly changes by a definite 
amount, turning to the left-hand side with 
increase of inductive load or to the right- 
hand side with decrease of inductive load 
or increase of capacitive load, the working 
point of the machine moves along the mag¬ 
netic characteristic toward the new inter¬ 
section-at a rate given by equation 17 or 
19, which is proportional to the current 
difference At of the shaded areas in Figure 
9. 

The phenomena occurring with re¬ 
moval of load of a synchronous machine 
are also easy to describe. If, for example, 
the sustained terminal short-circuit cur¬ 
rent of a generator is suddenly interrup¬ 
ted, as in Figure 10, the exciting current 
jumps temporarily to a very small value, 
i' or i" according as the load changes to 
zero or to a finite value. The electro¬ 
motive force E increases with a rate de¬ 
termined by the width of the shaded areas, 
and the momentary values of terminal 
voltage V and stator current I for any 
instant can easily be taken from the dia¬ 
gram by projecting from the load charac¬ 
teristic to the no-load and short-circuit 
lines. If, on the other hand, a capacitive 
load is switched off' 1,12 as in Figure 11, 


14J.J0 



Figure 10. Interruption of short circuit and 
recovery toward loaded or open-circuited 
condition 


and recovery toward loaded or open-circuited 
condition 

the exciting current jumps temporarily to 
the larger value or i", according to the 
final-load or no-load condition. Stator 
voltages and current can also be taken 
from the diagram, using the shaded areas 
and following the same scheme as before. 

The only magnitude of our main equa¬ 
tions 17 and 19 which is not contained in 
the diagram of characteristics is the time 
constant T P of the rotor pole flux. Cal¬ 
culations according to equation 7 and 
oscillographic experiments have shown 
that for machines of the usual design for 
50-60 cycles per second, with no addi¬ 
tional resistance in the excitation circuit, 
the time constant T p varies mainly with 
the synchronous power generated by 
each pole. It is: 

for 100 1,000 10,000 kva per pole 

in the order of 

T p = 3 6 12 seconds 

With numerical values of the integral of 
equation 19 such as are given on the axis 
of abscissae in Figures 4 and 8, we realize 
that the actual change with time of cur¬ 
rents and voltages is always very slow 
compared with the change due to the 
frequency 50 or 60 cycles per second. 
Our assumption in equation 2 is verified 
therefore. 

However, this is true only during the 
transient state following the instant of 
switching, but is not true for the time t— 
0 at which the switching occurs. Our 
curves for the stator currents and voltages 
represent only the amplitudes of the har¬ 
monically varying magnitudes, so that a 
jump of these amplitudes at /=0 does 
not mean necessarily an actual discon¬ 
tinuity but merely a rapid variation com¬ 
pared to the slower succeeding change. 
It is well-known that other transient cur¬ 
rents may appear which prevent a discon¬ 
tinuous transition between the values 
immediately before and immediately after 
t— 0. These additional transient cur¬ 
rents flow without impressed voltage, 
suffer a rapid decay, and bridge the jump 
of the amplitudes only at the instant of 
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switching. Their initial values, there¬ 
fore, are given directly by the jumps of 
the currents and voltages in our time dia¬ 
grams. 

If the synchronous machine is loaded 
by self-inductance, either external or only 
internal, the superposed transient current 
is a decaying direct current, its time con¬ 
stant being that of the stator circuit. If, 
however, the load consists of capacitance, 
the superposed current is a damped oscil¬ 
lating current, the natural frequency be¬ 
ing determined by capacitance and self¬ 
inductance of the machine and the load. 
It is well-known that the actual currents 
or voltages, by the additional effects of 
these free intermediate currents, may rise 
temporarily to about double the value of 
the original discontinuous magnitudes. 

The rate of change of any curve can be 
expressed significantly by the value of the 
subtangent S. This is shown in Figure 
12b with curve E which is derived from 
the characteristics in Figure 12a of the 
magnetic and electric circuits of a syn¬ 
chronous machine. By using equation 17 
we can express the subtangent, as cut off 
on the asymptotic axis, 


AE _ T AE / E o 
dE/dt p Ai/i 0 


(23) 


if we denote by A E the difference of the 
momentary and final voltages, corre¬ 
sponding to the current difference Ai. 
Hence the ratio of the subtangent to the 
time constant of our problem is given by 
the ratio of the height to the width of the 
shaded characteristic area in Figure 12a, 
both measured in relative values. 

Let us consider two extreme examples 
with different asymptotic points of equi¬ 
librium. With no load of a nonsaturated 
machine, we see from Figure 13a that 

AE/ Ai = E 0 I i 0 ) ( 24 ) 

hence S 0 —T p ) 


Figure 12. Subtangent of the voltage curve 
defining the character of change with time 


or the subtangent equals the time con¬ 
stant. With saturation, corresponding 
to the dashed curve in Figure 13a, AE for 
the same At is smaller than before and, 
therefore, 5 < 1$. 


With terminal short circuit of a non¬ 
saturated machine, Figure 13b shows, 
with I s for the sudden and I k for the 
sustained short-circuit current, that 


Ai - ml a, AE=E 0 — 


hence S k =T p y 

*a 


ml k 


(25) 


and the subtangent is a fraction only of 
the rotor-pole time constant T v . This 
means that the equivalent self-inductance 
of the field winding is reduced by the re¬ 
action of the short-circuited armature. 
Thus the decay of the electromotive force 
and of the main flux of a machine under 
short-circuit conditions is more rapid than 
under no-load conditions in the ratio of 
sustained to sudden short-circuit current. 
With saturation, corresponding to the 
dashed curve of Figure 13b, Ai becomes 
larger for the same AE, and therefore S is 
smaller than before. 

So we see that the subtangent S of the 
E curve is constant only for nonsaturated 
machines, and therefore only these ma¬ 
chines can show an exponential decay of 
the voltages and also of the load- and 
short-circuit currents. Actual saturated 
machines, however, have a subtangent 5 
which, corresponding to equation 23 and 
Figure 12, may be small during the initial 
stages and may increase toward a con¬ 
stant value at the final stages only, where 
the magnetic characteristic approaches 
the steady-state point linearly in the 
direction of its tangent. With capacitive 
load this rule is inverted, the subtangent 
decreases with higher saturation. All in¬ 
fluences which by smaller armature reac¬ 
tion elevate the network characteristic, 
such as ohmic resistance or one- or two- 


terminal loading, increase the magnitude 
of the subtangent toward the no-load 
value of equation 24. 

4. Effect of Damper Circuits 

If the poles of a synchronous generator 
are equipped with damper circuits, these 
form for the most part a squirrel cage at 
the surface of the pole faces, both with 
salient-pole and cylindrical rotors. The 
total flux in the damper winding thus is 
identical with the flux entering the stator 
surface, if we neglect the very small cir¬ 
cumferential flux in the air gap, including 
the damper slot flux. Between damper 
and field windings, however, a circum¬ 
ferential flux can pass to the adjacent 
poles, as in Figure 14. This constitutes 
the rotor leakage flux, in the transient part 
of which we are interested. A lumped 
damper circuit rather than a distributed 
winding is shown in Figure 14 in order to 
simplify the problem with regard to the 
direct or pole axis. 

We denote by <r the leakage coefficient 
between damper and excitation windings 
due to the rotor leakage flux, by T d the 
magnetic time constant of the damper 
winding, given as quotient of self-induct¬ 
ance and resistance, while T v is the time 
constant of the exciting pole winding as 
before. It is well-known that, without 
regard to saturation, two exponential 
transient currents may flow in the two 
magnetically coupled windings, the time 
constants T of which are given as roots of 
the quadratic equation 2 

F 2 - T( T P +T d ) +<r T P T^Q (26) 

Hence for small leakage, as in actual ma¬ 
chines, the time constant are very nearly 

n-w m 

where the last term on the right-hand side 
is a further approximation for T<i for rela¬ 
tively small T d . The primary time con- 




Figure 13 (right). 
No-load and short- 
circuit conditions of 
nonsaturated and 
saturated machines 

Figure 14 (lower 
left). Damper cir¬ 
cuits and rotor leak¬ 
age in synchronous 
machine 

Figure 15 (right). 
Behavior of slow- 
transient main flux 
and rapid-transient 
rotor-leakage flux at 
inductive loading 
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stant Ti, given by the sum of T v and T d , 
represents the change with time of the 
main flux, and the secondary time con¬ 
stant, T it given by the product of two 
small quantities, represents the change 
with time of the leakage flux. Thus we 
can distinguish between a slow-transient 
main flux and a rapid-transient leakage 
flux. To both fluxes are correlated the 
respective voltages and currents in the 
windings. 

An actual medium-sized machine may 
have an excitation time constant of the 
poles 7^=5 seconds, a damper time con¬ 
stant 7^=1 second, and a leakage coef¬ 
ficient between both rotor windings cr¬ 
ib per cent. Then we have the two re¬ 
sultant time constants 

F,=5+1 =6 seconds 

7* = 0.15 ——— = 0.125 second 
0 + 1 

T 2 being only two per cent of TV For 
current of 60 cycles per second the ex¬ 
ponential damping for half a cycle is 

_ _ t__ 

e r ‘=0.999; 6 r *=0.933 

The rapid-transient rotor leakage flux 
flows for the most part in air, as seen by 
Figure 14. Hence this flux, constituting 
a free magnetic field which acts in addition 
to the main pole flux, is proportional or 
nearly so to its exciting currents. There¬ 
fore, it will be only slightly influenced by 
saturation and thus will change exponen¬ 
tially with time in actual machines. The 
leakage time constant T 2 is, therefore, a 
true or nearly true exponential time con¬ 
stant. It may vary, however, to some 
extent with different loading of the stator, 
caused by armature reaction on the dam¬ 
per circuit.* 1 

The slow-transient main flux, on the 
other hand, flows through the armature 
and poles of the machine and is, therefore, 
greatly influenced by saturation of these 
steel parts. Thus, we cannot expect that 
the main time constant Ti will affect the 
phenomena exponentially, but we must 
use it with actual machines in the way ex¬ 
pressed graphically in our previous solu¬ 
tion for the saturated problem by equa¬ 
tions 17 and 19. Only we must use, in¬ 
stead of the previous pure excitation time 
constant r„ the sum of excitation and 
damper time constants given by the first 
equation 27, 7\. Hence the main flux, or 
the electromotive force, is given by 

■T, d(22/ Bo) At 

r '~lT~~T. •<*>■ 

all other notations remaining unchanged. 

iBoth fluxes, together, the slow-transient 
main-pole flux with the large saturated 


time constant Ti and the rapid-transient 
rotor-leakage flux with the small ex¬ 
ponential time constant T 2 , constitute the 
armature flux entering the surface of the 
stator and producing in combination with 
the stator-leakage flux the terminal volt¬ 
age and the stator current. At the in¬ 
stant of switching, the field winding keeps 
the pole flux constant, the damper keeps 
the air-gap armature flux constant, and 
thus only the stator-leakage flux can 
change instantaneously. 

The initial values of all magnitudes can 
be determined by a diagram of character¬ 
istics as in Figure 15, which shows the 
case of sudden inductive loading of the 
synchronous machine. If no damper 
were present, there would be effective 
from the beginning the total network 
characteristic, formed by the reactances 
•^+#«+aV, the last two terms denoting 
the leakage reactances of stator and rotor 
separately. Point B on this characteristic 



then would represent the current and 
would move down at a rate given by our 
previous considerations. With damper 
winding at the pole surfaces, however, not 
only the main-pole flux but also the rotor- 
leakage flux remains constant during the 
instant of switching, since the leakage 
flux is linked with the damper winding. 
Only the external field and the stator- 
leakage flux can vary, therefore, with the 
stator current, and this is. represented by 
the fine X+x s in Figure 15. This line 
intersects with the voltage of the con¬ 
stant-pole flux at point A, and this point 
is, therefore, the actual starting point. 
If the damper were as strong as the field 
winding, it would sustain the rotor-leak¬ 
age flux for some time, arid point A would 
gradually move down along the stator 
line X-\-x„. Actually, however, the 
rotor-leakage flux varies with the rela¬ 
tively small time constant T* and, there¬ 
fore, the effective network characteristic 
turns rapidly from the initial line X+x s 
to the final position Z+^+av in an 
exponential manner, corresponding to 
g-Vr, jf y 2 i s known, the intermediate 
characteristics for successive tim es can 
easily be drawn into the diagram. 

The turning of this effective network 


characteristic corresponds to the rapid 
decay of the transient rotor-leakage flux. 
During this time, which is usually of the 
order of a tenth of a second, the main flux 
and its electromotive force E, also shown 
by Figure 15, have just started to move 
down over the shaded area at a rate given 
by the time constant Ti and the current 
difference At. The smaller the external 
load, the steeper is the external character¬ 
istic X and the smaller is the current 
difference A i to which, according to equa¬ 
tion 28, the change of voltage with time 
is proportional. Thus, with known time 
constants and known characteristics, it is 
easy to trace the intermediate curve 
between stator and rotor lines in Figure 15 
on which the point A gradually moves 
down toward the final intersection of net¬ 
work and magnetic characteristics. 

If the leakage circuits of stator and 
rotor are saturated in any way, 1610 we 
can include this effect in our considera¬ 
tions. Instead of straight lines, we have 
merely to draw curved additional stator- 
and rotor-leakage lines, as in Figure 10. 
The total network characteristic now is 
composed of the external reactive voltage 
V and the internal leakage voltages E s 
and Ef, both depending on the current 1 
with different effects of saturation. Cor¬ 
responding to our previous consideration 
of saturated transients, Ai 2 in Figure 10 
represents a current difference sustained 
by the damper circuit, which for some 
time keeps alive the rotor-leakage flux. 
The saturated rapid-transient variation 
therefore is given, corresponding to equa¬ 
tion 17, by 

d(E/E 0 ) At* 

T '-iT-Z < 291 

which is easy to evaluate graphically. 
According to this relation point A moves 
rapidly down to zero in a nonexponential 
manner, and the additional damper cur¬ 
rent Ah can be determined for any time t. 
Meanwhile the pole flux in the main mag¬ 
netic circuit decreases slowly according to 
equation 28 with the large time constant 
T u Its current difference Ai u in Figure 
16, thus changes only slightly while At* 
drops to zero. 

‘Since the rotor-leakage flux does not 
change at the instant of switching due to 
the effect of the damper, only the stator- 
leakage flux, together with the external 
reactive flux, can vary with the stator 
current, the total armature flux remaining 
const f’rt. As shown in Figure 17a, the 
stator current I jumps, therefore, to the 
characteristic point A and is built up to 
such a magnitude that it balances not only 
the increase of the exciting current but 
also the damper current. Thus the initial 
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value I A of the stator current is given in 
Figure 17a by the horizontal distance be¬ 
tween the previous exciting current ii and 
the point A. The terminal voltage V is 
always given by the height of the external 
characteristic X in Figure 17a under the 
working point on the actual network 
characteristic. At the initial moment, 
V A is found as the section under point A , 
the difference from the electromotive force 
jE consisting in the stator-leakage voltage 
only, since the rotor-leakage flux does not 
vary at that instant. After “some time, 
however, when the effective network char¬ 
acteristic has turned to its final position, 
the difference E— V is given always by 
the combined stator- and rotor-leakage 
voltage. The slow transient part of the 
terminal voltage originates at the value 
V 3 under the point B, the difference 
V A — Vs being equal to the rotor-leakage 
voltage, and decreases toward the 
steady-state value V m . 

In Figure 17b the slow transient drop 
of the electromotive force E and the slow 
and rapid transient decay of the terminal 
voltage V are shown following sudden 
loading of the machine. The electro¬ 
motive force E, corresponding to the rotor- 
pole flux, decreases continuously from 
the no-load value, finally attaining the 
steady-state value at the intersection of 
both main characteristics. The terminal 
voltage, V, however, jumps from the no- 
load value, identical with the electro¬ 
motive force, by an amount caused by the 
suddenly appearing stator-leakage drop 
and reaching instantaneously V A . The 
rotor-leakage drop, on the other hand, 
does not occur suddenly but builds up 
gradually with the time constant T%, and 
thus effects a rapid decrease of the ter¬ 
minal voltage to the asymptotic curve be¬ 
ginning with V B and caused by the decay 
of the main-pole flux. The stator current 
follows a similar curve taken from the 
horizontal distances in Figure 17a and 
also shown in Figure 17b. 

Since at the first instant the damper 
acts merely as a supplement to the field 
winding, excluding any effect of the rotor 
leakage, we obtain the total rotor current 
at the instant of switching by drawing 
through the working point on the mag¬ 
netic characteristic, as in Figure 15, a 
parallel to the stator line X+« s . Later, 
however, after the decay of the rapid- 
transient magnitudes, we must draw the 
parallel to the total network characteristic 
X+*,+*r- Thus the total rotor cur¬ 
rent starts with a high value i A and ap¬ 
proaches rapidly the slow transient cur¬ 
rent decreasing from the initial value i B 
and finally reattaining the previous cur¬ 
rent i\. Hence by the presence of the 

June 1942, Vol. 61 


damper winding, stator current, as well as 
rotor current, acquires a superposed 
rapid-transient peak which decays ex¬ 
ponentially with the time constant Ti, . 
while the excitation winding causes a 
subsequent slow-transient decrease deter¬ 
mined in its shape by the shaded area. 
The main-pole flux and the electromotive 
force E decrease continuously without 
superposed initial peak. 

The total transient rotor current con¬ 
sists of exciting current and damper cur¬ 
rent. During the slow-transient period 
both are produced by the same decreasing 
main flux, therefore inducing the same 
voltage per turn in the respective wind¬ 
ings. The subdivision of the slow-tran¬ 
sient current into its components is, there¬ 
fore, determined by the resistances or by 
the time constants of the exciting winding 
T p and the damper winding T dl as shown 
in Figure 15. The rapid-transient sup¬ 
plementary current At 2 , on the other 
hand, induced by the decaying rotor- 
leakage flux, flows entirely in the damper 
circuit. It is understood that the damper 
current is measured here in the scale of the 
field current and may be converted to its 
proper value by the turn ratio. 

5. Initial Conditions Under Load 

If the synchronous machine at the 
prior condition is not open-circuited but 
is under load, the initial fluxes in stator 
and rotor are not equal. In Figure 18 
the Potier-Sumec load triangle, or rather 
quadrangle,® is shown in which point a 
marks the magnitude of the stator flux, 
and b that of the rotor flux, which is 
larger, because of the increased rotor 
leakage flux under load. Figure 18 repre¬ 
sents the phenomena occurring under a 
sudden short circuit near the machine 
terminals, so that the external character¬ 
istic vanishes completely, and only the 
rotor- and stator-leakage characteristics 
remain, both of the same order of mag¬ 
nitude. Without a damper, the pole flux 
corresponding to point b would remain 
constant at the instant of switching, and 
the current difference between B and 6 
would move down the shaded area, ac¬ 
cording to equation 17. 

This simple process is altered in two 
respects by the presence of a damper. 
First, the saturated time constant for the 
rotor-pole flux is increased to the value of 
the first equation 27, and thus the current 
difference At moves more slowly accord¬ 
ing to equation 28. Second, not only the 
pole flux but also the rotor-leakage flux, 
and therefore the total armature flux, re¬ 
main constant at the instant of switching. 
Since this stator flux for the prior load 


condition is given by the point a in Figure 
18, the corresponding point on the stator 
leakage characteristic up to which the flux 
can vary instantaneously is A, and, 
therefore, the stator current jumps from 
the prior value I 0 to the large value I A . 
This is the instantaneous value of the 
stator short-circuit current and its mag¬ 
nitude is 

7 a =^±®*=^+/ 0 (30) 

** x s 

It exceeds the no-load instantaneous 
current merely by the value of the prior 
load current, as was also the case without 
damper action. 

With the decay of the rapid-transient 
rotor-leakage flux, the characteristic line 
x s turns, with an exponential time con¬ 
stant Ti, to the total leakage character¬ 
istic 3c s +x r . Meanwhile the main-pole 
flux with the electromotive force E moves 
down, producing a slow-transient stator 
current beginning at point B with the 
value 


E 0 -\-E s -\-E r 

*s+*r 


Xs+Xr 


(31) 


Thus both the initial short-circuit cur¬ 
rents are determined mainly by the prior 
terminal voltage E 0 and the stator- and 
rotor-leakage reactances. 

The peak of the rapid-transient current, 
on the initial value of the slow-transient 
current, Figure 17, is given by the differ¬ 
ence of equations 30 and 31 and is large 
with terminal short circuit. With distant 
short circuits, however, where the de¬ 
nominators of equations 30 and 31 con¬ 
tain, in addition, the external impedance, 
the peak is, without prior load, 


1a.~1b Xj 
1b ~X+x s 


(32) 


a ratio indicated in Figure 17, and this 
excess value becomes less significant the 
larger the external impedance. 

When evaluating the stator currents 
from such diagrams, it should be noted 
that the scales for the two currents I A and 
I B are slightly different, due to the fact 
that the ratio of stator current to rotor 
current is given mainly by the turn ratio, 
but is also slightly dependent on the leak¬ 
ages. I A , however, is determined only 
by the stator leakage, while I B is deter¬ 
mined by both stator and rotor leakages. 

We can now abandon our conception of 
a lumped damper winding as in Figure 14, 
which gives a fixed value of secondary 
time constant. It is well-known that mul¬ 
tiple circuits, extended in space, as they 
are used with squirrel-cage dampers and 
also with solid cylindrical rotors, have not 
one single time constant but a series of 
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Figure 17. Slow¬ 
er and rapid-transient 
™| voltages and currents 
1 x+x s at sudden inductive 
loading 
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exponential time constants, each belong¬ 
ing merely to a partial amplitude of the 
current. This means that the flux 
through distributed dampers does not de¬ 
cay exponentially but according to a more 
complicated time function, beginning 
rapidly and ending slowly. Thus we have 
to turn the effective leakage characteris¬ 
tic from the stator line to the rotor line 
in Figures 15-18, not exponentially, but 
quickly at first and more slowly finally, 
approaching the speed of the lowest rapid- 
transient time constant. Hence we see 
that the starting and ending lines of the 
rapid-transient period always go through 
the points .4 and B, and that only slight 
alterations result in the intermediate posi¬ 
tion of the effective characteristic. The 
initial and final values of the rapid- and 
of the slow-transient voltages and cur¬ 
rents also remain unchanged. 

It may be noted that the slow-transient 
and rapid-transient phenomena of this 
investigation are not identical with the 
transient and subtransient phenomena 
commonly used. 10,11,18 Figure 19 shows 
for a sudden short circuit the difference 
between the two conceptions. The “sub¬ 
transient” current is usually defined as 
the difference between the actual change 
of the current with time and the “tran¬ 
sient” exponential asymptote, which has 
a time constant equal to the longest sub¬ 
tangent. This latter curve, drawn back¬ 
wards as dashed in Figure 19, lies con¬ 
siderably deeper than the slow-transient 
curve which has a smaller subtangent in 
the beginning due to the magnetic satura¬ 
tion. The “transient reactance," defined 
by the start I' of the slowest exponential 
asymptote, is therefore with saturated 
machines materially greater than the sum 
of stator- and rotor-leakage reactances, 
the sum giving the beginning I B . 

Let us consider some further cases 
which are of interest in the operation of 
synchronous machines. Figure 20 shows 
the phenomena at the clearing of a short 
circuit near the terminals after which the 
machine again supplies a certain load. 
The diagram contains the stator- and 
rotor-leakage characteristics for the prior 
short-circuit operation, and the network 
characteristic for the final operation, in¬ 


cluding stator and rotor leakages sepa¬ 
rately. At the instant of interrupting the 
short circuit, the rotor-pole flux starts on 
the magnetic characteristic at a point b 
given by stator-plus rotor-leakage char¬ 
acteristic. The pole flux and electromo¬ 
tive force change, according to the shaded 
area, with the difference current Li be¬ 
tween magnetic characteristic and total 
network characteristic. This construc¬ 
tion is the same as would be used without 
damper action except that the time con¬ 
stant is somewhat larger, namely T\. 
This gives the initial slow-transient ter¬ 
minal voltage V s and the subsequent 
change with time, as shown in Figure 20b, 
up to the final voltage V «. 

However, the actual armature flux at 
the instant of switching is given by the 
stator-leakage flux only, corresponding to 
point a, and this leakage flux alone can 
jump at the instant of switching. Thus 
only the stator-leakage, characteristic 
jumps suddenly to the network stator line 
X-\-x t through point A in Figure 20a. 
The initial terminal voltage immediately 
after interruption of the short circuit is, 
therefore, given by V A as the vertical 
difference between the two stator lines, 
under load and under short circuit. The 
difference between the two voltages V B 
and V A , corresponding to the initial rotor- 
leakage flux, decays rapidly with the 
small time constant Ta, as shown in Fig¬ 
ure 20b. Hence, the terminal voltage, 
being zero during the time of short cir¬ 
cuit, jumps with the interruption in¬ 
stantaneously to a value determined by 
the prior stator-leakage drop, then in¬ 
creases rapidly due to the vanishing rotor- 
leakage flux sustained for a short time by 
the damper winding, 17 and finally creeps 
slowly upward due to the reappearing 
main-pole flux of the machine. 

This change with time of the recovery 
voltage is important in the operation of 
circuit breakers interrupting a short-cir¬ 
cuit current. We see that this voltage 
consists of three parts, the rate of ascent 
of which for full interruption of the cur¬ 
rent we will compute. The first step is the 
instantaneous appearance of the prior 
stator-leakage voltage F, at the terminals. 
The rate of increase is V t /0, and this in¬ 


Figure 18. Influence of stator and rotor 
leakage at sudden short circuit of previously 
loaded synchronous machine with damper 

dicates that an overshooting of voltage 
can occur if capacitance is present in the 
circuit. The second step is constituted 
by the prior rotor leakage voltage V r and 
its rate of change is determined by the 
small time constant as V r /Ta. The third 
step, following the magnetic saturation 
curve with the time constant Ti, is given 
by equation 28. Thus the total initial 
rate of increase of the recovery voltage is 


© m V» + l r r Eo A i 
o O Tt Ti i 0 


( 33 ) 


Usually the second term is five to ten 
times as large as the third term, and, 
therefore, the subsequent increase of the 
recovery voltage is determined mainly by 
the rotor-leakage voltage and the rotor- 
leakage time constant. 

The stator current flowing into the load, 
given by the horizontal distance between 
the network characteristic and the verti¬ 
cal through the steady-state excitation, 
starts with relatively small magnitudes 
I A and Is and increases slowly to its final 
value. The transient rotor current is 
again cut off on the axis of abscissae by a 
parallel to the final network characteristic 
and divides into a larger exciting current 
and a smaller damper current in the ratio 
of the time constants T v and T d . 

The sudden capacitive loading of a syn¬ 
chronous generator is shown in the dia¬ 
gram Figure 21. An extension of our pre¬ 
vious Figure 8, this figure shows the transi¬ 
tion from full inductive load to full capaci¬ 
tive load under the influence of magnetic 


avj 'f 

-WITH DAMPER AND SATURATION, ACTUAL 


WITH SATURATION, SLOW TRANSIENT 



Figure 19. Comparison of slow-transient and 
rapid-transient phenomena with division into 
transient and subtransient curves 
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Figure 20. Interruption of terminal short 
circuit of synchronous machine with damper 

saturation and damper circuits. The 
slow-transient voltage is determined by 
the large time constant Ti and the shaded 
current difference, A i beginning between 
the complete network characteristics 
under full inductive and full capacitive 
load. Superposed are the rapid-transient 
magnitudes given by the turning of the 
stator line to the rotor line of the final ca¬ 
pacitive characteristic. The terminal volt¬ 
age starts with a jump from E 0 to the ver¬ 
tical height Va through point A of the sub¬ 
sequent stator line, indicating unchanged 
stator flux, and approaches the rotor line 
through point B at constant rotor flux. 

In Figure 21b the change with time of 
stator voltage and rotor current is repre-. 
sented. The voltage increase due to 
stator leakage is instantaneous, the in¬ 
crease due to rotor leakage is rapid, and 
the increase due to the main flux is rela¬ 
tively slow. The exciting current jumps 
to a small value and regains its prior value 
gradually. The stator current also jumps 
suddenly from the inductive to the capaci¬ 
tive direction and increases further to its 
final value, J», given by the intersection 
of the characteristics. Actually, all dis¬ 
continuities of voltage and current are 
smoothed by a superposed transient oscil¬ 
lation between the capacitance and the 
inductance. Since the natural period of 
these oscillations is always small compared 
even with the time constant of the damper 
winding, only the stator leakage is effec¬ 
tive and determines the natural frequency. 

We have assumed in the beginning that 
the magnetic saturation is concentrated 
in the rotor poles, a condition under 
which the Potier-Sumec quadrangle of 
Figure 18, for example, is a straight-line 
figure. If, however, the stator is also 
saturated in yoke and teeth, the increased 
rotor-leakage flux needs additional excita¬ 
tion by rotor saturation alone, and thus 
point a approaches the main magnetic 
characteristic. In every case, character- 


been used for rotor-pole saturation only. 

Although for the sake of simplicity our 
deductions have been confined to sym¬ 
metrical, three-phase, reactive load hav¬ 
ing a straight-line external characteristic, 
there is no restriction in principle against 
using our graphical method for other 
conditions of load. Any active load also 
gives a definite correlation of voltage and 
stator current, except that we must con¬ 
sider, with respect to the armature reac¬ 
tion within the machine, the internal re¬ 
active component only. This can be done 
by methods well-known in the two-reac¬ 
tion theory of synchronous machines. 
With any kind of constant-impedance 
load, the external characteristic, and, 
therefore, the total network characteris¬ 
tic, including leakages, remains linear. 
Even unbalanced loads, as under line-to- 
neutral or line-to-line short-circuit condi¬ 
tions, can be treated in the same way ex¬ 
cept that only their positive-sequence 
component enters the graphical analysis. 
The remaining negative-sequence and 
zero-sequence components, on the other 
hand, do not interact materially with the 
synchronous fields of the machine if 
damper circuits are present. 

If, finally, the load consists of other 
synchronous or induction motors which 
generate a counterelectromotive force and, 
therefore, prevent the external character¬ 
istic from passing through the origin, or 
if the load consists of transformers with 
magnetizing currents increasing rapidly 
with the voltage, the network characteris-, 
tic may become flat-topped or markedly 
curved. Since, however, the linearity of 
the network characteristic does not play 
any part in our- derivations, we see that 
our general method of solution remains 
unchanged even in such more complicated 
cases. 

6. Summary 

By reducing to the same parameter 
with saturation the voltage-current equa- 


Figure 21. Capacitive loading of synchronous 
machine with damper 

is derived, a relation easy to evaluate 
graphically. The difference of current 
between the magnetic characteristic of 
the machine and the electric characteris¬ 
tic of the stator circuit determines the rate 
of change of the electromotive force from 
which all the other slow-transient mag¬ 
nitudes can be derived. 

For constant excitation voltage, a closed 
solution for the variation of flux and elec¬ 
tromotive force is given, valid for any 
sudden change of load, including short- 
circuit current formation or capacitive 
superexcitation. The combined effect of 
damper circuits and rotor leakage causes 
a superposed rapid-transient variation 
manifested by an additional current peak 
at sudden short circuits and by a rapid 
initial voltage rise at sudden interrup¬ 
tions of the circuit. 

The method of solution is in principle 
independent of the distribution of the 
saturation on rotor and stator, as well as 
of the character of loading of the machine, 
be it by constant or variable impedance, 
by symmetrical or imbalanced currents, 
by active or reactive power. The com¬ 
mon subdivision into transient and sub¬ 
transient phenomena is not identical with 
the separation into slow- and rapid-tran¬ 
sient effects, the physical significance of 
- which is derived in this paper. 
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T HE object of this paper is to present 
the results of an analytical study of 
tie-line power control. This study was 
made as a logical development of the 
general subject of power system control. 
Previous work 1 ’ 2 has indicated the gen¬ 
eral requirements of the prime-mover 
speed governors and the desirability of 
supplementary control to insure proper 
load division, frequency, and time. The 
general requirements of supplementary 
controls are given in the companion 
paper* by Crary and McClure. In most 
cases these controls are satisfactorily ob¬ 
tained as rather slow corrective adjust¬ 
ments to the speed-governor mechanisms, 
but for certain types of load a more active 
tie-line load controller, which will tend to 
suppress transient load swings also, may 
be required. An example of this is a rap¬ 
idly varying load, such as a strip mill sup¬ 
plied from local generation as well as from 
a tie to a larger power system, in which 
it may be desirable to keep the load varia¬ 
tions off the tie line as much as possible. 

The characteristics and response of this 
kind of more active tie-line load controller 
have been studied in order to determine 

1. The best tie-line controller and speed- 
governor characteristics (that is, the best 
controller characteristics for a given gover¬ 
nor, and conversely the best governor char¬ 
acteristics for a given controller) to give the 
most effective tie-line power control. 

2. The maximum effectiveness of the opti¬ 
mum controller in reducing the magnitude 
of tie-line power swings. 

Basis of Study 

The approximate torque equations for 
two interconnected speed-governed power 


systems were given in reference 2. Each 
system was represented as a single ma¬ 
chine having an equivalent inertia, load¬ 
damping, and speed-governor characteris¬ 
tic, and the capacity of the tie line was 
specified by synchronizing torque and tie¬ 
line damping torque coefficients. In 
the present analysis the equation for one 
of the systems includes the additional 
effects of a tie-line power controller and 
(for a few cases) a speed droop-correction 
mechanism - The other system is con¬ 
sidered to be infinitely large, that is, its 
electrical angle is fixed with respect to 
the standard frequency reference. The 
torque equations used and the definitions 
of the various system parameters are 
given in the appendix. 

Governor Mechanism 

Speed-change and tie-line controller 
indications are applied to an idealized 
governor-control mechanism 2 consisting of 
a two-stage amplifier with time lags T\ 
and Tt and an over-all amplification factor 
inversely equal to the governor regula¬ 
tion. The prime-mover input torque 
change is equal, therefore, to the output 
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of the second stage. Since the degree of 
stability of this idealized system tends 
to be somewhat greater than that of an 
actual governor having more than two 
limp lags, practically all of the results 
have been obtained under the least stable 
condition of equal time lags. 2 In cer¬ 
tain cases, the effects of droop correction 
have been simulated by allowing the 
regulation to decrease from the transient 
value, R, to the steady-state value, r, at 
a rate defined by the time constant T s 
of the droop compensation mechanism. 1 

Tib-Line Control 

In the usual type of tie-line controller, 
.the indications are transmitted inter¬ 
mittently at equal time intervals to the 
governing system through the synchroniz¬ 
ing motor which is operated from a con¬ 
stant potential source. During each of 
the equal time intervals, usually of the 
order of two second period, the motor cir¬ 
cuit is closed a length of time propor¬ 
tional to the deflection of the controller 
galvanometer or load sensitive device at 
■ the beginning of the interval. The aver¬ 
age effect of these impulses is to change 
the synchronizing-motor position, and, 
consequently, the magnitude of the prime- 
mover input correction, at a rate pro¬ 
portional to the deviation in tie-line 
power from the scheduled value. Some 
of the results obtained from the dif¬ 
ferential-analyzer solution of the problem 
include the effects of this intermittent 
controller. 

It is assumed that when using the cor¬ 
responding continuously acting controller, 
the type principally considered in this 
analysis, the control circuit will be ar¬ 
ranged to operate the synchronizing motor 
at a speed proportional to the tie-line 
power deviation. The rate of correction 
is inversely proportional to the controller 
regulation! 1 ?/; or, !?/ is a measure of the 
time required to change the synchroniz¬ 
ing-motor position an amount equivalent 


Theory of Synchronous Machines, R E. 
Doherty and C. A. Nickle. AIEE Transactions 
volume 45, 1926, page 912. 

7. The Reactances of Synchronous Machines, 
R. H. Park and B. L. Robertson. AIEE Trans¬ 
actions, volume 47, 1928, page 514. 

8. Voltage Control of Large Alternators, 
H. W. Taylor. Journal of the Institution of Elec¬ 
trical Engineers, volume 68, 1930, page 317. 

9. SchaltvorgAngb bbim Betsies gbsattigtbr 
Synchronmaschinbn, R. Riidenberg. Wissen ■ 
schafilicke Ver Offentlich ungen aus dm Simens- 
Konzern, volume 10.1, 1931, page 1. 

10. Calculation of Synchronous-Machine 
Constants—Reactances and Time Constants 
Affecting Transient Characteristics, L. A. 
Kilgore. AIEE Transactions, volume 50, 1931, 
page 1201. 

11. Determination of Synchronous-Machine 


Constants by Test, S. H. Wright. AIEE Trans¬ 
actions, volume 50,1931, page 1331. 

12. Calculation of Generator Overvoltage, 
J. W. Butler. Electrical Engineering, volume 
51,1932, page 163. 

13. Equivalent Reactance of Synchronous 
Machines, S. B. Crary, L. P. Childneck, and L. A. 
March. AIEE Transactions, volume 53, 1934, 
January section, page 124. 

14. Satu ra 7—i Synchronous Reactance, Charles 
Kingsley. AIE ’ Transactions, volume 54, 1935, 

. March section, p ge 300. 

15. . Effects oi Saturation on Machine Re¬ 
actances, L. A. . ilgore. AIEE Transactions, 
volume 54,1935, Muy section, page 545. 

16. Test Values ov Armature Leakage Re¬ 
actance, F. A. Rogers. AIEE Transactions, 
volume 54, 1935, July section, page 700. 

17. Dbr Einfluss dbr LAufbrstrbuno a up den 


Spannungsvbrlauf von Synchronmaschinen 
mit DXhpfbrwicklung bbi plOtzlichrn Last- 
Xndbrungbn, J. Tittel. Wissenschaflliche VetOf- 
fentlichungen aus den Siemens-Werhen, volume 15.1, 
1936, page 35. 

18. Fundamental Concepts of Synchronous- 
Machine Reactances, B. R. Prentice. Supple¬ 
ment to AIEE Transactions, volume 56, 1937, 
page 1. 

19. Approximating Potibr Reactance, S, 
Beckwith. AIEE Transactions, volume 50, 1037, 
July section, page 813. 

20. Stability Characteristics of Turbine 
Generators, C. Concordia, S. B. Crary, and F. M. 
Lyons. AIEE Transactions, volume 67, 1938, 
page 732. 

21. Damper Circuits and Rotor Lbakaob in 
the Transient Performance of Saturated 
Synchronous Machines, R. Riidenberg. Journal 
of the Franklin Institute, volume 233,1942. 


306 Transactions Concordia, Shott, Weygondt — Tie-Line Power Swings Electrical Engineering 




Figure 1 . System stability—effects of droop 
compensation and of the floating type of tie¬ 
line control 

-- T d versus 7i-f 7 2 , 7*2=0, T a = °» 

-7*2 versus Ta+7s, 7,1=0, T»= " 

A r=0.03, 7j = 5(7t4-7s), /?/= 00 

© r == 0.03, 7} = 5(7 i+7 2 ), /?z , =1 

to a prime-mover torque change aP, 
when the controller is actuated by a fixed 
tie-line power deviation AP. The tie¬ 
line controller time constant T* is a 
measure of the time lag in the tie-line 
controller and synchronizing-motor re¬ 
sponse. Control circuits based on these 
principles are sometimes referred to as 
the “floating type” in that the correction 
is applied at a rate proportional to the 
change in the controlled variable, and the 
adjustment continues until the variable 
is restored to its normal value. 

A “proportional type” of control is one 
that exerts a correcting force propor¬ 
tional to the change in the controlled 



Figure 2. System stability-effect of time lag 
in the tie-line controller 



Figure 3. System stability—effects of floating 
type of tie-line control 

Larger tie-line synchronizing power coefficient 
than that of Figures 1 and 2 

quantity, as would be obtained, for 
exam ple, with a tie line controller that 
actuates a torque motor connected to the 
governor mechanism. The correspond¬ 
ing controller regulation, R t , specifies 
that a tie-line power change AP results 
in a corrective indication equivalent to a 
prime-mover torque change A P/Ri. A 
time lag T t is associated with this control 
system in the analysis. 

Load-Torque Change 

The distribution of load increments be¬ 
tween two systems is determined at the 
first instant by the electrical characteris¬ 
tics. In this study the entire load-torque 
change A T has been applied directly to 
the smaller system; a condition that 



Figure 4. System stability—effects of floating 
type of tie-line control 

Larger governor regulation than that of Figures 
1 and 2 


would be realized if the impedance to 
the smaller system from the point of load 
application were negligibly small with 
respect to the impedance to the larger 
system. This assumption is justified, 
since most of the data have been taken 
with a tie line of small capacity with 
respect to even the smaller system. 

Maximum Rates of Response 

In order to prevent large tie-line power 
swings the prime-mover power input to 
each system must vary with its load. 
The over-all power input to a group of 
generating units is limited, however, to a 
maximum rate depending upon the steam 
storage or hydraulic capacities of the 
various units. In some cases this rate 
may be of the order of ten per cent of the 
regulated capacity per minute. 

Although these practical limitations 
have an important bearing upon the gen¬ 
eral problem of tie-line control, the ideal 
condition of an infinite prime-mover 
energy source has been assumed for the 
purpose of evaluating the desirable char¬ 
acteristics of the controller and govern¬ 
ing systems. 

Discussion of Results 

One criterion for determining the 
optimum governor and tie-line controller 
characteristics is that the over-all system 
performance should be as stable as pos¬ 
sible. Therefore, the effects of the vari¬ 
ous parameters upon system frequency 
stability have been studied. The direct 
calculations of stability limits are neces¬ 
sarily limited to those cases involving 
continuously acting (linear) tie-line con¬ 
trol equipment. 

Another desirable condition is that the 
tie-line power swings should be reduced 
to a minimum. The tie-line power 
changes for given load changes, calculated 
by means of the differential analyzer at 
the Moore School of Electrical Engineer- 



Figure 5. Permissible governor regulation 
and tie-line controller correcting time—effect 
of governor time lag 
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Figure 6. System stability—-effect of propor¬ 
tional tie-line control 

ing, University of Pennsylvania, are used 
as a basis for the conclusions regarding 
this phase of the problem. . 

Stability 

Figure 1 shows the required load or tie¬ 
line damping as a function of total 
governor time lag, with various tie-line 
controllers, when the tie-line capacity is 
relatively small (7’,=0.1), The effect of 
the tie-line controllers may be seen by 
comparing the corresponding curves with 
the one obtained for a system having no 
tie-line control, J?/=co. Also shown 
with this reference curve, which is similar 
to those of Figures 3 and 4 of reference 2, 
are the comparable points for a system 
having the same transient regulation, 
i?=0.06, but a steady-state regulation of 
r=0.03 following the operation of a 
droop-correction mechanism with a time 
constant five times that of the governor 
control system. The stability limits are 
not appreciably changed provided the 
time lag 71} is sufficiently long. 

1. “ Floating ” Control. The effect 
of a floating type of tie-line controller 
(Figure 1) with relatively slow; correcting 


rate, R/= 10 seconds, and zero time lag, 
74=0, is to introduce a critical value of 
governor time constant above which the 
system is unstable regardless of the value 
of system damping. In the range of 
T,+T 2 less than the critical value, how¬ 
ever, the unstable region is very nearly 
the same as that obtained with no tie-line 
control, Ri— <x>. 

With a much faster correcting rate, 
Ri'= 1 second, the critical governor time 
lag is proportionally smaller, but the 
maximum value of required T d wi thin 
the stable region is reduced to less than 
half that required without tie-line con¬ 
trol. The comparable points obtained 
for a governor having droop correction 
give a somewhat lower critical governor 
time lag. This difference appears, be¬ 
cause Ri' has been taken as a measure of 
the equivalent correcting time when the 
controller indication is amplified only ac¬ 
cording to the transient governor regula¬ 
tion R, whereas the actual amplification 
of the adjustments increases as droop 
correction is applied. 

The dashed curves of Figure 1 give the 
required tie-line damping, T dltl with zero 
system damping, T d =Q, and are com¬ 
pared with the corresponding solid curves 
of required T d with T dn =Q, With both 
types of damping present the curve of re¬ 
quired total damping, T d +T dl2 , would 
lie between the two. 

Introduction of time lag, T*, in the 
tie-line control system (for example, in 
the synchronizing motor) results in a 
lower critical value of Ti+T 2 , Figure 2, 
but otherwise the unstable region is not 
appreciably changed. Moreover, the per¬ 
centage decrease of the critical governor 
time constant is more nearly a function 
of the ratio T t /Ri than of T d alone. 

Figure 3 gives the required damping 
versus governor time lag when the tie¬ 
line capacity is much greater (T s = 1.0). 



Figure 8. System stability—effect of propor¬ 
tional tie-line control 


As shown in reference 2, and also by com¬ 
parison of Figures 2 and 3, the maximum 
required T d is unaffected, but the un¬ 
stable region occurs in a range of lower 
values of T\-\-T 2 , when T s is increased. 
The critical governor time lag introduced 
as a result of tie-line control is practically 
independent of T„, and is approximately 
equal to 4 Ri for zero controller time lag 
and small system damping. 

Results calculated with a larger regula¬ 
tion (i?=0.12) and small tie-line capacity 
(7>0.1), Figure 4, are compared with 
those of Figures 1 and 2 for J?=0.0G. 
Without tie-line control (R/— <») the 
maximum required T d is inversely pro¬ 
portional to the governor regulation, and 
the comparison of the unstable areas is 
similar to that of Figure 3, reference 2. 

The other curves of Figure 4 indicate 
that the critical governor time lag is 
practically independent of R as well as 
of Tg. Furthermore, the magnitude of 
the maximum required T d within the 
stable region decreases with increasing 
rate of tie-line correction. At a value 
of Ri' numerically equal to MR/2irf 
seconds correcting time, the system be¬ 
comes stable for all governor time lags 
less than its critical value as shown by the 
curve for R{ = 1.27. At any greater rate 
of correction (R/~ 1 is an example) how¬ 
ever, and if the system damping is small, 
instability may occur in the rhnge of 
small governor time lags. Therefore, 
the maximum allowable rate of tie-line 
correction (minimum R/) is a function of 
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Figure 9. Floating control—magnitudes of tie¬ 
line power swings as affected by the rate of 
correction 

M = 4,096 7^=0.1 /?= 0.0625 

Td~2 Ti = 7" 2 =0 53 1,-1.06 
T d , 2=0 Tt - <x> 

AT=t/42.4 for 0<t<21.2 
aT= 0.5 for t<21.2 

that causes instability, because of the 
large required T a under normal conditions. 
One general rule for determining the maxi¬ 
mum allowable rate of tie-line correction 


(Ti+Tz equal to 2.12 and 4.24 seconds) 
it is practically independent of governor 
regulation. 

2. “ Proportional ” Control. When 
the proportional type of tie-line controller 
is used, the steady-state change in tie¬ 
line power resulting from a load-torque 
change AT is (equation 1 of the appendix 
with p=0), 


AP = 


A T 



R t AT 

l+*i 


Figure 10. Floating control—magnitudes of 
tie-line power swings as affected by the rate of 
correction and by droop compensation 

Af = 4,096 7,=0.1 /?=0.0625 

r d =2 71=7^=0.53 r=0.03125. 
7^ = 0 - fa = 5.44 74 = 1.06 

A7=t/42.4 for 0<t<21.2 
A7=0.5 for t<21.2 

lags is progressively changed until it 
acquires a form similar to the curves cal¬ 
culated with the Ri type of controller. 
This effect is shown by the. curves for Ts 


is, therefore, that R/ should be greater 
than MR/2irf; that is, the possibility 
of an unstable region similar to the one 
for Ri'—l, Figure 4, should be avoided. 

If the time lag of the governor is rela 
tively large, instability is approached as 
the Critical governor time lag approaches 
the actual time constant of the particular 
governing system. Under these condi¬ 
tions the minimum allowable R/ is prac¬ 
tically independent of the governor 
regulation, and with zero controller time 
lag it is approximately equal to four times 
the total governor time constant. 

The above conclusions are substanti¬ 
ated by the curves of Figure 5 showing 
the permissible governor regulation ver¬ 
sus correcting time of the tie-line con¬ 
troller for several different governor time 
constants and with T d =2, T t — 0. The 
minimum allowable R/ is in all cases a 
function of governor time constant, but 
for large values of governor time constant 


The effects of a proportional controller 
with a very broad regulation, Ri= 1.0, 
upon the stability limitations of the sys¬ 
tem having six per cent governor regula¬ 
tion and small tie-line capacity, r 4 =0.1, 
are shown on Figure 6. With zero 
controller time lag, T'b=0, the region of 
instability and the maximum required 
T d are both considerably greater than 
those calculated with no tie-line control. 
Satisfactory results are obtained, how¬ 
ever, by adding a small amount of time 
lag as demonstrated by the results ob¬ 
tained with Tb— 1.06 seconds. This 
value of controller regulation allows wide 
swings of tie-line power in that' the load 
changes are equally divided between the 
two systems. 

A controller regulation of i^=0.1 is 
more nearly desirable in that the steady- 
state tie-line power change is limited to 
approximately nine per cent of the load 
change. With zero controller'time lag, 
Figure 7, the required system damping is 


equal to four and six seconds, Figure 7. 

The response of a proportional con¬ 
troller with a time lag Tt is given in the 
appendix as, 

D A P 

R, pRiT&-{-Ri 

as compared to the response of the float¬ 
ing-type controller without time lag, 

D A P 
R~pRi’ 

i 

That is, for small R t and large T 5 the 
product of the two is the governing factor 
as regards controller response, and this 
factor corresponds to the R/ type of 
regulation. 

Figure 8 is a good illustration in that 
the results for R t =0.0l and Tt equal to 
60 and 120 seconds are similar to those of 
Figure 4 for the other type of control. 

Figure 12. Effect of time lag in the floating 
type of tie-line control 
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power corrective adjustment isapplied to the speed governor 

-Actual -Ideal 

/W=4,096 7 S =0.1 £=0.0625 

7 tf =2 7 i = 7 2 = 0.53 /?j'=1.36 

Tau=0 7j = » 7*4 = 2.12 

A7-t/42.4 for 0 < t< 21.2 
A7=0.5 fort<21.2 


time in seconds 

-Actual -Ideal 

Af=4,096 7,=0.1 £=0.0625 

7„=2 7i = 7 2 =0.53 £,'=1.36 
7*= oo 74=2.12 

A7=t/42.4 for 0<t<21.2 
A7=0.5 for t<21.2 

One disadvantage of proportional con¬ 
trol is that it may require a more com¬ 
plicated mechanism for use with most 
governors. Furthermore, provision for 
obtaining a wide range of time lags may 
be required depending upon the required 
range of tie-line regulation. 

Tie-Line Power Swings 

The differential analyzer results were 
recorded in the form of curves of tie¬ 
line power, frequency, prime-mover 
torque, and controller response versus time 
during periods of large variable loads. 
A severe type of variable load, such as 
that furnished by a strip mill, is one in 
which a total variation as great as 50 
per cent of the local generation capacity 
occurs in cycles of the order of one- 
minute periods. As an approximation 
to this condition, one set of runs was taken 
with a smooth load cycle in which a T 
increases at a uniform rate from zero to 

Figure 15. Floating control—affect of gover¬ 
nor regulation on the tie-line power deviation 
for a system having larger damping factor 

M =4,096 7,=0.1 £,' =1.36 

7tf~10 7i=72=0.53 74=1.06 

7it S =o 7j= a> 

A7=t/42.4 for 0<t<21.2 
A7=0.5 for t< 21.2 


0.5 per unit in 21.2 seconds, r emains con¬ 
stant for another 10.6 seconds, decreases 
at a uniform rate from 0.5 to zero in 
another 21.2 seconds, and so on. Be¬ 
cause the decreasing A !T was applied from 
a transient condition, the magnitudes of 
the power swings during this period were 
occasionally greater than those of the in¬ 
creasing A T period. For the purposes 
of comparing the effects of various con¬ 
trol characteristics on a common basis, 
therefore, the results presented in this 
paper give only the - magnitudes of the 
swings up to the time at which the de¬ 
creasing aT was applied. Another set 
of runs was taken with continuously in¬ 
creasing a T applied at a fixed rate. 

1 . Floating Control. Governor- and 
tie-line-controller time lags each equal 
to 1.06 seconds, system damping of T a — 
2.0, and small tie-line capacity (r s =0.1), 
were assumed for one set of conditions. 
The curves of tie-line power versus time, 
Figure 9, show the relative effects of 
three different rates of controller re¬ 
sponse for a system having a governor 
regulation of i?=0.0625. The load 
torque AT was increased uniformly from 
zero to 0.5 per unit in 21.2 seconds 
(point 1 on the time scale) and was then 
held constant for the remainder of the 
time interval shown. Of the three values 
of Ri' used, the smallest is most effective ' 
in limiting the power deviation, but this 
does not mean that Rf should be de¬ 
creased further. Although the system 
inertia and regulation are not exactly 
the same as those used in the stability 
calculations, the minimum allowable R t ' 


for stable operation may be estimated by 
considering the location of this operating 
point (ri+r,-1.06 and 7^=2.0) within 
the stable regions of Figures 1 and 2. 

The tie-line power swings shown in 
Figure 10 are for a system with the same 
transient regulation (R- 0.0625), but 
with a steady-state regulation of r— 
0.03125 obtained by means of a droop- 
correction mechanism having a time lag 
Tj=5.44 seconds. The run taken with 
7?/=0.68 second demonstrates the in¬ 
stability resulting from too rapid tie¬ 
line power correction. As stated previ¬ 
ously, R/ is a measure of the equivalent 
correcting time when the amplification 
is inversely equal to the transient regula¬ 
tion R. 

The maximum power swings of these 
runs, as well as those taken with 
governor regulations of 0.125 and 0.0417, 
are compared on Figure 11. The opti¬ 
mum controller response is nearly equal 
to that corresponding to the minimum 
allowable R/, and under the assumed 
conditions the optimum governor regula¬ 
tion is of the order of six per cent. The 
tie-line power swings are not improved by 
adding droop correction. 

Using the approximate optimum values 
indicated above, R/= 1.36 seconds and 
R= 0.0625, the controller time lag was 
varied. As shown by the curves of 
Figure 12, T 4 should be made as small as 

Figure 16. Floating control—effect of gover¬ 
nor time lag 

M =4,096 7, = 0.1 £,' = 1.36 

7s = * 74=1.06 










TIME IN SECONOS 

Figure 17. Floating control—effect of the 
rate of tie-line correction when there are no 
governor or controller time lags 

M=4,096 7*=0.1 /?=0.0625 

7<*=2 7i=7a=0 7i=0 

7 dlJ =0 7 j= » A7=t/42.4 

possible. This conclusion is compatible 
with the results of the stability calcula¬ 
tions. 

Figures 13 and 14, curves of prime- 
mover input torque change versus time 



Figure 19. Summary of Figure 18 in terms of 
the equivalent controller correcting time 
(R t XT s ) 



Figure 21. Summary of Figure 20 in terms of 
the equivalent controller correcting time 
( RiXTs) 

time RXT 6 . The optimum correcting 
time is, as before, not much greater than 
the minimum value required to insure 


and of synchronizing motor speed versus 
time, respectively, are for the same condi¬ 
tions as the power swing of Figure 12 
with 74=2.12. All of these quantities 
depend, of course, upon the rate of load- 
torque change. In actual practice a 
maximum correcting rate may be imposed 
because erf boiler limitations, and so 
forth, previously discussed. The dashed 
curves of Figures 13 and 14 may be 
interpreted as showing the expected 
response of an idealized control system 
having no controller or governor time 
lags and zero correcting time. 

Natural frequency components of tie¬ 
line power swings are effectively reduced 
when the system damping is increased 
to =10, Figure 15. The curve for 
R= 0.0625 is compared with that of 
Figure 9 for T d —2 and 2?/=1.36. It is 
observed that the maximum power 
swings are approximately equal. Al¬ 
though the larger system damping factor 
allows the use of a smaller governor 
regulation (R— 0.03125), no appreciable 
over-all improvement is realized. 

All of the remaining differential- 
analyzer runs were taken with a continu¬ 
ally increasing load torque. For ex- 

Figure 18. Proportional control—tie-line 
power deviation as affected by the controller 
time lag 

Curve A — T &= 5.44 
Curve 6— 76=8.15 
Curve C— 76=10.88 

/W= 4,096 7 S =0.1 /?=0.0625 

7 tf =2 7i=7 s =0.53 /?,=6.10 

7 dl2 = 0 7 3 =« A7=t/42.4 


ample, the effects of variations of the 
governor tim e constant are given on 
Figure 16 with A T applied at the rate of 
full torque change in 42.4 seconds. The 
system damping is T d —2, and the 
governor regulation is 2?=0.0625. The 
rate of tie-line correction (JR/ = 1.36) is 
the approximate optimum value (Figure 
11) when the governor and controller 
time constants are each equal to 1.06 
seconds. The curves are of interest in 
that an increase of governor time con¬ 
stant results in greater tie-line power 
swings. At a critical governor time lag 
of 2.04 seconds, the system becomes un¬ 
stable. 

The optimum rate of tie-line correction 
depends upon the time constants of the 
control system. In the limiting case of 
zero controller and governor time lags, 
Figure 17, the maximum tie-line power 
change is less with J?j'=0.68 than with 
2?/ =1.36, although the natural frequency 
oscillations are not damped out as rapidly. 
The smaller R/ is the one equal to 
. t MR/2xf seconds correcting time (see 
section on stability). 

2. Proportional Control. The curves 
of Figure 18 include the effects of a pro¬ 
portional tie-line controller having a 
regulation of 2? { =0.1 and various 
amounts of time lag, 7V. The theoretical 
tie-line regulation is shown by the dashed 
line. Because of this drift of tie-line 
power the magnitudes of the initial swing 
and those at the end of 10, 20, and 30 
seconds are summarized on Figure 19 as 
a function of the equivalent correcting 


stable operation. 

Figures 20 and 21 give similar informa¬ 
tion for a controller regulation of Ri— 
0.0111. The drift of tie-line power is 
very much less in this case, and with 
optimum controller time lag the power 
deviation at the end of 30 seconds is 
even less than that of the initial swing. 
The required controller time lag is much 
larger, however, being approximately 
inversely proportional to JR*. Tile sys¬ 
tem constants and the rate of load-torque 
change are the same as those used during 
the runs of Figure 16 for the floating 
type of control, and the results are, there¬ 
fore, directly comparable. With the 
optimum proportional controller, Figure 
21, the maximum tie-line power change is 
4.6 per cent as compared to 6.8 per cent 
for the floating controller, Figure 16, 
with 2?/=1.36 and 2V= 1.06. This dif¬ 
ference would be even smaller if the 
optimum (I 4 =0) floating-type controller 
had been used (see Figure 12 for effect 
.of r 4 ). 

3. Intermittent Floating Control. In 
applying the intermittent adjustments, 
the tie-line power deviation was read at 
intervals of 2.12 seconds. Following each 
reading a corrective indication was ap- 

Figure 20. Proportional control—tie-line 
power deviation as affected by the controller 
time lag 

Curve A — To = 43 seconds 
Curve B —7&= 58 seconds 
Cuive C—7 6 = 87 seconds 
Curve D —7a = 174 seconds 
M = 4,096 7.=0.1 /?=0.0625 
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TIE LINE POWER CHANGE-PER CENT 



TIME IN SECONDS 

Figure 22. Intermittent control—tie-line power deviation as affected by 
system damping (T a ) and by the magnitude of load-torque change (AT) 

Curve A — T d =2, A7= t/ 84.8 

Curve B — T d =10, A7= t/ 84.8 

Curve C—T d = 2, A7=f/169.6 

Curve D—7^ = 10, A7=f/169.6 .. . . . 

M =4,096 7 = T 2 =0.53 AP m =0.064 _. 


R l '(eq)=l.36,AP m =O.OI6 


R l' (eq) *2.72,AP m = 0032 


Ry (eq) ■ 5.44, AP m = 0.064 


7 * 2—0 

t,=o.i 


Tj= <o 
7 = 1.06 
/?=0.0625 


Hi = 1/42.4 
/?/(eq.) =5.44 


plied for a length of time proportional 
to the deviation AP at the beginning of 
the interval, and at a constant rate 
equivalent to ki per unit prime-mover 
torque change per second. The maximum 
duration of the impulse was limited to 
1.06 seconds (half the period) for a power 
change equal to or greater than A P m . 
For this controller there is an equivalent 
Ri as given by (see appendix): 

ki 


The tie-line power swings of Figure'22 
were obtained with a controller having 
*4-1.08, AP m =0.064 per unit, ki— 
1/42.4, and P/(eq.)=5.44 seconds. Curve 
A is compared with the curve 7\=T 2 = 
0.53, Figure 16, for the continuous con¬ 
troller having the constants P/= 1.36 and 
T *= 1.06. It is observed that the inter¬ 
mittent controller causes system in¬ 
stability, although its equivalent cor- 


Figure 23. Intermittent control—effect of 
varying the equivalent controller correcting 
time by changing k, with A P n constant 

M =4,096 7,=0.1 P=0.0625 

7 tf =10 7i =72=0.53 AP m = 0.064 
'*2-0 7 8 =oo 7=1.06 

A7=t/169.6 


R l'(eq) = l 36, k,*^ 


recting rate is only one-fourth that of the 
continuous controller. For a system 
having a larger damping factor T d = 10, 
curve B of Figure 22, the results are 
satisfactory. Curves C and D give 
similar results with the load torque ap¬ 
plied at one-half the rate. The magni¬ 
tudes of the tie-line power swings are not 
proportional to the rate of load-torque 
change, because of the maximum cor¬ 
rection rate imposed by this controller. 

With AP W =0.064 and a large system 
damping, T d — 10, the effects of variations 
of the constant ki are shown on Figure 23. 
Likewise, Figure 24 gives the effects of 
variations of A P m with ki =1/42.4. The 
maximum power swings are summarized 
on Figure 25 as a function of the equiva¬ 
lent correcting time, R/ (eq.). The opti¬ 
mum correcting time is of the order of 
2.72 seconds under these conditions, that 
is, it is approximately twice that of the 
continuous controller. Furthermore, the 
effectiveness of a controller having the 
constants AP W =0.032 and 1/42.4 is 
about the same as one with AP m =0.064 
and £i = l/21.2 since their equivalent cor¬ 
recting times are both equal to 2.72 
seconds. 

The power swings of Figures 23 and 24 
for R/ (eq.) = 2.72 are compared with that 
.of Figure 15, P=0.0625, for the optimum 
continuous controller. After allowance 
has been made for the fact that the rates 
of applied load-torque change are dif¬ 
ferent by a factor of four to one in the 
two cases, it appears that the tie-line 
power deviation obtained with the inter- • 
mittent control is about 75 per cent 
greater than that obtained with the con- 
tinuous control. 


TIME-SECONDS 

Figure 24. intermittent control—effect of 
varying the equivalent controller correcting 
time by changing A P m with k, constant 


Af=4,096 7s=0.1 
7<j = 10 7 = 72=0.53 

Tan—0 7j = 00 


/?=0.0625 
Hi = 1/42.4 
7i = 1.06 
A7=t/169.6 


4. Summary. The control systems 
have been compared with respect to their 
effects upon the prime-mover governor 
response and tie-line power deviation, 
when the system is subjected to smooth 
variable loads. The recorded data also 
give a measure of the power deviation for 
the particular load cycles and system 
constants considered. It is to be ex¬ 
pected, however, that the magnitude of 
the swings depends upon the period as 
well as the magnitude of the variable 
load, particularly if the period is very 
short. The shape of the load cycle may 
also be of considerable importance. In¬ 
stantaneous load changes initiate natural- 
frequency power oscillations. As an 
example of the extreme condition, suc¬ 
cessive build up of tie-line power swings 
can occur if instantaneous load changes 
are applied at regular time intervals equal 
to the period of the natural-frequency 
oscillations. 

Conclusions 

1. (a) Introduction of tie-line power con¬ 
trol of the floating type results in system 
instability, regardless of the value of system 

Figure 25. Summary of Figures 23 and 24— 
tie-line power deviation as affected by the 
equivalent correcting time of the intermittent 
controller 


RV(eq)*2.72, 


*l'(eq)*5.44,k l *s^3 


5 10 e 20 25 

TIME t SECONDS * ’ 


312 Transactions 


30 35 










i; 







T 

__ 



M*4096 

V Q I 

Td. 10 
Tq is»0 

VV0.53 


R'O 0625 
T s • _ 

T 4 •! 06 








. - > 









* A P m *0 064 

• K '-ik 


zT— 3 — 

ftfteq)- SECONDS 


Concordia, Shott, Weygandt-Tie-Line Power Swings Electrical Engineering 




damping, if the controller correcting time 
(Ri') is less than about one fourth of the 
governor time lag (Figures 1-4). The in¬ 
herent instability (Ti+rj>41b # ) is not ap¬ 
preciably affected by variations of the tie¬ 
line synchronizing power coefficient T s or 
the governor regulation R, but it does appear 
at an even smaller value of governor time 
lag if there is time lag ( T\) in the tie-line 
controller. 

(b) Instability may also occur in the range 
of small governor time lags as a result of a 
large rate of tie-line correction (small Ri'). 
The appearance of this unstable region is a 
function of governor regulation, that is, it 
appears when R/ is less than MR/2vf 
seconds correcting time (Figure 4). In gen¬ 
eral, therefore, the minimum allowable R/, 
as regards system stability, is a function of 
the governor time lag and is also a function 
of governor regulation if the governor time 
lag is small (Figure 5). Accordingly, there 
is an optimum governor regulation depend¬ 
ent upon the governor time lag, the system 
damping factor, and the rate of tie-line cor¬ 
rection. 

(c) With respect to the maximum effective¬ 
ness of the floating control in reducing the 
magnitude of tie-line power swings, the 
optimum correcting time is not much greater 
than the minimum allowable value required 
to insure stable operation (Figure 11). The 
controller time lag should be reduced to a 
minimum (Figure 12). 

2. The use of a proportional tie-line con¬ 
troller having small regulation and zero time 
lag will cause instability unless the system 
damping is very large. Stability is obtained 
by introducing controller time lag 7V With 
small regulation (Ri) and large time lag 
(Ti), the controller response is primarily a 
function of the factor RiXTt and is not 
much different from that of floating con¬ 
trol since the above factor is similar to the 
Ri' type of regulation. On the basis of 
simplicity, the floating control may be pref¬ 
erable for use with most governors. 

3. The impulses of an intermittent control 
having about two second period and a fast 
rate of response may result in system in¬ 
stability, if the operation is near the limit 
of stability without tie-line control. Other¬ 
wise, satisfactory results can be obtained, 
and the optimum equivalent correcting time 
[i?i'(eq.)] is of the order of two times the 
optimum Ri of the continuous controller. 

4. The optimum rates of response of tie¬ 
line controllers for maximum effectiveness 
are very much higher than those ordinarily 
used in power-system control. 


system damping, rate of tie-line correction, 
and so on, the present analysis has shown 
that six per cent regulation is satisfactory 
(Figures 11 and 15) when automatic tie¬ 
line control is also used. A smaller steady- 
state regulation is obtained without appreci¬ 
able change in the degree of system stability 
by adding a droop-compensation mechanism 
having a relatively large time constant, but 
the tie-line power swings are not reduced in 
magnitude (Figures 1 and 11). 


Appendix. Equations and Defi¬ 
nitions of Terms 


The approximate torque equations for two 
interconnected power systems were given . 
in reference 2. If it is assumed that one 
system is infinitely large the equation for the 
smaller system is, 

[Mp*+(T d +T da )p+T t ]S+T 0 = AT (1) 
where, 

M = 4vfH is the effective inertia of the sys¬ 
tem and is equal to the time in elec¬ 
trical radians required to reach full 
rated speed from standstill with rated 
torque applied to the rotor. 

T d is the system damping factor equal to 
the slope of the net prime mover plus 
load torque versus speed curve with 
fixed prime-mover input valve. 

T dn is the tie-line damping-torque coeffi¬ 
cient, or the change in torque per unit 
change in relative system speeds. 

T s is the synchronizing-torque coefficient, 
or the change in torque per electrical 
‘ radian change in relative system angles. 
T g equals the change in prime-mover 
torque resulting from the movement 
of the input valves. 

AT is that part of the load-torque change 
applied to this system. 

All of the above quantities are in per unit 
on a kilovolt-ampere base equal to the sys¬ 
tem capacity. 

8 is the effective system angle in radians 
with respect to the normal-frequency 
reference; or in this case with respect 
to the angle of the infinite system. 
ph=dS/dt is a measure of speed or frequency 
change. 

t equals time in electrical radians; 377 
radians = one second for a 60-cycle 
system. 


the variation is at an exponential rate de¬ 
fined by the time constant, Ts, the motion 
transmitted to the first stage is 


(Tjp-\- 1) 


A 


(3) 


At the first instant (P= a >) following a 
change at the governor head, the indications 
are directly impressed upon the governor 
control system, but in the steady-state con¬ 
dition following droop correction (£=0) 
they are amplified by a factor equal to the 
ratio (R/r) of the transient to steady-state 
governor regulations. 

In passing through the governor control 
system this correcting force is modified by 
the time lags Ti and T 2 and is amplified by 
a factor inversely equal to the transient regu¬ 
lation of the governor. Thus the outputs 
of the first and second stages are, respec¬ 
tively: 


<3 =- - - F 

V (Ttf+l) 

T — - 1 - o 

a R(T*p+l) V 


(4) 


The complete expression for the change in 
prime-mover torque is, therefore, 

1 _ 

r# “(W-D(W-i) 


For a governor without a droop-correction 
mechanism, Tj« ® and R is the regulation. 
Otherwise, Rsmd r are the transient and the 
steady-state governor regulations, respec¬ 
tively. Tt is the time constant of the droop- 
compensation mechanism. 

As used in equation 5, the terms pSf R and 
D/R are a measure of the turbine speed 
response and tie-line control adjustments, 
respectively, expressed as the equivalent 
prime-mover torque changes that would 
result if there were no governor time lag 
(Ti«=T 2 =0) and if the adjustments were 
amplified only according to the transient 
governor regulation j?(Ts=* “). The char¬ 
acteristics of the tie-line control system are 
interpreted in this paper by evaluating the 
equivalent response D/R in this manner. 
For instance, the response of one type of 
controller has been expressed as 



D A P 

R~Ri'p(T i p+ 1) 


( 6 ) 


5. The optimum continuously acting con¬ 
trollers limit the tie-line power deviation to 
approximately 15 per cent of the total load 
variation if the tie-line synchronizing power 
coefficient is small (T s =0.1), and if the load 
variation occurs in smooth cycles of about 
one minute period. With an intermittent 
controller of the type considered, the tie¬ 
line power deviation may be limited to ap¬ 
proximately 25 per cent of the load variation. 

6. Previous considerations 1 '* have indi¬ 
cated that a turbine-governor regulation of 
the order of six per cent may be desirable. 
Although the optimum value depends to 
some extent upon the governor time lag, 


The governor control mechanism has been 
represented as a two-stage amplifier having 
time lags Ti and T 2 .* The hydraulic-relay 
system of an actual governor might be con¬ 
sidered as the first stage and the steam- 
storage capacity as the second. Speed 
response indications and-tie-line control ad¬ 
justments at the governor head 


A = s pS-\~D 


( 2 ) 


are transmitted to the first stage through a 
set of levers. The effective leverage of this 
connection may vary because of the action 
of a droop-compensation mechanism, and if 


where 

AP — (T 3 +pTan)S is the tie-line power 
change, and 

Tt is the time lag of the controller. 

With zero controller time lag (T 4 =0) the 
first derivative of this equation 


(7) 


shows that the equivalent correction is ap¬ 
plied at a rate inversely proportional to the 
constant R/. 
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A D-C Telemeter or D-C Selsyn for 

Aircraft 


R. G. JEWELL 
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Synopsis: This paper describes a d-c tele¬ 
meter which is particularly adapted for 
transmitting to the instrument board indi¬ 
cations of pressure, temperature, liquid level 
and of the position of the various controlling 
members of the airplane. The description 
comprises the principle, variations, char¬ 
acteristics, and application of this telemeter¬ 
ing system. Although the applications de¬ 
scribed are primarily in connection with 
aircraft, the versatile nature of this device 
makes it suitable for many other applica¬ 
tions. 

The large number of indications which 
must be transmitted accurately to the 
instrument board of an airplane has crea te d 
a demand for a telemetering system of stngii 
size and light weight. For many years the 
a-c Selsyn telemetering system has given 
excellent service in marine applications. 
Variations of this system are used success¬ 
fully on aircraft. A search for a simpler 
and lighter system which will operate on 
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direct current has led to the development of 
the d-c Selsyn telemetering system. 

Principle 

A SIMPLIFIED concept of the opera¬ 
tion of the d-c Selsyn may be ob¬ 
tained by referring to Figure 1 which 
shows a coil wound on a toroidal iron core. 
This is a continuous single layer winding 
with two brushes supplying direct current 
at diametrically opposite points. It is evi¬ 
dent that a magnetic pole will be set up in 
the core under each of the brushes, and 
that the magnetic field inside the core will 
be as shown. This field will follow the 
brushes as they are rotated. If a polar¬ 
ized permanent magnet rotor is placed in¬ 
side the core, it will revolve so as to keep 
its direction of magnetization in line with 
the brushes. 

The next step in the development is 
shown in Figure 2. The circular rheostat 
transmitter is tapped at intervals of 120 
degrees and these taps are connected to 
similarly spaced taps on the receiver. 
This gives a result similar to that obtained 


in Figure 1 so that, wi thin the accuracy 
limits to be defined later, the permanent 
magnet rotor will turn to a position having 
the same relation to the taps on the re¬ 
ceiver winding as the brushes have to the 
corresponding taps on the transmitter 
winding. The windings shown are similar 
to delta connected three-phase windings. 
Connections similar to other polyphase 
windings may also be used and the wind¬ 
ings may be concentrated in coils rather 
than being uniformly distributed on the 
core. 

The use of a permanent magnet of high 
coercive force in combination with a cop¬ 
per damping shell fixed in the air gap be¬ 
tween the rotor and the stator gives effec¬ 
tive damping combined with high torque. 
Damping by a permanent magnet used in 
this manner involves no power loss as 
would be the case if an alternating field 
were used. The torque is a function of 
the product of the rotor and stator fluxes. 
Since the rotor field is of much higher 
magnetomotive force than the stator field, 
and since its excitation involves no elec¬ 
trical losses, it is evident that the inherent 
torque producing effectiveness is high. 
The high ratio of torque to weight obtain¬ 
able with this system is one of its out¬ 
standing advantages. This makes it pos¬ 
sible to use a comparatively light moving 
element which requires neither ball bear¬ 
ings nor jewel bearings, since the fric¬ 
tional errors are inappreciable with steel 
and bronze bearings. Since these bear- 


For another type of controller response 
D AP 

R~ R^TtP+l) (*) 

the equivalent correction is directly propor¬ 
tional to the tie-line power change, but it is 
delayed by the time lag T s . 

The effects of an Intermittent controller 
are introduced as follows. The tie-line 
power change, AP, is read at regular time 
intervals. Within the period At following 
each reading a corrective indication is ap¬ 
plied at a constant rate k x and for a length of 
tune proportional to AP. This bite of cor¬ 
rection is again expressed as an equivalent 
prime-mover torque change per unit of time. 
If the correction is applied through the syn¬ 
chronizing motor then k x is also a measure 

of the synchronizing-motor speed. 

It is assumed that the impulse starts after 
an. elapsed time h dependent upon the value 
° f j , at ^ timing of the interval, and 
ends after a fixed time t e . If the reading of 
tie-line power deviation is equal to or greater 
than AP m ,. the full correction is applied, 
that is, tx is equal to some fixed time f*. 
Then for any smaller power deviation AP 
the impulse is applied at the time f, given by 

AP 

te~tm AP n (9) 
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The correcting adjustment applied at the 
governor head is of the form 


D kt 

p"(r^-H) < 10 ) 


where (with fortune at beginning of inter¬ 
val At, and / 4 <*o+ At) 

h=*0 for h>t>to 
k=>ki for /«>/>/, 

Tx — time lag of the controller 


At a fixed power deviation equal to A P m , 
and neglecting the controller time lag 
(-*4=0), there is an average correcting rate 
over the entire interval equal to 





This , average rate can be defined by an 
equivalent R t ' similar to that of equation 7: 



AP W 
. -Ki'(eq.) 


( 12 ) 


or from the above two equations: 


Ri' (eq.) 


AP w A/ 


(13) 


The effects of variations of the constants 
*i and A P m were obtained from the dif¬ 
ferential analyzer solutions. The following 
time intervals were used: 

At 2.12 seconds 
0.265 second 
t« = 1.325 seconds 

All time constants and the factors R t ' 
and 1/ki are given in units of electrical 
radians in the above equations but in other 
parts of the paper they are given in seconds 
for a 60-cycle system. Otherwise the nota¬ 
tion is consistent throughout. 
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Figure 1. Simplified d-c Selsyn 

MAGNETIZED fl 

ROTOR „ _ trl ^ 































































Figure 11. D-c Selsyn position indicators, 
showing three positions of flaps and landing 
gear 


Fi5U " 1! ' TyPiC *" l,U ' d - 1 *” 1 ,r * n ” nitt ‘' Figure 13. Typical three-element liquid-!' 

indicator 


ings are lightly loaded they withstand 
severe vibration very well. 

The use of sliding contacts has been 
cited as an objection to this type of 
telemeter. By using brushes of precious 
metal alloys operating at carefully deter¬ 
mined pressures, a reliable contact is ob¬ 
tained with very little friction. Life tests 
have shown these brushes to be capable of 
operating for over 40,000,000 complete 
revolutions of the transmitter. 

Variations 

In the transmitter shown in Figure 2, 
the output voltage passes through 360 
electrical degrees for each revolution so 


that the ratio of angular motions of the 
transmitter and indicator is unity. By 
making the number of evenly spaced taps 
equal to 3 n, where n is the number of indi¬ 
cator revolutions per transmitter revolu¬ 
tion, it is possible to obtain a ratio equal 
to any whole number. Brushes of oppo¬ 
site polarity must be 180 electrical de¬ 
grees (360/(2 n) angular degrees) apart. 
In order to utilize the full capacity of the 
winding, 2 n brushes must be used, but the 
transmitter is operable with only two 
brushes. Figure 3 shows a transmitter de¬ 
signed for a ratio of 3. 

The transmitter shown in Figure 4 is 
designed to transmit linear motion with¬ 
out converting it to circular motion by 
mechanical means. Motion of the brushes 
for the complete length of this transmitter 
gives one revolution of the indicator. A 
multi-revolution modification of this cir¬ 
cuit is shown in Figure 5 which gives thr ee 
revolutions of the indicator. This scheme 
can obviously be modified to give any 
number of revolutions of the indicator for 
a given linear motion of the brushes. 
Figure 6 is a modification of this circuit 
which will give fractional ratios with a 
circular transmitter. Obviously with this 
circuit, the motion is limited to less than 
one revolution of the transmitter. 


Two or more indicators may be oper¬ 
ated in parallel in connection with any of 
these transmitters. The only effect on 
their operation is to lower the torque in 
proportion to the reduction in current 
through each indicator. 

Since there is no torque acting on the 
indicator when the power is disconnected, 
the pointer will remain unchanged in 
position. For applications where an indi¬ 
cation of power failure is desired, the indi¬ 
cator is provided with a small fixed per¬ 
manent magnet which attracts the rotor 
magnet to a position at which the pointer 
is off the calibrated part of the scale. Due 
to the high torque of the instrument, it is 
possible to use a fixed magnet strong 
enough to provide a reliable indication of 
power failure without having any signifi¬ 
cant effect on the accuracy. 

Characteristics 

Each indicator element weighs 25 grams 
and can be mounted in a iy*-inch-diame- 
ter circle. 

The power required by the transmitter 
and indicator combination is 1.8 watts. 
With two indicators connected to one 
transmitter, the power required is 2.2 
watts. 
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Varying the voltage of the supply does 
not affect the indication provided no 
power failure indicator is used. With the 
power failure indicator a variation of ten 
per cent in the voltage will cause a maxi¬ 
mum error of one degree. 

The torque obtained is shown by the 
curves in Figure 7. The slope of the 
torque curve at zero is important since a 
steep slope at this point gives less fric¬ 
tional error. The torque curves show 
that the steepest part is at zero. 

Temperature effect on indications is 
negligible because of the symmetry of the 
circuit. 

The wave form of the voltage between 
taps in the transmitter is shown in Figure 
8. At no load the form is triangular with 
the tops cut off flat. With load, the sides 
and tops of the form bend inward. The 
change in the form is of such nature that 
at any given point the ratio of voltage be¬ 
tween one pair of taps to that between 
another pair of taps does not change with 
load so that an indicator connected to the 
transmitter will not change its calibration 
when another indicator is placed in par¬ 
allel with it. 

The peculiar shape of the voltage wave 
does prevent the indicator from following 
the transmitter linearly. This inherent 
deviation has been determined to have a 
maximum peak of 1,3 degrees. The 


June 1942, Vol. 61 


peaks occur at six points above the axis, 
and six points below the axis. Figure 9 
shows a typical distribution curve A 
which consists of the 1.3 degree deviation 
and additional deviation due to manufac¬ 
turing tolerances. Curve B of the same 
figure shows how the distribution curve is 
changed by the power failure indicator. 

Applications 

One of the first applications of the d-c 
Selsyn was for the remote indication of 
the positions of the landing gear and wing 
flaps on an airplane. For this purpose 
four elements were mounted in a single 
case, one element being used for each of 
the three landing wheels and one for the 
flaps. 

The remote indication of oil and fuel 
pressure is accomplished by connecting a 
bellows to the oil or fuel pressure line and 
utilizing the motion of the bellows to ro¬ 
tate the transmitter brushes. 

The temperature transmitter has a bi¬ 
metal helix which rotates the transmitter 
brushes as the temperature changes. 

The manifold pressure transmitter has 
a partially evacuated sealed bellows in a 
pressure tight compartment and the mani¬ 
fold pressure is applied to the outside of 
the bellows. Motion of the bellows is 
transmitted mechanically through a flex¬ 
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ible wall to the d-c Selsyn transmitter. 
Temperature compensation is obtained by 
having the right amount of air in the 
sealed bellows. 

The differential fuel pressure transmit¬ 
ter is similar to the manifold pressure ex¬ 
cept the bellows is not evacuated. The 
fuel pressure is connected to the inside of 
the bellows while the surrounding cham¬ 
ber is connected to the manifold. The 
bellows deflection is then proportional to 
the differential pressure. 

The liquid level measurement utilizes 
the motion of a float to actuate the trans¬ 
mitter brushes. Magnetic coupling is 
used between the transmitter outside the 
tank and the float mechanism inside the 
tank so as to provide a positive gasoline 
seal. 

Conclusions 

The d-c Selsyn has been shewn to be 
particularly suited to applications re¬ 
quiring high accuracy, light weight, and 
rapid and stable indications. These quali¬ 
ties make it particularly suitable for air¬ 
craft use. The fact that it can be oper¬ 
ated on aiiy source of low-voltage direct 
current without auxiliary equipment is an 
advantage, not only for aircraft use but 
for other applications where special power 
sources are not available. 
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I. Introduction 

F ROM the viewpoint of utility, the 
scale length of an indicating instru¬ 
ment bears somewhat the same relation¬ 
ship to its dimensions as does the output 
of a motor to its frame size. The end 
product of an instrument is quantitative 
information. The longer and more legi¬ 
ble the scale, the more definite the result¬ 
ing scale readings, through reduction of 
observational errors both in the initial 
calibration and in subsequent use. Thus, 
instrument designers have endeavored to 
produce maximum scale lengths within a 
given space, examples of which are 5- 
inch scales of 6-inch rectangular switch¬ 
board instruments, and the 3V 2 -inch 
scales of 4-inch rectangular instruments. 
In general, however, the movements of 
such instruments have been restricted to 
an angular deflection of about 90 degrees, 
with consequent limitation in scale lengths 
as compared to the scale lengths of non¬ 
electrical instruments such as steam and 
pressure gauges. A study of these 
fundamentals leads the authors, who at¬ 
tacked the problem of designing a new 
line of switchboard instruments, to the 
conclusion that a definite contribution to 
measurement technique could best be 
made by designing such instruments for 
long-range indication, and the smallest 
practicable panel space. 

A study of prior art 1 - 6 showed that the 
importance of scale length had been ap¬ 
preciated, although no complete and co¬ 
ordinated group of instruments had re¬ 
sulted. Among the long-scale instru¬ 
ments produced were wattmeters, volt¬ 
meters, and ammeters operating on the 
induction disk principle, also permanent- 
magnet moving-coil voltmeters and am¬ 
meters. The induction instruments, 
while perhaps satisfactory for restricted 
operating conditions, hardly met modem 
performance requirements as to fre¬ 
quency range, wave-form variation, and 
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other conditions. There is very little 
published information on these instru¬ 
ments, and their manufacture appears to 
have been discontinued, at least in 
America. It was therefore concluded 
that no complete group of long-scale 
instruments, meeting modem installa¬ 
tion and performance requirements, was 
available. 

A distinguishing feature of switch¬ 
board instruments which cannot be over¬ 
emphasized is the variety of measure¬ 
ments which must be accomplished in 
devices having uniform appearance and 
outline dimensions. These include the 
measurement of d-c volts, d-c amperes, 
a-c volts, a-c amperes, watts, vars, power 
factor, cycles, synchronism, and such 
nonelectrical quantities as temperature 
and speed. It is impractical to satis¬ 
factorily measure all these quantities 
with one design of instrument mecha¬ 
nism, a minimum of four being required 
as shown in Table A. 

Table A 


Group Kind of Mechanism 


Quantities 

Measured 


A .. .Permanent-magnet mov-1 
ing-coil J 

.Repulsion - attraction) 
with fixed and moving!' 
vanes ) 


C. . Iron-cored electrodynamic., 

1 - 


D .Electromagnet with rotat¬ 
ing vane 


/D-c amperes 
J D-c volts 
' | Temperature 
'•Speed 

| A-c amperes 
1 A-c volts 


A-c watts 
A-c vars 
A-c cycles 
Power factor 
Synchronism 


In the following sections, the method 
of attack in designing long-scale elements 
for each of these groups will be outlined. 
A panel dimension of 4 1 / 4 inches square 
was required, and a scale length of 6.8 
inches representing 240 angular degrees 
was selected. The problem in' each 
case was to obtain (a) mechanical free¬ 
dom of the movement and .(b) satis¬ 
factory torque characteristics, both with 
respect to magnitude and gradient, over 
this scale angle. After determining each 
basic design, much analytical work was 
necessary to reduce it to practice, but, 
with one or two exceptions, design details 
will be omitted in the interest of brevity. 


II. The Permanent-Magnet 
Moving-Coil Instrument for 
Measurement of D-C Potential 
and Current 

The design of the permanent-magnet 
moving-coil instrument was definitely 
simplified by using Alnico as a magnet 
material. The high coercive force of this 
material adapted it to short lengths of 
large cross section, as illustrated in Figure 
1. The sector-shaped magnet was cast 
integrally with a soft-iron pole face for 
uniform distribution of the field in the 
air gap, and the magnet was arranged im¬ 
mediately adjacent to the gap to mini¬ 
mize leakage fluxes. The moving coil 
was pivoted about one of its sides and 
thus only one of the coil sides was ef¬ 
fective in production of torque. The use 
of two coil sides appeared to involve 
mechanical complications such as to be 
thoroughly impracticable. It was found 
that satisfactory results could be obtained 
by full utilization of the magnetic ma¬ 
terial as described above and by using 
a minimum of weight and inertia in the 
moving element. The millivoltmeter 
moving coil was designed for a power 
input of 0.34 milliwatt, since the instru¬ 
ment will be used with 50-millivolt 
shunts. This construction also has the 
advantages of shelf-shielding, mechanical 
simplicity, and reproducibility. Damp¬ 
ing was obtained by adding a short-cir¬ 
cuited winding to the moving coil, the 
wire size and number of turns being de¬ 
termined by the required damping con¬ 
stant of the instrument involved. A uni¬ 
form scale distribution is obtained as 
shown in Figure 2. The characteristics 
are shown in Table II. 

Since instruments for the measurement 
of the temperatures of electrical ma¬ 
chinery are required for modern Switch- 



Figure 1. D-c ammeter and voltmeter 
mechanism 
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Figure 3. Temperature-meter circuit 


Figure 2. D-c voltmeter-scale distribution 
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boards, such instruments have been in¬ 
cluded in this group. A circuit, illus¬ 
trated in Figure 3, was thus designed to 
adapt the d-c milliammeter to tempera¬ 
ture measurement using standard 10- 
nhm resistance temperature detectors. 
This circuit is essentially a Wheatstone 
bridge, energized by a constant potential 
of 6 volts direct current through a 
satura tin g transformer and rectifier de¬ 
signed for use on a standard 115-volt, 60- 
cycle circuit. The characteristics are 
given in Table II, and the scale distribu¬ 
tion is shown in Figure 23. 

m - The Repulsion-Attraction 
Instrument for Measurement of 
A-C Potential and Current 


Figure 4. A-c ammeter and voltmeter 
mechanism 

270’S 

NICALOI CUPS CARRYING THE ATTRACTION WEDGES 
(ROTATABLE TO SECURE ADJUSTMENT) 



Figure 5 (above). Development of repulsion- 
attraction magnetic system 


Figure 6 (below). Repulsion—attraction instru¬ 
ment torque characteristics along the scale 


In their usual forms, the soft-iron 
torque-producing mechanisms are in¬ 
herently limited to angular deflections of 
about 100 degrees of arc. Serious dif¬ 
ficulties arise in matters of scale con¬ 
striction and increased power consump¬ 
tion if the scales of these simple instru¬ 
ments are extended beyond their natural 
limits. 

In the new element, these limitations 
are removed by utilizing dual forces of 
electromagnetic repulsion and attraction 
which act on a single movable vane as 
shown in Figures 4 and 5. The main re¬ 
pulsion mechanism is essentially similar to 
wedge-repulsion mechanisms now in use, 
in which a rapidly decreasing torque-dis¬ 
placement curve is obtained beyond the 
usual 0-90 degree scale range. The 
auxiliary irons exert a force of attraction 





which increases progressively as the re¬ 
pulsion force decreases. With suitable 
shapes and spadngs for the soft-iron mem¬ 
bers, the two forces are well blended, re¬ 
sulting in a smooth open scale. In ad¬ 
dition to the increase of scale angle, the 
element possesses a higher “torque-per- 
watt” effectiveness than any known soft- 
iron or even electrodynamic instrument 
mechanism, as illustrated in Table I. 

The middle repulsion wedge is moulded 
integrally with the coil form. The attrac¬ 
tion irons are mounted in magnetic con¬ 
tact with soft-iron cups which can be 
rotated manually through small angles. 
The rotatable cups serve as a means of 
instrument adjustment and also as a 
partial return path for the magnetic cir¬ 
cuit. The cups are slotted radially to 
eliminate induced circulatory currents. 
Figure 4 is a sectional view of the assembly. 

The rotatable cups (and attraction 
irons.) permit of a rather wide range of 
control in scale distribution. The pre¬ 
ferred scales are shown in Figure 9, where 
the voltmeter scale is expanded over the 

Table 1. Sensitivity Comparisons of Various 
Instrument Mechanisms of Comparable Size 

(Milliwatts Per Unit Torque for 90-Degree 
Deflection) 


Repulsion-attraction.(soft-iron) 

Wedge-repulsion.(soft-iron) 

Inclined-coil.(soft-iron) 

Electrodynamic.(air-coils). 

Sector-coil repulsion.(soft-iron) 


114 

400 

240 

.210 

.346 


normal 110-120-volt interval. The am¬ 
meter scale is essentially uniform over the 
working range. 

The Coil 

In proportion, an air coil of the greatest 
electromagnetic effectiveness (that is, 
ma-gimiim flux per watt input) will have 
a square cross section and a mean di¬ 
ameter equal to three times a side of the 
square as shown in the curves of Figure 7. 
The authors’ curve of proportions is in 
agreement with Sbawcross and Wells . 2 
The variance with Maxwell’s classic pro¬ 
portions* of d ~ 3.7 c is due, no doubt, to 
neglect of higher order terms of the cal¬ 
culations. The two criteria are, how¬ 
ever, high up on the curves so the varia¬ 
tion is more of academic than practical 
interest. 

The magnetic circuit of a repulsion- 
attraction mechanism of this kind per¬ 
mitted of little more than a rough mathe¬ 
matical treatment which served as a guide 
to methodical experimentation in deter¬ 
mining the best shapes and spadngs for 
th e soft-iron members. From computa¬ 
tions and from actual torque curves for 
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Figure 7. Field-coil proportions as a function 
of reactance/resistance 

basic iron shapes, one could predict, 
quite closely, the ultimate results of iron 
shapes when used in combination. The 
best fixed repelling wedge to operate in 
conjunction with the ideal vane was one 
that best met the three criteria of steep 
initial torque-gradi.ent, large angular de¬ 
flection, and maximum torque. The 
initial steep gradient was especially desir¬ 
able in ammeters for improved readability 
with low values of current. The wedge 
of Figure 5 met the requirements—the 
curved edges giving the steep gradient; 
the developed length, the long-scale 
angle; and the over-all dimensions, the 
maximum of torque. 

The final and most important design 
problem was the selection of suitable at¬ 
traction irons to extend the scale angle 
without increased power consumption. 

Figure 8. Field-coil proportions with addi¬ 
tion of iro.i members 


It was also necessary to avoid close spac- 
ings of adjacent magnetic parts, with 
their resulting manufacturing hazard. 
For adjustment purposes, the attraction 
irons permit of small rotational move¬ 
ments and are provided with means for 
securely locking them in the final posi¬ 
tion. The shape and slope of the irons 


of the attraction irons provide a greater 
degree of scale control. The curves 
(Figure 8) indicate that the coil system 
with irons, in its final form, has propor¬ 
tions differing very little from the re¬ 
quirements of ideal air coils. 

Torque Characteristics 

The torque values of the complete sys¬ 
tem over the scale, and for comparison, 
the torque of simple repulsion, is shown 
in Figure 6. The completely drawn, 
uppermost curve gives the torque at 
various angular scale positions with a 
constant application of full-scale voltage 



Figure 9. A-c ammeter- and voltmeter-scale 
distributions 


(150 volts). The negative angle of — 15 


for security of operation. Intersecting 
the torque curve of the control spring are 
sectional lengths of torque curves of 
intermediate voltages. From the inter- 
sectional points the actual scale distribu¬ 
tion is obtained by projection. The pro¬ 
jected scale at the lower edge of the 
figure is identical with the voltmeter 
scale of Figure 9. 

The torque curve for repulsion alone is 
for the same 150-volt constant value. It 
illustrates the limitations of simple re¬ 
pulsion in regard to torque and operat¬ 
ing angle. 

Damping System 

The instruments are equipped with an 
eddy-current damper of unique construc¬ 
tion as shown in Figure 10. It consists of 
a series of ten uniformly spaced, bipolar 
magnets of Alnico steel, embedded in two 



Figure 10. Damping system for a-c instru¬ 
ments 



degrees corresponds to the assigned un¬ 
result in a smoothly distributed scale, stable position of the pointer—selected 
open to the end of pointer travel. The 
short curved lengths at the upscale ends 
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Figure 11. Wattmeter and varmeter mechanism 


die-cast half-ring supporting members. 
The two half-ring groups are assembled 
on the instrument in a circular arrange¬ 
ment directly over a small segmental 
aluminum disk, which is carried by the 
moving element. The magnetic circuit 
is completed through the disk to a soft- 
iron split annular-shaped ring mounted 
directly beneath the disk. The soft- 
iron ring serves also to shield the actuat¬ 
ing element from the field projected by 
the damper magnets. This system pro- 
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Figure 12 (left). Saturation 
curve of wattmeter Reid 



AMPERE TURNS 


Figure 14. Wattmeter-scale 
distribution 


movement. 

struments. 


It is used on all a-c in- 


ever, the permanent magnet was replaced 
vides an adequate and uniform damping by a magnetic core shaped to permit in¬ 
torque thr oughout 360 degrees of disk sertion of a field winding and was designed 

for a uniform air gap between its pole 
face and the inner core, as illustrated in 
Figure 11. Since the magnetic field pro¬ 
duced by the coil on the outer field struc¬ 
ture is proportional to the current in that 
coil, the total torque produced by the 
instrument is proportional to the product 
of the ampere turns in the field and arma¬ 
ture windings. The instrument is mag¬ 
netically damped in the same manner as 
described for the iron-vane instruments. 

The design of this mechanism pre¬ 
sented several problems, particularly with 
respect to the magnetic circuit: 

1. To produce a long scale, the use of mag¬ 
netic material with attendant iron losses 
was required to obtain a long air gap. 

2. The field circuit had to. be designed for 
a linear flux-current relationship, requiring 
operations at densities'well below the knee 
of the saturation curve at all possible operat¬ 
ing currents. . 

3. The phase angle between the current 


Performance Characteristics 

The characteristics of the a-c volt¬ 
meters and ammeters are shown in Table 
II. The efficient iron-dad mechanism 
has a high reactance-resistance ratio 
which is reflected in the instrument when 
constructed as a voltmeter. The effect 
of this reactance-resistance ratio on fre¬ 
quency influence was, however, overcome 
by capadtance compensation. 

IV. The Iron-Cored Electrodynamic 

Instrument for the Measurement 
of Power 

The long-scale instruments previously 
described deal with measurements of 
single quantities. Since there are im¬ 
portant electrical measurements that'in¬ 
volve the product or ratio of two elec¬ 
trical quantities, instruments must be 
provided for performing these mathe¬ 
matical operations. The measurement of 
the product of two electrical quantities 
suggested the use of the electrodynamic 
construction. 

Since the conventional type of electro¬ 
dynamometer instrument mechanism may 
be used for only a comparatively short- 
scale range, a modified construction was 
required for obtaining a scale length of 
240 degrees. In order to obtain co- 
ordination of design and appearance, the 
general construction used in the per¬ 
manent-magnet moving-coil instrument 
was adopted. In this instrument, how- 


and potential fluxes required adjustment to 
agree with the phase angle between the 
current and the voltage. 

4. Losses in the instrument had to be kept 
low and voltage errors reduced to a mini¬ 
mum. 

Several nickel-iron alloys were con¬ 
sidered and tested for this application, 
and the best combination for low hys¬ 
teresis and a high saturation density was 
obtained by the use of an alloy having 
49 per cent nickel. The complete field 
structure, including the central core, was 
made of thin insulated laminations to 
reduce eddy currents to a minimum. 
Figure 12 shows the field density to be 
well below the saturation value for normal 
operating ranges.- 

The use of iron in the magnetic circuit 
naturally causes the current in the poten¬ 
tial coil to lag slightly behind the applied 
voltage. This is more than canceled by 
the effect of the iron losses which cause 
the field flux to lag the line current by a 
still greater amount. Therefore, the 


Figure 13. Determi¬ 
nation of wattmeter 
compensation by 
capacitance 
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potential-circuit current and the field flux 
are separated by a greater angle than the 
phase angle of the circuit, and, if uncom¬ 
pensated, would cause the instrument to 
read low on lagging power factors. 

The instantaneous field flux then be¬ 
comes proportional to 

Itn Sin (cot — 0 —aj) 4 

where aj is the angle by which the field 
flux lags the line current due to iron losses, 


Figure 15 (above). 
Frequency - meter 
construction 


Figure 17 (right). 
Frequency - meter" 
torque characteristics 



and 0, the phase angle between current 
and voltage. The instantaneous arma¬ 
ture current is proportional to 

E m sin (ut—ai) 

where ai is the phase angle by which the 
armature current lags the applied voltage. 
Without compensation, therefore, the 
torque would be— 

T—KEI cos (0—ai+a 2 ) 

Therefore, a capacitor is shunted across 
the armature and a portion of the series 
resistor, providing sufficient compensa¬ 
tion to make the angle ai equal to angle 
<*a giving correct indication at any power 
factor. Figure 13 shows curves talar i 
at leading and lagging power factors in¬ 
dicating the effect of capacitance on com¬ 
pensation for power-factor errors. The 
curves show that the selection of a value 
of capacitance corresponding to the point 
where the two curves intersect, provides 
sufficient compensation to make the in¬ 
strument operate with satisfactory ac¬ 
curacy over a wide range of power fac¬ 
tors. 

It has been mentioned that potential 


flux was reduced to a minim um to prevent 
voltage errors. With a high value of 
potential flux, the moving coil tends to 
deflect upon the application of potential 
alone, due to extraneous flux through the 
field iron and back across the air gap. 
While this potential creep can be cali¬ 
brated out and become of little conse¬ 
quence, if maintained at low value, it 
would result in voltage errors if the ex¬ 
traneous torque so produced became an 
appreciable part of the total torque of the 
instrument. To minimize such errors, 
the armature turns were kept low, and 
high resistance was used to secure a 
minimum armature current consistent 
with high operating torque. The mag¬ 
netic flux path is also broken by two 
gaps, the ratio of which determines the 
magnetic balance of the circuit and conse¬ 
quently the potential-circuit errors. They 

are, therefore, set to give the best over¬ 
all performance. 

Because of the uniform gap the scale 
distribution is nearly linear as shown by 
Figure 14. 

The same type of mechanism is used 


strument it is possible to. still further 
increase the potential-circuit resistance 
in order to decrease voltage errors as the 
torque to weight ratio of the single-phase 
construction can be maintained without 
doubling the total instrument torque. 
Compensation for power-factor errors is 
made in the same manner as previously 
described using a double capacitor for 
this purpose. 

When used for the measurement of 
vars (reactive volt-amperes), the instru¬ 
ments are provided with external phase- 
shifting auto transformers or are cross- 
phased to obtain the proper phase angle 
in the manner used on conventional 
switchboard instruments. v Single-phase 
varmeters require an external impedance 




for polyphase wattmeters, two elements 
being rigidly fastened together to the 
supporting base. In the polyphase in- 




Figure 16. Frequency-meter circuit 
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Figure SO. Power-factor-meter scale distribu¬ 
tion 

network to lag the current in the potential 
circuit by 90 degrees. 

Measurement op Frequency 

The iron-cored electrodynamic instru¬ 
ment mechanism was applied to the meas¬ 
urement of frequency by using a dif¬ 
ferential field coil, 4 each side of which 
was connected in a resonant circuit, one 
resonant at a frequency below the scale 
range, and the other, at a frequency above 
scale range. Since these two field coils 
are connected in opposition, an auxiliary 
element is added to provide restoring 
torque. The deflecting element has a 



Figure 22. Interior view of a-c voltmeter 


also produce approximately uniform 
torqtie to obtain a scale as uniform as pos¬ 
sible. Obviously with a 240-degree scale, 
a unidirectional and linear value of torque 
must be provided for 120 degrees each 
side of the center-scale position. Since 
it is evident that such a torque cannot 
be furnished by a simple dynamometer 
system, or any of the conventional iron- 
vane systems, a restoring torque has been 
provided by utilizing a long-range iron- 
vane repulsion mechanism similar to that 
used in the a-c ammeter and voltmeter. 
The construction is shown in Figure 15. 
It will be noted that the deflecting ele¬ 
ment is identical in construction with 
that used in the wattmeter, and that the 
restoring element is provided with a fixed 
iron vane which is wide at scale ends and 
narrow at center scale. 

The connection diagram, Figure 16, 
shows the two resonant circuits and the 
differential connection of the, deflecting 
and restoring fields, the resultant current 
passing through the armature coil. 


Variations of these connections are pos¬ 
sible. For example, the connection of 
the restoring field coil with additive 
polarity, which somewhat changes the 
shape of the restoring torque curve, 
provides a scale which is expanded in the 
center and constricted toward the ends. 
With the subtractive polarity used, one 
circuit is resonant at about 34 cycles, 
while the other is resonant at about 97 
cycles, both points being far outside the 
normal scale range of 55-65 cycles. 

The curve in Figure 17 shows that ap¬ 
proximately uniform restoring torque has 
been provided, its intersection with the 
differential torque curves at cardinal 
points indicating the angular displace¬ 
ment at these points. 

It was necessary to give careful atten¬ 
tion to several important points of con¬ 
struction. In the first place, the de-, 
fleeting and restoring torque curves, ex- 
extended beyond the scale ends, must be 
of such shape that the instrument will be 
stable at both ends of the scale with any 
condition of normal mechanical variation 
or changes in the resonant circuits. On 
a normal 60-cycle frequency meter with 
a scale of 55-65 cycles, stable operation 
is provided for about three times the 
normal frequency range above and below 
scale ends. The mechanical construc¬ 
tion of the restoring field coil is likewise 
important in maintaining a scale which 
is essentially uniform and symmetrical. 
The spacing between the fixed and moving 
vanes is uniform, and the field winding is 


uniform air gap and provides substan¬ 
tially uniform torque over its operating 
range. Thus the restoring element must 


RUNNING MACHINE (BUSJ 


POINTER 


Figure 21 (left). 
Schematic connec¬ 
tions and phase 
relations of synchro¬ 
scope 


INCOMING MACHINE 


S A—Synchroscope 

connections 
B—Phase relations 

'Ip £=line voltage (in- 

>Ro coming machine) 

- II a “current through 

" reactance ciil 

/^== current in stator 
, coil A 

ai-phase angle In 
' 0 circuit 0 

o — current in phase D (resistance circuit) 

V* —voltage drop across stator coil A (also 
across compensating resistance R c ) 
a 2 = angle current Ij. must lag to produce 
90-degree angle between U and l D 


Figure 23 (right). Panel arrangement of 
I long-scale instruments 
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Figure 24. Typical installation of long-scale distributed winding. This provides a 
instruments rotating field when connected to a poly¬ 

phase circuit. The armature is of the 
concentric with the stationary vane. moving-vane type, the vanes of which are 

Greater accuracy is obtained by winding magnetically connected by a nickel-iron 

the two coils at the same time, using two sleeve and polarized by an axially 

insulated wires in multiple. mounted stationary coil inside the stator. 

In the frequency meter, the chief con- The construction is clearly shown in 

sideration was to make the instrument Figure 19. This system is not new, 

responsive to frequency changes without having been in use for a number of years 

being influenced by any ordinary voltage in other forms, 8 but refinements in me- 

fluctuations and with negligible disturb- chanical construction and improvements 

ance from such operating variations as in operation make the instrument worthy 

temperature and wave-form changes. It 0 f description. 

may be shown that the torque of both When used to measure power factor, the 
the deflecting and restoring elements is field winding (stator) is connected through 

proportional to the square of the voltage a high resistance to a polyphase line, 

and the deflection dependent on the ratio while the vane is polarized by a stationary 

of currents in the two branches. coil energized by the current in the cir- 

l _ r 2 cuit. 

Angle of deflection az = K 1 + ra _ 2 r cos g A 11 analysis of this system will show 

that the instrument measures directly the 
(where r=the ratio of the currents in the phase angle between the current and the 
two resonant branches and 0=the phase voltage and may be calibrated either in 
angle between them). The instrument terms of power factor or phase angle, 
indication is thus essentially independent Hysteretic drag usually common to this 
of changes in the operating voltage. construction has been reduced to a 

The admittance of the resonant circuits minimum by the use of carefully annealed 
to currents of the third or higher har- nickel-iron alloys which produce very 
monies is very low, resulting in very small little rotational torque, and thus provide 
accuracy variations when used on dis- accurate readings over a wide range of 
torted wave forms. current. 

Figure 18 shows a standard 60-cycle The movement is free to rotate thfough- 

scale with a range of 55-65 cycles. Other out 360 degrees, and scales of either 180 
scale ranges are obtained by selecting degrees or 360 degrees can be provided, 
impedance networks to provide the same the latter where operation with reversed 
current ratios over the required frequency current is necessary. Figure 20 shows 
ran £ e - the scale ranges which may be obtained. 

V. Instruments With Rotating Indication of Synchronism 
Magnetic Field and Polarized When designed for use as a synchro¬ 

nous Vanes for Measurement scope, the physical construction of the 
of Power Factor instrument is the same as the power- 

. factor meter since the instrument actually 

The power-factor meter has a field measures the phase difference between the 
winding consisting of a motor-type stator potentials of the bus and the incoming 
with a laminated field structure and a generator. The polarizing coil, however 


is wound for potential instead of current 
and is connected directly across the line. 

Since most synchroscopes are designed 
for single-phase operation, the stator cir¬ 
cuit (connected to the incoming machine) 
was provided with a phase-splitting ar¬ 
rangement. This consists of an external 
impedor box containing a resistance and 
an adjustable reactance coil. The stator 
is of two-phase construction, one phase 
being connected in the resistance circuit 
and the other in series with the reactance. 
(See Figure 21.) The resistance of the A 
circuit and the inductance in the D cir¬ 
cuit will produce a phase angle somewhat 
less -than 90 degrees. The quadrature 
phase relation and a symmetrical rotating 
field is obtained by shunting a non- 
inductive resistance R c across the stator 
coil in the reactive circuit A . This pro¬ 
duces a voltage drop V A in phase with the 
lagging current I, jA through the reactor. 
The resistance R c is of such a value that 
the inherent inductance in the stator 
causes the current through it (I A ) to lag 
the voltage drop V A by an angle giving 
a 90-degree angle between I A and I D , the 
currents through the two stator branches. 
Final adjustment is made by a magnetic 
shunt on the reactance coil L A . 

Both “incoming” and "running” cir¬ 
cuits were designed for low-power con¬ 
sumption, and the instrument, therefore, 
may be used for remote indication of 
synchronism. Uniform speed of rotation 
was obtained by the use of steel flux dis¬ 
tributor rings as shown in Figure 10. 
These practically eliminated the slot 
effect of the stator and prevented spas¬ 
modic movement of the pointer at speeds 
approaching synchronism. 

Since the armature vanes are polarized, 
the instrument becomes, in effect, a syn¬ 
chronous motor. If the polarizing coil 
were excited by direct current, synchro¬ 
nous operation would be obtained at a speed 


120 / 
~ P 


(rpm) 


where / is the frequency and P the 
number of poles. The application of 
alternating current excitation of a dif¬ 
ferent frequency, however, produces rota¬ 
tion at a speed proportional to the dif¬ 
ference of these frequencies or 

, 120( fj-J r ) 

P 

where/j=the incoming frequency and f T 
the frequency of the running machine. 

Since the stator is of two-pole construc¬ 
tion 

5=60 (.fi—fr) or 60 rpm for every cycle dif¬ 
ference in frequency 
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Formulas for the Magnetic-Field 
Strength Near a Cylindrical Coil 

HERBERT B. DWIGHT 

FELLOW AIEE 


T HE magnetic-field strength at any 
given point near a circular cylindrical 
coil or solenoid in a nonmagnetic medium 
requires various formulas for its deter¬ 
mination, depending on the shape of the 
solenoid and the position of the point. 
Formulas are required for the axial com¬ 
ponent of the magnetic field, called H x in 
this paper, and other formulas are needed 
for the radial component, H r . 

A number of the formulas were given in 
“Absolute Measurements in Electricity 
and Magnetism,” 1 by Andrew Gray, edi¬ 
tions of 1893 and 1921. Others have been 
published in other articles, as indicated 
in the footnotes and references of this 
paper. A collection of formulas for this 

Paper 42-27, recommended by the AIEE committee 
on basic sciences for presentation at the AIEE 
winter convention, New York, N. Y., January 
26-30, 1942. Manuscript submitted October 8, 
1941; made available for printing November 28, 
1941. 

Herbert B. Dwight is professor of electrical ma¬ 
chinery, Massachusetts Institute of Technology, 
Cambridge, Mass. 

The author acknowledges the work of the following 
students, done under his supervision in connection 
with theses written at the Massachusetts Institute 
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Mason F. Miller, work on the derivation of equation 
36 and other formulas, derivation of the first few 
terms of equation 8 by expansion of equation 13 in 
series, and comparison of calculated values of field 
strength with laboratory measurements of solenoids. 

A. C. Louie, work on the derivation of equation 9, 
on the determination of boundaries of ranges in 
Figure 5 and comparisons with laboratory measure¬ 
ments. 

A. L. Carpentier, work on properties of the formulas 
and determinations of boundaries of ranges in 
Figure 6. 


problem was published by the writer in 
“The Magnetic Field of a Circular Cylin¬ 
drical Coil,” 2 Philosophical Magazine, 
volume 11, April 1931, page 948. 

In this paper, an additional group of 
formulas is presented, suitable particu¬ 
larly for points dose to the coil section and 
for short coils. A device is also given (see 
paragraphs following equation 3) by 
which formulas for the flux density in the 
end plane only of a solenoid are listed, and 
this greatly increases the range in which 
the flux density of solenoids under all 
conditions can be predsely and quickly 
calculated. It is shown in Figure 5 that 
the formulas listed in this paper cover the 
entire field of a solenoid. 

All of the published series formulas for 
solenoids of which the writer is aware, have 
been rearranged in this form and are given 
in this paper. Thus this paper contains 
the complete equipment for computing 
the magnetic field of a solenoid of any 
shape and at any point, far or near, in¬ 
cluding points within the cross section of 
the winding. The effect of insulation 
space between conductors, however, is not 
considered, but the rectangular cross sec¬ 
tion of the solenoid is assumed to have 
uniform current distribution. 

One application of the formulas and 
methods listed in this paper is in finding 
the mutual inductance of a solenoid and a 
comparatively small coil; particularly 
when the latter is irregular in its shape of 


position. In many cases the mutual in¬ 
ductance is equal to the magnetic field of 
the solenoid at the center of the small coil, 
multiplied by the projected area of the 
small coil, crossing the field. This is of 
use in problems of electromagnetic inter¬ 
ference and shielding. 

Logarithmic Formulas 

The group of logarithmic formulas for 
points close to the coil section may be de¬ 
rived from a mutual-inductance formula 
for two circles which was published by T. 
H. Havelock 8 in 1908 and was extended by 
E. B. Rosa and F. W. Grover in equation 
16, reference 4. It is given in equation 
16A, reference 5. 

If we let a circle of radius y=a+c on the 
same axis as the circle of radius a, pass 
through P, Figure 1, then by differentiat¬ 
ing equation 16A, reference 5, for the mu¬ 
tual inductance of the two circles, with 
respect to y or c, the change in mutual in¬ 
ductance for an increase in y is found. 
This is the change in flux passing through 
the circle of radius y when y is increased, 
caused by a continuous current in the 
circle of radius a. The increment in flux 
passes through the ring of width by and 
circumference 2 vy. 

If a certain amount of flux <p, for 1 
centimeter perpendicular to the paper, 
passes through an area of width by, at an 
angle 6 to the normal to by, as in Figure 2, 
then the flux density, or force on a unit 
magnetic pole is <p/(by cos 6). The hori¬ 
zontal component of the flux density is 
obtained by multiplying by cos 0, and is 
ip/by. 

Therefore, in the case of Figure 1, the 
axial component of flux density at radius 
y, or at P, is 

a) 

2iry Z>y 


Thus, the instrument will make one 
complete revolution for each cyde dif¬ 
ference in frequency, the direction of 
rotation determining whether the in¬ 
coming generator is slow or fast. Syn¬ 
chronism is indicated when the pointer 
reaches a vertical position. 

VI. Conclusion 

These instruments have been designed 
to meet existing American Standards 
Assodation standards of performance, as 
shown in Table II, and, in general, the 
characteristics are equivalent to those of 
6-inch rectangular instruments. An ac¬ 
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curacy rating of 1 per cent of the full- 
scale reading has been applied. The me¬ 
chanical durability as evaluated by ship¬ 
ping, vibration, and impact tests is also 
fully equal to the standards established 
by present practice. The application of 
these instruments to a typical switch- 
gear unit is shown in Figure 24. The 
group represents a potential panel-space 
saving of 42 per cent with an average 
weight saving of 16 per cent and an in¬ 
creased scale length of 33 per cent as 
compared to 6-inch rectangular instru¬ 
ments. It is conduded, therefore, that 
90-degree scale angles need no longer be 
regarded as an inherent limitation of 
electrical indicating instruments, and in¬ 
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struments having long scales with satis¬ 
factory accuracy may be produced. 
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Putting 2a=d and 2y=D, as in Figure 
1, in order to make the numerical coeffi¬ 
cients smaller, the following expression is 
obtained for the axial component of flux 
density at P due to a current of 1 amperes 
in a circular coil of N turns and of diame¬ 
ter d, assuming that the dimensions of 
the cross section of the coil are so small 
that they may be neglected: 


10 2-ny oy 


integrate from xi to x%, taking these lengths 
to be positive values. See Figure 3. The 
quantity n is the number of turns per 
centimeter of axial length of the solenoid. 
The expression is 0 when x is 0, and so by 
putting Xi=0 and xi—x there is obtained 
the following formula 3 for the axial field 
at a point P in the end plane of a sole¬ 
noid of length x, which is the only type of 
formula that needs to be listed for sole¬ 
noids whose length is given: 


NI y/d 




10 Dy/D 

4 2)<T 64 D 2 d 2 “- 


X 


2 CD 


{ 

c f 3 -— — u 

d \2 16Dd"’)f 

\ DdT 64 D 2 d 2 y 
c (5_77iP \1 

d \2 32 Dd“ 7 J 
lines per square centimeter (2) 

where u 2 -x 2 ^-c 2 and where logn de¬ 
notes natural logarithm. 



Figure .1, Magnetic field at P near a circle of 
radius a 

Dimensions throughout this paper are 
in centimeters and electromagnetic centi¬ 
meter-gram-second units are used, except 
where otherwise stated. 

The current is assumed to be in such a 
direction around the circle that the flux 
density at the center of the circle is to the 
right. If the flux density given by equa¬ 
tion 2 is a minus quantity, as it usually is 
when y is greater than a in Figure 1, that 
indicates that the direction of the flux at 
P is to the left. If y is less than a in Figure 
1, the flux density is given by equation 2 
but c has a negative numerical value. 

Equation 2 and practically all the for¬ 
mulas of this paper, are infinite series, and 
they should be used for a given case only 
if the last term used in each series is al¬ 
most negligibly small and is smaller than 
the preceding term. Otherwise, the suc¬ 
ceeding terms which are neglected are 
probably of importance and the formula 
should not be used for such a case. 

To obtain the axial component of flux 
density at P due to an infinitely thin sole¬ 
noid, multiply expression 2 by ndx/N and 
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9 g* 55 c* 345 c* \_ 
|i\ 2 d + 4d 2 16d s+ 64 d* '* / 

iH! £ \ 9V ) 

d* \4 16 a 32 d 2 ‘ * / o4 d 6 ” * / 

2 tan -1 £LJL£! + 

c d\2d 2d 2 32d* 

115 \ , x *( l 61c 151c 2 \ 

64 d*“’)' d 3 \2 32 a 32 d 2 ”'/ 

21 3C» 1 

—... lines per square centimeter (3) 

The letter s in H x ( t )denotes an infinitely 
thin solenoid or current sheet. T his for¬ 
mula has been shortened somewhat by ex¬ 
pressing D in terms of d, the mean diame¬ 
ter of the coil. 

It is evident from Figure 3 that the 
magnetic flux density at P due to the 
actual solenoid of length (x 2 —x{) is equal 
to the difference between the field densi¬ 
ties of two solenoids of lengths #2 and xi, 
respectively, of the same thickness, for 
both of which P is in the end plane. A 
physical meaning is thus given to the 
value of expression 3 for *1 and x 2 sepa¬ 
rately, when integration is carried between 
these limits for the case shown in Figure 3. 

It is, therefore, possible to calculate the 
value for x x by one formula, suitable for 
short coils, and that for x 2 by ann ther 
formula if desired, suitable for long coils. 
The use of this device greatly increases 
the capability of calculating the flux den¬ 
sity due to a solenoid under various condi¬ 
tions, with ease and precision. 

A similar device for mutual inductance 
of solenoids was given in reference 5 (see 
paragraphs following equation 9 of that 
paper) and it produced a corresponding in¬ 
crease in the capacity to calculate the mu¬ 
tual inductance of coils of various shapes, 
in various positions. 

A correction for the thickness, t, of the 
coil is desirable. Following Maxwell, 
Electricity and Magnetism, 6 paragraph 
700, and noting that the differential of d 
is twice the differential of a radical dis¬ 
tance 


tmn 

• ~3! dd 2 


(4) 


where H( S) is the magnetic-field density, 
either axial or radial, at a given point P in 
the end plane due to the infinitely thin 
central solenoid whose diameter is d (see 
Figure 3). 

Expressing equation 3 in terms of 
2 y instead of d, so that c is the only vari¬ 
able, and differentiating, we obtain the 
term in t 2 of equation 4. 

27r(coil) = Hx(s) "I” &H X 

where 

162) 2 ) 
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Equation 6 should be used only for thin 
solenoids where t is small and where the 
correction aH z is a small percentage. 
For somewhat thicker coils, the following 
formula may be used, obtained by put¬ 
ting equation 3 in terms of D=2y and 
then integrating over the cross section of 
the coil: 
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917 
4^800 
151 

320 D 9 ) Jc= ci ^ neS per square centimeter 

(6) 

If y is less than. 01 , then C\ and c 2 are nega¬ 
tive. If y lies in value between a x and a 2 , 
then ci is negative and c 2 is positive. 
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dy 


Figure 2. Flux pass¬ 
ing through an area 
of width by 


Corresponding formulas are required 
for the radial component of magnetic 
field Using equation 16, reference 4, for 
the mutual inductance of two circles, the 
radial field at P, Figure 1 , due to a circle 
or coil of N turns of very small cross sec¬ 
tion, is 


NI 1 bM 

10 X 2iry b* 

__ NI Vd [2xD , 

x/5 77 u* 141 u 4 17,165 u* \ 
d\2 32 Dd 64 DW 8,192 D*d*'‘ / 

| 6 u* f\2d\ 8 Pd 

35 j * 4 525 u ° \I1 

64 DW 1,024 D*d*' " / f J 

lines per square centimeter ( 8 ) 


where « 2 =x 2 +c 2 . 

In equation 8 , the dimension D, which 
is twice the radial distance to the point P, 
Figure 1 , may be either larger or smaller 
than d, the diameter of the circle. Only 
even powers of the quantity c are involved. 

The minus sign occurs in equation 7 
since the mutual inductance of the two 
circles in Figure 1 decreases as x increases. 

.For the radial field at a point P in the 
end plane of an infinitely thin solenoid of 
diameter d, multiply equation 8 by ndx/N 
and integrate from 0 to x, where n is the 
number of turns per centimeter of axial 
length. 
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Since equation 10 is applicable only to 
thin solenoids with a small value of P/c 2 
because terms in t* and higher powers of t 
have been omitted, the following formula, 
obtained by integration of equation 9 
after it was expressed in terms of D, is 
given for use with thicker coils: 
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where w 2 *= x 2 +c*. Here also, P = 2y may 
be greater or less than d. 

Note that the radial field dose to the 
end of an infinitely thin solenoid becomes 
infinitely great, because c approaches 0 
and logn c is involved. 


If y is less than <h, then c\ and c% are nega¬ 
tive, If y lies in value between oj and 
then ci is negative and cz is positive. 

Note that if the current is assumed to 
flow in a mathematically exact rectangular 
cross section, the radial field is not infinite 


at the comers or elsewhere. The limit of 
c logn c is 0 when c approaches 0. See 
reference 9, numbers 72 and 605. 

Elliptic Integral Formulas for 
Circles 

The following general formulas for the 
flux density in any position whatever, rela¬ 
tive to a drde which carries a current, 
have been published by Alexander Rus¬ 
sell 7 and give the same results as equations 
2 and 8 : 

2NI ( 2a (a — y ) ) 

(12) 

IfyoUde)- — E—~ (A —E) (13) 

where the dimensions are as in Figure 1 
and where 

fi*=> (a+y) l +** (14) 

r il 8 s .( 0 -y)2+ i)c 2 =IC 2+ af 8 ( 15 ) 

K and E are complete elliptic integrals 
of the first and second kinds of modulus 
k, where 

jfe 2 =l-r 2 2 /r 1 2 (16) 

Values of K and E may be taken from 
tables, as for instance, reference 8 , pages 
199 and 204. 

It is seen from Figure 1 that r 2 is the 
distance from P to the nearest part of the 
circumference of the circle carrying cur¬ 
rent. If this distance is very small, k* 
approaches 1 and the value of the elliptic 
integral K approaches infinity. When this 
occurs, the values in any table become far 
apart so that interpolated values cannot 
be obtained with precision and it becomes 
better to use a series involving logarithms 
than to use a table of values. That, how¬ 
ever, is equivalent to using formulas 2 and 
8 , which involve logarithms. It is always 
possible to find the precise value of the 
logarithm of any given number, however 
large or small, one way being to find 
first the logarithm to base 10 . 

Since equations 2 and 8 are power series 
in rf/ay, they have greater precision, the 
closer the point P approaches to the cir¬ 
cumference of the circle and the greater 
becomes the difficulty of obtaining the 
value of K from a table. 

Zonal Harmonic Formulas for 
Circles 

Other formulas will now be listed. The 
formulas for solenoids are put in the more 
useful and usually more concise form giv¬ 
ing the flux density at a point in the end , 
plane of the solenoid. 
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For points near the center of the circle, 

7 >- p, (;) + 

$ F ‘ (;)-•■•] («») 


3X5 

2X4 


where 

r i =x 2 +y 2 (18) 

P 2 (x/r), Pi(x/r) and so on, are surface 
zonal harmonics which may be defined by 


*•00- 


1 b n 


'2 n nlb^ a 1)M 

Values are tabulated in reference 8, page 
188, reference 10, and elsewhere, or they 
may be calculated from series (see refer¬ 
ence 9, page 169 and equation 46 of this 
paper). 

3 r * p , /*V 3 >< 5 r* n , /x\ "I 

4 a 2 P * \r) + 4X6 a 4 Pe ( 7 ) * ‘ J 


where P w ( m ) 

op 


(19) 


Values are tabulated in reference 10 or 
reference 8, page 196, or they may be cal¬ 
culated from series, as above. 

For points at a considerable distance 
from the center of the circle, 

2* NlTa 2 D /x\ 

3 o* j, /#\ 3X5 a 6 /x\ “] 

2 r< Fi W + 2X4 r« \r)“ * * J (20) 




( 21 ) 


See reference 11, equations 3 and 4. 

For points not far from the axis of the 
circle 


Hx(clrcl&) — 


2 irNIa 


10p 3 

1X3 

2X4 




where 

p 2 -x 2 +a 2 ( 24 ) 

Equations 22 and 23 are equivalent to 
equations 9 and 10, reference 1, page 248, 
volume 2, edition of 1893 and page 212, 
edition of 1921, changing 1,680a: 4 to 
1,680a 2 * 4 . 
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Formulas for Short Coils 

All these formulas for circles can be 
integrated, though not always by one 
direct step, to give expressions for the flux 
density at a point in the end plane of a 
solenoid, each applicable to a certain 
range, as approximately indicated in 
Figure 5. Each formula may be used in 
an area in Figure 5 in which its number, 
such as equation 25, occurs, and up to the 
boundary marked by an arrow leading 
from that number. The areas are seen to 
overlap. Satisfactory convergence may 
be found beyond the boundaries marked, 
and, on the other hand, the rapidity of 
convergence may be very poor for the 
thickness correction formulas near the 
boundaries. Figure 5 is a preliminary 
guide, and the criterion for use of a certain 
formula in any given case is the rapidity 
of convergence of the series. If the con¬ 
vergence is not suitably rapid, the formula 
should not be used in that particular case. 

By integrating equations 17 and 19 
from 0 to *, for values of r= \/x 2 +y 2 less 
than approximately 0.7a (see Figures 3 
and 5), 
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lines per square centimeter (25) 

where »=turns per centimeter of axial 
length of the coil. For dimensions see 
Figure 3. 
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Formulas for //„(,)and H t q are obtained 
by putting t =0. For thick coils, the brack¬ 
ets containing power series in i/a may be 
replaced by the complete expression 

ifNr-ten <*” 
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where m is 0 or an even number. The 
values of w are 0, 2, 4, 6, in equation 25 
and 2,4,6, in equation 26. For m =0, the 
binomials may be expanded and m can¬ 
celled out before m is put=0, thus giving 
a/t logn az/di which may be obtained 
also by integration of 1/a. The complete 
expressions may be used also for extending 
the formulas. 

Formulas for Infinitely 
Long Coils 


It is not permissible to integrate ex¬ 
pressions 20 or 21 from the limit *=0, or 
past that point, for small values of y, be¬ 
cause ajr would be greater than 1 and the 
series would be divergent. But the series 
and their integrals become 0 when x be¬ 
comes infinitely great, and so it is possible 
to integrate from * to <x> and obtain the 
field density at P due to a coil extending 
from * to oo. By subtracting this from 
the field at P due to a coil extending from 
0 to oo, which may be called H xa and 
H ro) respectively, one obtains the field 
due to a coil from 0 to *, at a point in the 
end plane, the same as for all the other 
formulas for solenoids listed in this paper. 



Figure 3. Magnetic field at point P near a 
solenoid 


The axial component of field at a point 
P outside a solenoid which extends to an 
infinite distance in both directions from 
P is 0, as is well known. Such a coil is the 
limiting condition of a toroidal coil of 
very large coil diameter compared to the 
section diameter. The parts of the sole¬ 
noid to the right and left of the radial 
plane through P give equal axial fields, 
which are therefore 0. Thus 

H x *=0 ( 28 ) 

for points outside the solenoid. 

The axial field inside a coil extending to 
infinity in both directions is also well 
known to be 4ml/10, a constant. By 
taking a radial plane through P, the axial 
field due to the half coil to the left of P is 
by symmetry equal to 


H, 


2ml 

~To~ 


(29) 
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For values of y which lie between a x and 
02 , Figure 3, the value of H xa is that due 
to the turns lying outside of y. In such a 
case 


tt a *-y .. 2 * nI 

t eo A * 


0-2 — Ol 


10 


(30) 


The value of H ro} requires more com¬ 
putation, for various values of y. First, 
for large values of y, the integration of 
equation 21 from x — 0 to °° is permissible, 
and gives 


a* / t* t* \ 
y*\ 1+ 2a 1+ 80tt 4 / ' 4X6' 


1X3 
4X2 

3X5 
2X4 

1X3X5 


1X3. 


4X6X8 
7 t* . 


a Yi-i 5f8 1 3 1 16 \ 

y«\ 4 a 2 ' 16 a 4 448a®/ 

— A+- —4 
y>\ 3 a 2 


4* 


, 3X5X7 
'2X4X6 
/« 


J 04 ^) + --] 01) 


8 a* 16a® 2 

See equation 40. The series in t/a are not 
infinite series, but are complete. The 
general expression is given in equation 41. 

For convenience in computation, the 
numerical coefficients of powers of a/y in 
equation 31 are 1, 3 /g, 1# /«4 and 17 B /io24. 

For small values of y, integration of 
equation 23 from r=0 to <» gives 


Hrm ~ 


X 

lOfl 


nly f 3 y> 15 y* . 175 y* 

10a [_ 1+ 8 a 2 ~o4 a 4_l “l,024 o® + ‘ + 

/2/jL 3 y 2 76 y* V 

a 2 \12 + 16 a 2+ 256 a 4+ 3,072 a® + ' ' /" 

*1 ( 1 9 t-A. 12® / 3,675 t + \ 

a 4 \80 + 128 a 2+ 512 a 4+ 8,192 a« + ’ * ’/ 

] 


80 ' 128 a 2 512 a 4 8,192 

terms in <®/a® and so on | (32) 


For thicker coils 
irnly 


H, 


too 


[logn 


175 

'6,144 


Q?~£) + ■ ■ •_ 


(33) 


For values of y not very different from 
a, consider the mutual inductance of two 
infinitely thin coaxial solenoids of lengths 
bi and bi and with a distance between 
their adjacent end planes equal to w, as 
in Figure 4. The mutual inductance is 
given by equation 1, reference 5, as 
follows: 


M 


nn 


- = F(xl) - F(x2) - F(x3) +F(*4) (34) 
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where, in the notation used in Figure 4 

xi^bi+bt+w 

x»=*b x +w 
Xi — bi+w 

Xi=W 

and where n and n' are the turns per centi¬ 
meter of the two coils. 

Assume that w is a small quantity, and 
that is smaller still, so that the right-hand 
coil is equivalent to a turn of very fine 
wire. Then F(#) and F are to be com¬ 
puted by equation 7 and hn) and F( xi ) 
by equation 6 of reference 5. Allow w to 
increase a small amount. Then, as in 
equation 7 of this paper, the radial flux 
density at the circumference of the right- 
hand coil is 


bM 


irDn'bt bw 


(35) 


Differentiating F( X i)-F ix2) with re¬ 
spect to w or x, and expanding the first 
few terms in powers of 1/bi, it is found 
that the result is 0 when &i becomes in¬ 
finite. Differentiating 

F(g) — F( xi ) 
irDn'bt 

and discarding higher powers of bt and w, 
the result, excepting the terms in c 8 , is 


rr nIVd[{, 16Dd\/ 3 c : 

vcLv ogn ~A + 4w 


15 c* 35 c«_ 1,575 

64 DW '256 DW 128 s D*d* 

247 & 


- V 


a _l^l 31 c 4 

e\ n j ' n a 


2Dd ' 642?*<f 2 768 DW 
7,795 


128X256 D*d* 


• • • 


(36) 


The process of taking the same function 
of w and w+fo, subtracting and dividing 
by the small quantity bi is equivalent to 
differentiating with respect to w. Expres¬ 
sion 36 is therefore the result of differenti¬ 
ating Fty twice. But F( x ) was the re¬ 
sult of integrating equation 16, reference 
4, twice. Equation 36 should therefore 
correspond to equation 16, reference 4, 
which it does, and so the two terms in c s 
can be added from the earlier publication. 

The following correction for thickness 
may be added to equation 36: 


niff, 16D 2 \ t* ( 1 ,1 c 
AHtqo 10L\ Ogn c 2 /2? 8 \12 + 42? + 

VfA A* A 

' "/ c ! \3 35 45 s 

••)]» 


17 c 2 95 c 8 
32 2? 2+ 96 2? s 

1 c 8 _157c 4 1,271c® 

122?* 192 2? 4 576 2?* 


Since terms in t* and higher powers of t 
are omitted in equation 37, the following 
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formula for thick coils may be used in¬ 
stead of 36 and 37: 

n- 16 ^Vi lc , 1 g*_, 

Ht “ 10i( 1Ogn c 2 /V 22> + 12 2? 2+ 

1 c 8 ,17 c 4 19 c® \ 2 le 
16 2? 8+ 320Z> 4+ 3842>® ‘ ‘ */ Z+ 2Z> + 

-t 


5 c 2 11^ 

A TV A ’ AA 


71 c® 


9 2? 2 96 2? 8 4,800 D* 1,440 2)* 


(38) 

C=*Ci 


If y is less than a x , Figure 3, then c x and c% 
are negative. If y has a value between 
that of oi and a%, then c x is negative and C 2 
is positive. 

Formulas for Long Coils 

By an integration of equation 20 from 
x—x to oo, there is obtained the following 
formula for the axial flux density at a 
point P in the end plane of a solenoid of 
length x, for cases in which r=V(r 2 +y 2 ) 
is greater than about 1.25a (see Figures 3 
and 5): 


27 *(coii) =s 22*00 


x»2Ta 2 /x\ ( t 2 ) 

~ 10 L r* P V/| 1+ 12a 2 f 


{ 


Vi 


h—1 

3X5 a® /*\ 

)r 

h 2a 2 

80a 4 j 

4X6r® P \r/ 


^4a 2 16 a 4 448a«f 


3X5X7 


4X6X8 




16a« 2,304a*f ‘ * *. 


(30) 


See reference 12. The value of H Xa> is 
given by equations 28, 29, or 30, depend¬ 
ing on the value of y. 

By integrating equation 21 from 
to oo, the corresponding formula for radial 
flux density is obtained: 


22 r( coii) - 22 reo 


•lCteLr' 1 vr 






2a* 80a 4 





Lifl. 

h jlx 

a* H 

16 a 4 

448a® f 


1X3X5 
4X6X8 r® 


o’JAl, , 7(* , 7 t* 

^'Wl 1+ S? + 8^ + 



h i 

16a® 

r 2,304a»J 


where r 2 =r 2 +y 2 . See reference 11, equa¬ 
tion 5. 

The value of H ra is given by equations 
31-38 and sometimes two of these for¬ 
mulas can be used to check each other. If 
in Figure 3, xi 2 +y 2 and Xi 2 +y 2 are so 
large that equation 40 is used for both, 
then it is evident that in the subtraction 
of the two results H Tm cancels out and 
so does not need to be computed. 
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The general expression for the brackets 
in Hs 


(41) 


iiKr-H)! 

where m—3, 5, 7, and 9 for equations 39 
and 40 as far as shown. They are not in¬ 
finite series, but are complete. 

From equations 22 and 23 

***>-*- J ifr-rpx 

iJ_yfp.Y-V 1X8 yi p>(*\ 

(2X2 p* W 2X4X4 p 4 4 W 


1+ 


1X3X5 

2X4X6X6 


il* s _±^/lfL 4 

(24 p 2 12 p 2 ^Vl6p 4 

21*V,3aA )1 

32 „ 4 + 8p*/-)J (42) 

l^ P ,Mi lxs p ,( x \ 

</' W + 4-^7< p ‘ V)- 


1X3X5 ^,(^+...+‘^1'- 


4X6X8 p 7 


a*p\12 


11 xW , 1 a 4 ^ /*y (\ x • 
24 p 4 i2 p 4 / \8 y ~ 


17 £a* 159 **<z 4 3 
8 p« 64 p« 16 
where p 2 =»**-f a* 


-Hz(coa) “-Ha 


logn S±s + 


Ol+Px 


+ 


/iy 5 y V*. fi!\ 

\ 4 * 2 16 WWftV 

!! 15 y*(of a,A 

64 x\ Pi * Pl *J 64 x \ Pi i-~—y)+ 

terms in higher powers of y J ( 44 ) 




r(coil) wb H’ 


Too ' 


“~£logn 


101 


®1+Pl 


+ 


-+?!-(1 2 ? ' £ yA/*i 0l *\ 

p2 PI V 2 * 1 8 WWp:»/ 

/3 y_27 y*\/V OxA 106 y* 

\8x> i6 WW~w + 6r*~ x 

( ?L 7 -.2L 7N \ _35 y/V- aiA 

A/** 7 pi 7 / 64 x 4 U»“~y+ 
terms in higher powers of yj ( 45 ) 

wfee A^+Ox 4 and 
Jsee also reference 1 , edition of 1921 
equation 28, page 222 (change 5a to fSi 
“ d e quation 31, page 225 
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ri 2 =aH-(#+&/ 2) 2 and r 2 2 =a 2 +(x-b/2y 
where b is the length of the solenoid. 

The following are useful formulas for 
zonal harmonics: 

■PoM-l; Px(m)=m: 

Ps(p)“- (3/1* —1); 

P*(p) =“ (5/i 8 —3p); 

W = 2X4 < 6x V-2X3X5/i*+lX3); 

P*0»)“ 2 x 4 ( 7 X9m s -2X5X7m 8 +3X5m); 

Po'W-O; Pi'(m)=1 ; 

P 1 , (p)=3m; Pj'(p) «=Vj(3X5m*-1X3); 

P 4 '(m) (5X7/U 8 —3X5p) (46) 

It is to be noticed that in the formulas, 
ratios of dimensions occur almost entirely 
and in such ratios, dimensions in inches 
may be used throughout instead of dimen¬ 
sions in centimeters, since powers of 2 . 54 , 
the conversion factor, would occur equally 
in the numerator and denominator of a 
ratio and would cancel out. However, the 
letter n means turns per centimeter and 
not turns per inch. The letter N means 
turns per coil. 


Example II. The following problem 
also can be computed by three different 
formulas. Find the horizontal component 
of the field in the end plane of the follow¬ 
ing solenoid: 

x/a - 0.4, y/a = 0.6, t/a = 0 
c/a- —0.4 


By equation 3, H x ( s ) =2.90 


nl 

10 

nl 


By equation 25, J5T*( a ) =2*-~ 0.721 (0.555-h 


0.105 -0.004 - 0.013 -0.004) =2.90 


»/ 

To 


/ 00 -‘2ir 


nl 

10 


By equation 29, H x ( s ) 

By equation 42, H x { t ) ==^2tt -2t X 
11-0.3712-j~ (0.0864 +0.01714* 


0.0023 - 0.0001) J>J™=2.UU - 


Example III. A solenoid consists of 
a single layer of fine wire, a =0.071 inch; 


(43) 


Since terms in / 4 and higher powers of t 
have been omitted from equations 42 and 
43, the following equations may be used 
for thick coils: 
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Figure 4. Two coils 
of unequal lengths 
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The laboratory measurements which 
were made agreed with calculated values 
within a very few per cent. 

Example I. The following case, near 
to the meeting-point of three boundaries, 
enables one formula to be checked by the 
others: Find the radial component of 
field in the end plane of a solenoid where 

x/a =0.9, y/a — 0.95, t/a —0 
c/a m -0.05 

By equation 9, H r t a) - 5.36 - 
w 10 

By equation 36, H Ha)m =6.26 ^ 

By equation 40, H r(s) ~ 6.26- 
*X0.95(0M6 - 0.133 -0.033 +0.020+ 

0.007...) £=8.35^ 
10 10 

By equation 43, H r(a) =6.26 —- X 

1.81 

(0.706 -0.164—0.044+0.020+0.007.. .)X 

nl n T 

-=5.35- 
10 10 
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F'gure 5. Approximate ranges of applica- 
tion of formulas for magnetic Aeld in end plane 
of a solenoid 

x= 18.25 inches; y= 0 . The search coil 
is in the calibrating position at the center 
of the solenoid. By equations 29 and 42 


Hx(i ) ! 


2jmlf 

"in 1 

wr 

10 


-K'©n- 

due to the half coil, which is 0.14 per cent 
less than the nominal value for a very long 
solenoid. J 6 

It is evident that, for accurate work, the 
calibration of search coils, or other meas- 
urements depending on the magnetic field 
in the middle of a long solenoid, should in¬ 
clude a correction according to the for- 
muias in this paper of the nominal field 
4iml/l0 in the middle of the solenoid. 

Example IV. Find the radial com¬ 
ponent of the field in the end plane of the 
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solenoid of example III, at eight inches 
from the axis. 

In this problem, x is equal to the full 
length of the solenoid, 36.5 inches. 

By equation 31, H r(s)a =~ X 0.01482 

By equation 43, H r ( s) = 

irnl „ 

— (0.01482 -0.00014) 

Only a very few terms in each series are 
needed. The turns per centimeter are 
7.57 and the current in the test was 1.70 
amperes, giving H r(t) by equation 43 
=0.0593 lines per square centimeter. 
Test value - 0.0589 (measurement by M 
F. Miller). 
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Aircraft Voltage Regulator and Cutout 

R. C. JONES D. W. EXNER SHERWIN H. WRIGHT 

NONMEMBER AIEE ASSOCIATE AIEE MEMBER AIEE 


Synopsis: In the electrical system on air¬ 
craft, the voltage regulator and reverse- 
current cutout are key pieces of equipment 
which, in addition to having requirements of 
utmost dependability, must be small, light 
in weight, and of a design adaptable to 
manufacture on a quantity production basis. 
The conception and simplification of the 
prime requirements and their attainment by 
careful analytical designing is described in 
this paper in such a way as to show not only 
the steps in design but also the pertinent 
application features. 


R EQUIRED: A voltage regulator 
which weighs less than one-fifth its 
nearest relative in the industrial field, and 
a reverse-current cutout weighing less 
than one-sixth an industrial contactor of 
equivalent current rating. Such were 
some general requirements of the genera¬ 
tor voltage regulator and cutout whose 
design and development are described in 
this paper. This development involved a 
careful combination of electrical and me¬ 
chanical engineering principles and neces¬ 
sitated continuous attention being paid 
to the application requirements. The 
magnitude of the design problem involved 
is emphasized by stating that in addition 
to all those problems normally encoun¬ 
tered there are the problems createdby the 
prime requirements of low weight and 
small size, as well as those created by 

atmospheric conditions. In this paper the 
voltage-regulator is taken up first, and 
this is followed by the reverse-current cut¬ 
out. 


Mr. T. B. Holliday in the paper “Ap¬ 
plication of Electric Power in Aircraft” 
(Electrical Engineering, volume 60, 



Figure 1. View of voltage regulator showing 
resistors on left and operating magnet on right 


May 1941, pages 218-25) gave a very com¬ 
prehensive picture of the problems and 
requirements of electric equipment for 
aircraft, as seen by a member of the ma¬ 
teriel division, Wright Field, United 
States Army Air Corps. A review of that 
paper provides an excellent foundation 
for appreciation of specific design prob¬ 
lems such as treated in this present paper. 

Voltage Regulator 

The aircraft voltage regulator described 
in this paper is shown in Figure 1 and is 
suitable for operating with any approved 
28.5-volt d-c self-excited generator whose 
maximum field current (at full load and 
minimum speed) is not more than eight 
amperes, and whose minimum field cur¬ 
rent (at no load and maximum speed) is 
0.5 ampere. A schematic diagram is 
shown in Figure 2. Additional specific 
requirements are: 

1. Hold voltage within *2 per cent of 
28.5 volts. This must be maintained over 
the range from no-load to full-load generator 
current, while the generator speed may vary 
from 2,500 to 4,500 rpm. 

2. Radio interference must be held to a 
minimum. 

3. Satisfactory operation with air condi¬ 
tions varying over a range of: —40 degrees 
centigrade to +60 degrees centigrade in 
temperature, sea level to 35,000 feet in 
altitude 10 to 90 per cent in relative humid¬ 
ity. 

4. Must fit on a standard quick-mounting 
base which includes all electrical connec¬ 
tions. 

5. Dimensions including base must not 
exceed 6Va-mch length, 4-inch width, and 
3 7 /8-inch depth, and of this a total space of 
2 l /i inches by 4 inches by 1 inch must be 
kept free for mounting base terminal studs 
and cables. 

6. Weight must not exceed 2.5 pounds. 

7. Current-carrying capacity of contacts » 

15 amperes continuous. 

8. Regulator to vary the field resistor be¬ 
tween 0.25 ohm and 75 ohms in such a way 
that generator-voltage surges do not exceed 
three volts. 

9. Regulator must operate satisfactorily 

Paper 42-48, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter convention, New York, N. Y., January 
26-30, 1942, Manuscript submitted November 17, 
1941; made available for printing January 22,1942. 

R. C. Jones is transportation control engineer, 

D. W.Exnbr small motor division engineer, and 
Sherwxn H. Weight new products division engi¬ 
neer, all with Westinghouse Electric and Manu¬ 
facturing Company, East Pittsburgh, Pm 


with as many as five generators and regula¬ 
tors connected in parallel and provide equal 
division of load. Maximum deviation from 
the average value of load must not exceed 
10 per cent of generator full-load rating. 

The above requirements call for a rather 
unusual piece of equipment involving 
major development. It might well be 
added that neither the attaining of such 
requirements nor their prior recognition 
as key characteristics are matters that 
could be or were settled in a moment or 
by superficial analysis or study. Rather, 
the setting down of the requirements and 
their practical attainment were the result 
of the engineers of the materiel division 
keeping a step ahead of the best efforts 
of the manufacturer’s design engineers, 
thus leading to the final result in a mini¬ 
mum of time. 

The voltage-regulator is conveniently 
divided into four parts in this discussion: 

1. Contact device. 

2. Operating magnet. 

3. Resistor. 

4. Base. 

These four parts will be treated separately 
and in that order. 

Contact Device 

A multicontact type of regulator was 
chosen as being best fitted to meet the 
requirements. The Silverstat unit illus¬ 
trated in Figure 3 is an industrial type of 
multicontact device which has proven it¬ 
self by years of service on innumerable 
applications. It consists essentially of a 
number of spring bronze leaves with built- 
in silver contacts at the movable end of 
each leaf. At the stationary or damp end 
of the assembly short strips are used be¬ 
tween each leaf to both insulate and space 
them from each other. The movable ptiH,q 
of the leaves lie against an insulation Mn dr 
whose face is cut at an angle such that, 
in the free position, all contacts are open 
and equally spaced. The opening force 
on each contact is dependent upon the 


VOLTAGE **«••• 
REGULATOR 



Figure 2. Schematic diagram of voltage 
regulator 
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Figure 3. Industrial-type Silverstat unit 


tension in its own leaf. Since the leaves 
are spaced approximately y M inch apart, 
and since accurate response to small 
changes in voltage is necessary, the leaf 
material must be straight and must have 
very consistent spring characteristics. 
On the standard Silverstat ass embly , 
which has been in production for indus¬ 
trial applications for some years, it has 
been found necessary to main tain a very 
camful control of the leaf material in order 
to insure proper leaf characteristics. The 
standard leaf material, however, was im¬ 
practical for the aircraft regulator, as 
markedly higher conductivity and shorter 
lengths of leaves operating in a wider 
range of ambient temperatures were re¬ 
quired. In view of this, the successful 
quest for a new material was a metallur¬ 
gical achievement of no small moment to 
the designer. 

Other factors and problems entering 
into the design of the contact unit were 
those connected with the generator itself. 
In the first place the generators to be regu¬ 
lated were themselves in the develop¬ 
ment stage. Calculated generator char¬ 
acteristics had to be checked, and the de¬ 
signs changed to be suitable for operation 
in' a regulated voltage system. Changes 
were being made in the generator speci¬ 
fications giving new field-current limita¬ 
tions. Initially, consideration was given 
to limiting the total field current to 12.5 
amperes and allowing the use of two field 
circuits both on the generator and the 
regulator. Final specifications limited the 
field current to eight amperes and re¬ 
quired that the regulator use only one cir¬ 
cuit which would vary the field resistor 
from 75 ohms to 0.25 ohm in steps that 


would not produce surges higher than 
three volts at the generator terminals. 

A double-deck construction of the con¬ 
tact assembly is used to obtain the neces¬ 
sary number of contact leaves in minimum 
space. This also reduces the movement 
required between the all-open and all- 
dosed position of the contacts to one-half 
of the standard construction which has all 
leaves in line. The full number of steps 
is obtained by alternating the operation 
of the contact leaves in the upper and 
lower stacks. The mechanical assembly of 
this double-decked Silverstat is accom¬ 
plished by the preassembly of the leaves 
and insulation in a fixture which estab¬ 
lishes the correct relation of parts and ce¬ 
ments them together. After being baked 
to fix the cement, these stacks are placed 
in the double-deck frame and adjusted to 
proper relation and spring tension. Each 
Silverstat assembly is checked in a pres¬ 
sure-measuring device and adjusted to 
have the same corresponding leaf in each 
stack operate at the same pressure. This 
is necessary to obtain consistent results 
required in quantity production. 

Operating Magnet 

The operating magnet supplies the 
activating force for closing or releasing 
as many leaves and steps as is required to 
establish a voltage within the chosen 
limits. It must respond to small changes 
in voltage, moving only enough to read¬ 
just the field circuit resistance to the 
proper value, and it must be small and 
of such form as to fit in compactly with 
the other units. Temperature effects 
must be compensated for, and residual 
magnetism kept to a minimum. The 
moving member must be shockproof. 

A clapper or moving-iron type is the 
form of magnet chosen for this applica¬ 
tion. See Figure 1 which shows the arma¬ 
ture at the left of the coils. Two long 
slender coils are employed in order to ob¬ 
tain the lowest winding weight. The sta¬ 
tionary part of the magnetic circuit is ar¬ 
ranged in the form of a U with a coil on 
each leg. The armature which completes 
the circuit is pivoted parallel to the line 
of the two coils. To reduce the number of 
parts and obtain a unit assembly, the pivot 
support is made by extending the flat sec¬ 
tion of iron connecting the two cores, paral¬ 
lel to the coils to a point approximately 
even with the open end of the magnetic 
circuit, then bending this extension at 
right angles. To minimize weight, the ex¬ 
tended section of frame is cut out, leaving 
only a skeleton form having sufficient me¬ 
chanical strength. This is possible since 
the material is not in tlje magnetic circuit. 

To obtain dependable as well as fric¬ 


tionless pivot action, a leaf spring is used. 
The armature itself is made of a single 
flat piece of iron cut out around the pivot 
for free action and extending beyond the 
pivot to provide for attachment of the 
calibrating spring and to act as a counter¬ 
balance. An insulation angle is attached 
to the coil side of the armature to act as 
the contact operating member. The sta¬ 
tionary end of the calibration spring is 
supported by a strip of bimetal attached 
to the frame. 

Adjustment of the calibration spring is 
obtained by a novel scheme using a mini , 
mum number of parts, and is best de¬ 
scribed with the aid of Figure 4. A hole is 
punched in the stationary support to fit 
a threaded stud with one side maHiin^H 
flat; a small point is lanced out of the 
support in proper relation to the hole to 
engage with notches on the circumference 
of the adjusting nut. With the regulator 
magnet completely assembled, the ten¬ 
sion of the calibrating spring holds the 
adjusting nut in engagement with the 
point, locking it securely. To change the 
adjustment it is necessary to tip the ad¬ 
justing nut and stud just enough to dis¬ 
engage them from the locking projection, 
then rotate the adjusting nut. The nut 
is made from a standard pinion stock rod 
and the fineness of adjustment is deter¬ 
mined by the number of teeth. The final 
choice of: 

1. Thread for the adjusting stud of the 
calibrating spring. 

2. Teeth on the adjusting nut. 

resulted in a design giving 0.05 ounce 
change in adjustment per notch or tooth. 

The design of the calibrating spring is 
complicated by the building up of the 
contact assembly load when the spring 
loading decreases, also by the fact that the 
contact assembly load is high in propor¬ 
tion to the magnet pull. 

With the lightweight dapper-type mag¬ 
net it is impractical to obtain stable regu¬ 
lator operation without some form of 
damping. To obtain damping, trial was 



Figure 4. End view of voltage regulator 
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made of electrical damping circuits, elec¬ 
trodynamic dampers, and m pofianiral 
dampers, but none was satisfactory. An 
air dashpot was tried and found to have 
very desirable characteristics, and it gave 
excellent results. Both the piston and 
plunger of this dashpot are made of stain¬ 
less steel. This minimizes the effects of 
differential expansion due to temperature, 
and of corrosion. 

Because the end of the armature moves 
in an arc, and the dashpot plunger in a 
straight line, it was necessary to provide a 
connection between them which would not 
set up a side pressure on the stationary 
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cylinder. Common practice is to include 
a universal joint in an operating-rod as¬ 
sembly of this type, but such construction 
is subject to friction and play, both of 
which are detrimental to accurate regula- 
tion. To avoid these faults a long piece of 
spring wire is employed as a col umn , one 
end being soldered in the plunger and the 
other end slipped through a close-fitting 
hole in the contact-operating arm. See 
Figure 5. This same end is bent at a right 
angle and is sprung to go into another 
dose-fitting hole in the angle of the arm. 
This results in a tight connection with 
minimum weight and number of parts. 

To allow maximum tolerance on the 
plunger and cylinder diameters, and thus 
facilitate manufacture, a needle valve is 
provided for adjusting the restraining ef¬ 
fect of the dashpot. The cylinder is 
mounted on a stud extension from the 
main body, and the needle valve located 
inside this stud, thus adding only one part 
and no weight. Friction is minimized by 
putting a mirror-smooth polish on the out¬ 
side of the plunger and the inside of the 
cylinder, and by use of a carefully chosen 
lubricant. 

Because of the wide variation in operat¬ 
ing temperature encountered by aircraft, 
considerable thought was given to the best 
method of compensating for the tempera¬ 
ture range produced by both ambient 
change and coil heating. The tempera¬ 
ture effect in this regulator is limited by 
winding the coils with an alloy wire hav¬ 
ing a temperature coefficient of approxi¬ 
mately one-eighth that of copper and a 
specific resistance of six times that of 
copper. This gives heavier coils but 
eliminates the use of an external resistor. 

It also eliminates the problems of: 

1; Firi ding a negative temperature coeffi¬ 
cient resistor to suit.this application. 

2 . A construction for keeping the tempera¬ 


tures of the two parts together so that there 
is a minimum time lag in correcting for coil 
heating and cooling. 

To correct for the smaller effect of tem¬ 
perature on the alloy wire, a bimetal strip 
mounted on the magnet frame is used for 
the stationary support of the calibrating 
spring. This is located between the 
points where the two coil cores attach to 
the frame. Heat transfer from the coil 
windings to the cores and frame is im¬ 
proved by winding the coils directly on 
the cores, thus eliminating the heavy in¬ 
sulating tube and air space required where 
a separate self-contained coil is used. 
The bimetal strip reduces the calibrating 
spring tension with a rise in either coil or 
ambient temperature. It is necessary to 
co-ordinate the bimetal support and cali¬ 
brating-spring design closely to gain the 
ultimate in compensation. The scheme 
used provides regulation within the re¬ 
quired limits trader all operating condi¬ 
tions. 

Resistor Design 

The field resistor presents two separate 
problems. The first is to obtain a form 
that will b.e light enough, work into a 
compact unit and have taps which are ac¬ 
cessible for wiring. The problem was 
solved only by the wholehearted co-opera¬ 
tion of the resistor manufacturer. The 
original estimate of the resistor weight 
for the 200-ampere generator was one 
pound, leaving iy 2 pounds for the regu¬ 
lator mechanism and mounting base. The 
final resistor design weighing one-lialf 
pound was reached only after intensive 
study of operating conditions, and by 
many tests. 

The second problem is that of designing 
the resistor with the right resistance steps 
to give even voltage response from the 
generator, without overloading the con¬ 
tacts. This requires the co-ordination of 
generator characteristics with the regu¬ 
lator response and balancing these against 
practical voltage and volt-ampere limita¬ 
tions of the contacts. The work on this 
problem was complicated by the changes 
in generator design and by the require¬ 
ment that the regulator be satisfactory 
for regulating, any Air Corps approved 
generators of the 50-, 100- and 200-am¬ 
pere capacities, without reconnection of 
the resistor. The characteristics of the 
various sizes of generators had to be 
studied, and the resistor steps, changed to 
the be^t over-all compromise. The resis¬ 
tor steps were of such low value in the 
high current zone that a ribbon type of 
resistor material had to be used. This is 
corrugated after the fashion of the stand¬ 
ard Ribflex round resistor tubes, but 
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wound on a flat earthenware form and 
held in place by ceramic glaze. 

Mounting Bask 

The regulator base presents no special 
problems, since the other parts are de¬ 
signed as individual units, all mounting 
from the same flat surface. The base is, 
therefore, flat except for the special lugs 
for mounting on the standard subbase. 
It is cut out for weight reduction and for 
maintenance purposes and carries a special 
contact assembly needed to complete 
electrical circuits to the mounting panel. 
A perforated metal cover is furnished to 
protect the resistor. 

The complete regulator in its final form 
as shown in Figures 1 and 4, weighs less 
than 2.0 pounds, is 5 16 /u inches long, 4 
inches high, and 3 8 / 4 inches" deep. It has 
passed all laboratory tests successfully, 
operated satisfactorily on test flights and 
is now in quantity production. 

Reverse-Current Cutout 

The demand for a reverse-current cut¬ 
out to handle the 100- and 200-ampere 
28.5-volt generators arose coincident,with 
the need for a voltage regulator. In June 
1940 the materiel division issued a tenta¬ 
tive specification for a 100-ampere device 
weighing less than two pounds and a 200- 
•atnpere device with a 2.5-pound limit 
For reasons explained later, the 100-am¬ 
pere rating has since been abandoned. 

While the aircraft cutout performs the 
same function as the well-known automo¬ 
bile cutout, namely to connect the genera¬ 
tor to the battery and load when the gen- 
•erator voltage is sufficient to charge the 
battery, and to disconnect it when the 
voltage drops below the charging point, 
•conditions peculiar to the aircraft electri- 
•cal system demand a higher standard of 
performance. In particular, the storage 
fcattery has a much lower ampere-hour 
•capacity in proportion to the generating 
•capacity, making a low reverse-current 
•dropout setting desirable. Because opera¬ 
tion of two or more generators in parallel 
'is usual, a pickup voltage as close as pos¬ 
sible to the normal regulated voltage of 
■the generators is necessary to prevent ex¬ 
cessive chatter in dosing. This require¬ 
ment results in dose specification of pick- 
, up voltage tolerances. 

The tentative specification called for 
•opening at a reverse-current of not more 
'’than five per cent of the continuous rating 
and set the pickup voltage between 26.8 
and 27.2 volts, or an accuracy of plus or 
minus three quarters of one per cent. It 
was further specified that the device 
should be capable of opening a current 
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equal to 150 per cent of its' rating. Maxi¬ 
mum dimensions were set at four by four 
by four inches. These cutouts may fre¬ 
quently be mounted dose to the main 
engines where severe vibration is en¬ 
countered. To ensure sound mechanical 
construction a ten-hour vibration test is 
specified, with a total excursion of 0.07 
inch and a frequency varying periodically 
between 10 and 55 cycles per second. 

During the course of the devdopment, 
modifications of the requirements nar¬ 
rowed down the original probl ems and in¬ 
troduced new ones. The first addition was 
the requirement that the cutout should 
not close on application of reversed volt¬ 
age. The arc-rupturing capacity of the 
200-ampere unit was increased to 500 am¬ 
peres. An over-all millivolt drop was in- 
duded and finally whittled down to 85 
millivolts at rated current, with the fur¬ 
ther provision that this must not exceed 
95 millivolts after 100 operations of the 
arc-rupturing test. On the basis of pre¬ 
liminary models submitted by manufac¬ 
turers, the materiel division reduced the 
weight limit of the 200-ampere cutout to 
2.25 pounds. 

Past experience made it dear from the 
beginning of the development that the 
measuring and circuit-operating functions 
should not be combined in one structure, 
but rather that the design should comprise 
a relay in addition to a contactor. It is 
impractical to provide high calibration 
accuracy in a device which also must carry 
and effidently rupture high current. In 
addition to the greater friction and con¬ 
tact wear effects, the calibration change 
with temperature cannot readily be con¬ 
trolled without an objectionable increase 
in weight. The necessity for polarization 
also influenced the decision to use a sepa¬ 
rate measuring rday. Figure 6 gives 
schematically the circuit of such a device 
consisting of a relay having a shunt volt¬ 
age-measuring coil RCV, a series current 
coil RCS, and contacts RC energizing the 
coil of contactor C. Figure 7 shows the 
cutout in final form. 

Repay 

The term ‘ ‘polarization’ ’ presupposes 
the existence of a reference factor of con¬ 
stant direction with which to compare the 
generator voltage. This factor may be 
voltage from a battery, the unidirectional 
conduction of a rectifier, or the fixed 
polarity of a permanent magnet. For the 
purpose of a reverse-current cutout, the 
use of battery voltage as a reference is the 
most direct line of attack and has the 
definite advantage of preventing circuit 
closure when either the battery or genera¬ 
tor is reversed. It has the disadvantage 


of draining current from the battery when 
the generator is idle. Variations in bat¬ 
tery voltage have an adverse effect on the 
accuracy of calibration. 

Use of a rectifier as a reference, while 
satisfactory for many applications, in 
general involves a weight handicap. 
Dry-plate rectifiers, in a case of this kind, 
must be applied with caution because of 
the wide range of temperatures which 
may be expected. High ambient tempera¬ 
ture, coupled with normal internal losses, 
may result in failure. The change in recti¬ 
fier characteristics with temperature may 
be reflected in calibration errors, especially 
at sub-zero temperatures where all dry- 
plate rectifiers show a large increase in 
forward resistance. The fact that such 
rectifiers have a negative temperature 
coefficient can be used to advantage to 
balance the positive coefficient of copper 
windings over a moderate temperature 
range. Over a wide range this is less prac¬ 
tical because the rectifier resistance does 
not change linearly with change in tem¬ 
perature. 

Polarization by a permanent magnet 
overcomes the disadvantages of the other 
two methods. Proper application of the 
better magnetic materials which have 
been developed in recent, years provides a 
reference polarity of stability adequate to 
meet the requirements. The proportions 
of the permanent magnet may be selected 
so that, with a given permeance of the 
associated magnetic circuit, the desired 
flux is obtained with minimum weight. 

It should be so located as to minimize the 
demagnetizing effect of external fields, par¬ 
ticularly the field of the relay series coil. 

The high sensitivity of a polarized relay 
recommends it for this service. The re¬ 
quired sensitivity is determined by the 
specified reverse-current and the turns in 
the series coil. Minimum weight demands 
that the relay operate with a single-turn 
series coil for the highest current rating 
for which the frame is intended. Multi¬ 
ple-turn coils may then be used for lower 
ratings. The relay used in this cutout was 
designed to have a single-turn coil in the 
200-ampere rating, so that with the re¬ 
verse-current specified as 10 amperes, it 
must drop out on a 10-ampere-turn re¬ 
versal as a maximum limit. Reasonable 
manufacturing and testing tolerances re¬ 
quire a design value of six or seven am¬ 
pere-turns. 

For positive contact operation a snap 
action is necessary in opening and closing. 
This requires that the armature, in dos¬ 
ing, move into a denser magnetic fidd 
where the force is greater than that re¬ 
quired to move it out of its initial position. 
The reduction in ampere-turns required 
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to decrease the pull to the drop-out value 
is produced by the bucking action of the 
series coil. Experience has shown that a 
drop-out-to-pickup ratio of 0.8 is near the 
maximum which will provide satisfactory 
snap action. If we use this value and a 
drop-out-to-pickup differential of seven 
ampere-turns, the correct pickup value 
will be approximately 35 ampere-turns. 

Because of the vibration and shock con¬ 
ditions encountered on aircraft, as well as 
the high acceleration forces produced by 
maneuvering and flight in rough air, full 
static balance is essential on the moving 
parts of all accurate relays. If the relay 
structure is not inherently balanced, 
counterweights must be added even 
though they mean an objectionable in¬ 
crease in weight. The magnetically polar¬ 
ized relay is easily modified into an in¬ 
herently balanced mechanical structure 
by the use of a center-pivoted armature 
having a working air gap at each end. 
This requires the addition of sufficient 
counterweight to balance the weight of the 
light moving contact only. 

Figure 8 shows the details of the relay 
in its final form. The center-pivoted 
armature operates between the two 17- 
shaped poles which are polarized by fh** 
cobalt steel magnet. The armature and 
poles are made of hydrogen-annealed 
Hipemik magnetic alloy to minimi™ 
hysteresis which would otherwise be ob¬ 
jectionable in a low energy relay. To 
avoid the critical adjustment required in 
assembling cone pivots without damage or 
looseness, small diameter polished pin 
bearings are used. The shaft is 18-8 
stainless steel running in bronze bearing 
screws. A stainless-steel torsion spring 
with screw adjustment contributes to the 
shock resistance of the relay and gives 
latitude,of correction for manufacturing 
variations. A stamped brass bridge sup¬ 
ports the armature, spring, and stop 
screw, so that the whole assembly may be 

removed after taking out the screws which 

fasten it to the poles. The combined 
shunt and senes coil spool surrounds the 
armature and is contained within the poles, 
the whole assembly being supported from 
the base by an aluminum mounting fr ame . 

Contactor 

The contactor magnetic circuit is of 
conventional clapper design, but the con¬ 
tact structure is turned around from the 
usual position in order to place the pivot 
near the center of gravity. This reduces 
the armature spring strength required to 
provide stability under shock, and so 
somewhat reduces the weight of the mag¬ 
netic circuit 

When large currents are to be inter¬ 


rupted it is important to remove the arc¬ 
ing from the main contact surfaces to pre¬ 
vent a rise in millivolt drop after repeated 
operations. Auxiliary arcing tips, open¬ 
ing after the main contacts have sepa¬ 
rated, are sometimes used for this purpose, 
but they have several disadvantages. In 
lightweight devices there is a tendency to 
make them too weak so as to add as little 
as possible to the magnet load. They are, 
therefore, vulnerable to mechanical dam¬ 
age in handling and may not always be 
effective. Being electrically in parallel to 
the main contacts they carry a portion of 
the main current. Gritty dust deposited 
on the m a in contacts may cause all of the 
main current to pass through the arcing 
tips,' a load which they seldom ran be de¬ 
signed to carry for more than a short tim* 

A more satisfactory solution is the con¬ 
ventional rolling contact wherein the final 
opening always occurs at the tip, leaving 
the contact heel dean. By varying the 
kinematic layout, any reasonable value of 
wipe or scrubbing action may be obtained 
to keep the contacts dean and break 
through dust deposits. This is accom¬ 
panied by a strong toggle action capable of 
prying apart contacts partially wdded 
by heavy overload. Almost universal use 
of this construction on industrial contac¬ 
tors indicates its superiority. 

The moving contact is an extruded cop¬ 
per shape with a silver-alloy contact face. 
This part is suffidently balanced with re¬ 
spect to its pivot so that the spring is able 
to m ai nt ain adequate contact pressure 
against vibration accderations in excess 
of those obtained in the specification test. 
The flexible copper shunt is brazed di¬ 
rectly to the extruded contact by an elec¬ 
trically-controlled spotwdding process us¬ 
ing a water spray to prevent annealing or 
oxidation of the shunt strands. To mini¬ 
mize the bending action as the contactor 
operates, the point of shunt atta chm ent is 
located dose to the contact pivot. 

The silver-alloy-faced stationary con¬ 
tact is carried by a steel extension of the 
magnet frame, giving a rigid support and 
making the whole contactor a self-sup¬ 
ported unit. The stationary contact 
structure is so shaped with respect to the 
moving contact that the current path 
forms a sharp loop as the contacts sepa¬ 
rate. This produces a noticeable magnetic 
blowout action which is particularly use¬ 
ful at currents of 100 amperes and higher. 

Instead of using the conventional ar¬ 
rangement with separate armature and 
contact springs, both functions are per¬ 
formed by qne stainless-sted tension 
spring. Elimination of the extra parts re¬ 
duces the size and weight and simplifies 
the assembly. The characteristics of any 


usual double-spring combination may be 
essentially duplicated with care in the se¬ 
lection of the factors of spring stiffness, 
lever arm lengths, and pivot locations. 
Contact force of one pound is obtained in 
the sealed position, measured at the con¬ 
tact tip. 

Previous to the design of the magnetic 
circuit, complete magnetic torque data 
were taken on a somewhat smaller frame 
having similar proportions. These data 
were extrapolated to obtain the propor¬ 
tions of a magnet having a torque curve 
fitting the desired torque curve of the 
. contact and spring system. Tests on a 
model showed that the first approxima¬ 
tion was fairly dose, requiring only deter¬ 
mination of tiie best core head and body 
diameters to obtain the optimum rfoaign 
The critical portion of the torque-versus- 
distance curve is the point at which the 
contacts initially touch. As it is unreli¬ 
able to depend on kinetic energy to carry 
the armature over this point, sufficient 
magnetic torque must.be obtained at the 
minimum design voltage and maritniim 
coil temperature. Best results are ob¬ 
tained with a three-quarter-inch head di¬ 
ameter and a seven-sixteenths-inch core- 
body diameter. The core end has an in¬ 
tegral threaded stud which passes through 
the frame and is secured by a nut, a con¬ 
struction which eliminates the sharp re¬ 
duction in core area caused by tapping a 
fastening screw into the core. 

Since it is most economical in weight to 
limit saturation to the core at the touch 
point of the torque curve, the frame has a 
greater cross-sectional area than the core 
near the junction of the two. The ftame 
area is reduced near the hinge because of 
the lower leakage flux passing into this 
portion. 

Low reluctance of the unavoidable mag¬ 
netic gap at the armature hinge is impor¬ 
tant, since this joint consumes ampere- 
turns which would otherwise be more use¬ 
fully employed at the core-head air gap. 

In addition to minimizing me chani ca l 
clearance at this point, an ear is bent 
down from each side of the armature to 
utilize the side area of the frame. The 
magnetic parts are made from low carbon 
steel and given 925 degrees centigrade 
annealing in a hydrogen atmosphere to 
improve the permeability and decrease the 
residual. The results permit the use erf a 
0.005-inch-thick residual shim , 

With the core diameter and length de¬ 
termined by magnetic considerations, the 
mean diameter of the coil is determined 
primarily by the heat dissipation rate. 
Usual construction methods, involving a. 
coil wound on an insulating tube and 
slipped loosely over the core, give a high 
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Analysis of the Application of High 
Speed Reclosing Breakers to 
Transmission Systems 
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N recent years many new or improved 
kinds of apparatus have been 
available for increasing the reliability of 
transmission circuits. These include high¬ 
speed relays, high interrupting speed 
breakers, ground-fault neutralizers, pro¬ 
tector tubes, and high-speed reclosing 
breakers. Though they may be used in 
combination, ground-fault neutralizers, 
protector tubes, and high-speed redosing 
breakers offer alternate methods for re¬ 
ducing the outages on the transmission 
circuit. The reliable loading of a trans¬ 
mission circuit may also be increased by 
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introducing intermediate switching sta¬ 
tions and by increasing the interrupting 
speeds of existing breakers. 

Considerable technical-application in¬ 
formation has been presented to aid in the 
general understanding and use of most of 
this equipment. Although many success¬ 
ful applications of high-speed breaker re¬ 
closing have been made in recent years, 
there still appears to be a real need for an 
analysis of the general possibilities and 
limitations of high-speed reclosing of both 
the three-phase and the single-phase types. 
This paper attempts to present such an 
analysis. 

General Considerations for 
High-Speed Reclosing 

High-speed reclosing circuit breakers 
have been shown by experience and analy¬ 
sis to be capable of improving the reli¬ 
ability of transmission systems. 1 ’*’* 
Where they may be used to best advan¬ 
tage can be fairly well predetermined by 


stability studies and analysis of test and 
experience information. Fundamental to 
the problem are: 

1. Maximum permissible time—after the 
fault has been cleared—for de-energization 
of the faulted circuit without loss of syn¬ 
chronism. 

2. Minimum permissible time for deioniza¬ 
tion of the fault arc. 

The first depends upon the following fac¬ 
tors: 

a. System arrangement and design. 

b. Amount and distribution of generating 
capacity. 

c. Load being carried on faulted circuit 
and remainder of system. 

d. Type, duration, and location of fault. 

The second depends upon many factors, 
among which are: 

a. Fault current and its duration. 

b. Length of arc. 

c. Number of conductors involved, 

d. Tower and circuit configuration. 

e. Insulator dielectric strength. 

f. Weather conditions. 

g. Multiple lightning stroke phenomena. 

The first fundamental consideration, 
the maximum time the faulted circuit may 
be deenergized without loss of synchro¬ 
nism, can be determined by analysis. 
It is generally recognized that sys¬ 
tems sometimes pull back into syn¬ 
chronism even though they may be re¬ 
closed together out of synchronism or at 


thermal drop between the two, and de¬ 
pend, therefore, mainly on heat dissipa¬ 
tion from the barrel area. By winding the 
coil directly on the mica-insulated core and 
impregnating the whole assembly, an ex¬ 
cellent thermal joint is obtained, allowing 
a large portion of the heat to be conducted , 
into the frame and armature for dissipa¬ 
tion. The reduction in coil weight by this 
construction may be as high as 50 per 
cent, based on designs having equal values 
of hot ampere-turns and temperature rise 
as measured by resistance. 

The complete contactor, with a rating 
of 200 amperes and 29 volts continuously, 
weighs under 14 ounces and is capable of 
rupturing in excess of the 500 amperes 
called for in the specification. With its 
stainless-steel pivot pins operating in 
bronze bearings it has undergone a me¬ 
chanical life test of 3,000,000 operations 
without measurable wear or broken shunt 
strands. 

The contactor and relay designs were 
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co-ordinated to permit combining thpm on 
a four-by-four-inch square base with a 
direct line of connection between the tnnln 
generator and battery terminal studs so 
as to minimize the weight of connectors 
and the over-all millivolt drop, which is 
less than 75 millivolts at 200 amperes. 
The base is molded plastic, ribbed for stiff, 
ness and minimum weight, and is recessed 
to keep the main and control terminal 
posts from turning under wrench forces. 
Over-all weight of the complete 200- 
ampere cutout is less than 1.90 pounds. 
This is under the weight originally speci¬ 
fied for the 100-ampere rating. Further¬ 
more, the weights of models submitted by 
the several manufacturers showed a uni¬ 
form difference of only a few ounces be¬ 
tween the 100- and 200-ampere ratings. 
Since the weight advantage was so slight 
the materiel division wisely decided to 
eli m i n ate the 100-ampere rating and use 
the 200-ampere size for both the 100- and 
200-ampere generators. 


Conclusions 

Aircraft electrical equipment, such as 
voltage regulators and cutouts, must meet 
most of the requirements found in other 
industrial applications, and in addition 
must have certain special characteristics. 
These special Characteristics have to do 
with weight, size, and atmospheric condi¬ 
tions. 

While aircraft-application requirements 
of electrical equipment differ in certain 
respects from those of other related in¬ 
dustrial applications, it is to be expected 
that the use of equipment specially de¬ 
veloped for aircraft service may well be 
extended to other fields. 
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Figure 1. System tie—single-circuit line. 

Three-phase clearing and reclosing 

Sending-end power= 1 . 1 X 2.5(kv) 2 . Hi= 
Ha = 20 on kilovolt-ampere base of 2 . 5 (kv)*. 

Refer to appendix I and Figure 13 

so large an angular displacement that 
synchronism is temporarily lost. The 
severity of the consequent disturbance de¬ 
pends upon many factors, but the phe¬ 
nomenon further supports the advisability 
of quick redosing. However, operating 
experience, in general, indicates that it is 
not desirable :even undo: emergency con¬ 
ditions, to allow for anything but a short 
interval of nonsynchronous operation. 

The time for deionization of an arc is 
variable and it becomes good practice to 
allow as much time as possible for the de¬ 
ionization without encroaching too dosely 
upon .the stability li m its of the system. 
Information as regards the deionization 
time is rather meager. The best data are 
given in a series Of papers showing results 
obtained on the American Gas and Elec¬ 
tric Company systems. 1 -*** These indi¬ 
cate that a time of six to nine cydes for 
three-phase dearing and 12 cydes for re- 

Figure 2. System tie—100-mile single-circuit 
line' 

Three-phase and single-phase switching. Type 
of switching indicated for ea.ch curve by 
(1*) or (30). Refer to appendix I and 
Figure 13 


energizing results in about 90 per cent suc¬ 
cessful operation. This gives a datum 
point of 12 cydes for deionization time at 
138 kv, with three-phase dearing and re¬ 
dosing. Under some conditions the ac¬ 
tual time necessary for deionization will 
be less than 12 cydes, while under severe 
conditions it may be more. With single¬ 
phase switching the arc on the faulted 
conductors, after the line breakers have 
opened, tends to be maintained by the 
capadtive coupling with the sound phase 
h or phases. Longer times are probably re¬ 
quired for deionization of the arc path 
with single-pole switching. 4 See appendix 
III. It seems evident that the optimum 
time for de-energization is not necessarily 
a fixed value but is determined by system 
conditions. It is hoped and expected that 
I further tests and experience information 


required to carry. This necessitates a 
proper evaluation of many factors and is 
an interesting and practical engineering 
problem for consideration by those re¬ 
sponsible for system design and operation. 

With the use of generally available a-c 
network analyzers, calculations are quite 
readily made to determine the maximum 
permissible time for de-energization of the 
faulted circuit. Such a stability study is 
an important part of the engineering 
analysis of the feasibility and desired char¬ 
acteristics for redosing equipments for the 
particular system under consideration. 
Fortunately, however, a certain amount of 
helpful information can also be obtained 
by analysis of typical system arrange¬ 
ments and conditions. This was done 
with the use of a network analyzer. The 
conditions for the cases studied are given 


will be made available by the operating in appendixes I and II. Following is a 


companies 
If the stability margins are small, it may 
become justifiable to decrease the allowed 
time for deionization; while if the sta¬ 
bility margins are large, it would appear 
that a longer time could be allowed. An 
extreme case of a large stability margin 
(suffident parallel drcuit strength) would 
require no redosing at all. Between the 
two extremes of stability conditions, rep¬ 
resented by a single circuit tie and a dr¬ 
cuit with many parallel ties, there exist 
many conditions and cases where high¬ 
speed redosing of some form may be used 
to advantage. The aim is to obtain im¬ 
proved reliability over transmission cir¬ 
cuits for the loads which those circuits]are 

Figure 3. System tie—50-mile double-circuit 
line 


6.4, 


No intermediate switching station 
phase and sirigle- 
phase switching. 

Type of switching 
indicated for each 
curve by ( 10 ) or 
(30). Refer to ap¬ 
pendix I and Figure 
13 


discussion of the results which have been 
obtained. 

Three-Phase Redosing—Tie Lines 
and System Interconnections 

A series of cases was taken as repre¬ 
sentative of interconnections or ties be¬ 
tween system areas. The systems on 
either end of the interconnection were as¬ 
sumed to be of equal capadty having 
fairly low system impedances (five per 
cent on 2.5(kv) 2 ) corresponding to about 
1,000,000 short-drcuit kva when the 
transmission line voltage is 138 kv. The 
line length was varied from 0 to 300 
in order to show the effect of change in 
line length. Both systems at either pnd 
of the line were assumed to be solidly 
grounded. The inertia constants were 
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Figure 4. System 
# tie-—100-mile dou¬ 
ble-circuit line 

No intermediate 
switching station. 
Three-phase and 
single-phase switch¬ 
ing. Type of switch¬ 
ing indicated for 
each curve by (1^) 
or (3 (f>). Refer to 

appendix I and 
Figure 13 


taken to correspond, to systems having a to 150 miles and 210 miles for a de-energi- 

connected capacity equal to about four zation'time of 12 cycles with nine cycles 

times the unity power-factor loading and six cycles clearing, respectively. Suc- 

(equal to 2.5(kv) 2 ) of a single circuit. cessful operation could be expected up to 

These represent relatively small systems 250 miles for line-to-ground faults with 

compared to those which may be found in either six or nine cycles clearing. A de¬ 
practice as ties between major system crease in the clearing time from nine to six 

groups. However, the results may be in- cycles for three-phase faults allows for an 

terpreted to correspond to either larger increase in the line length of 60 miles for 
or smaller systems by a corresponding the same de-energization time. It is of 

change in the clearing and de-energiza- interest to note that the type of fault 

tion times, as explained in appendix I. makes an appreciable difference in the 
Figure 1 shows the maxi m u m permissi- allowable de-energization time. These re- 

ble de-energization time for stability suits indicate the importance of keeping 

versus line length for line-to-ground, the clearing time to a Tninirnurn , as this 

double-line-to-ground, and three-phase makes possible a further increase in the 

faults at the sending-end terminal for a stability margin of the circuit or an in¬ 
power transfer at the sending end carte- crease in the permissible de-energization 

sponding to ten per cent above the unity times. This has been- pointed out pre¬ 
power-factor or surge-impedance loading viously. 3 

of the line. At 138 kv this corresponds to The curves of Figure 1 were drawn for a 
1.1X2.5(138) 2 ==53,000 kw. Fault dear- loading equal to ten per cent above the 
ing times were taken as six and nine cydes unity power-factor loading of the line , 
with simultaneous operation at each end This is probably the loading to which lines 
oftheHne. Under these conditions sue- exceeding 150 miles may be loaded. How- 
cessful operation can be expected for ever, for the shorter lengths of line higher 
even three-phase faults for line lengths up loadings may be desired. Fortunately 

. stability characteristics are such as to 

Figure 5. System tie—200-mile double-cir- allow for an increase in loading for shorter 
cu ’** ine lengths with the same de-energization 

No intermediate switching station. Three- time - 

phase and single-phase switching. Type of If the sizes of the terminal systems are 
switching indicated for each curve by (14) or increased, the resulting increase in the 
I (3</>). Refer to appendix | and Figure 13 inertia constants produces more stable 



Table I. Units of Power for Various Line 
Voltages 

Circuit Unit Power in 

Voltage—Kv Kw* *» 2.S (Kv)* 


287.5 
230 
161 
138 
115 , 


208,000 

132,000 

65,000 

47,500 

33,000 


69 . 11,000 

34.5 . 3.000 


♦Corresponds to about the surge impedanc e or un ity 

power-factor loading of the line when V£i/Cj — 
400 ohms. 


performance. Such changes can be esti¬ 
mated from Figure 1. For instance if the 
inertia constants are about double (2.25 
times), the six-cycle clearing curve repre¬ 
sents the performance with nine-cycle 
clearing on the new system if the ordi¬ 
nate scale, representing the maximum per¬ 
missible de-energized time is multiplied 
by 1.5. The permissible de-energized 
time for a 150-mile line following the clear¬ 
ing of a three-phase fault in nine cycles 
is increased from 12 to 22 cycles. Con¬ 
versely the same load may be transmitted 
300 miles, rather than 150 miles, with the 
same 12 cycles de-energized time. 

To illustrate the effect of change of load, 
the case of 100 miles was analyzed more in 
detail, results of which are shown on 
Figure 2. The power in this case is in 
terms of receiver-end power. The values 
of per-unit power equal to 1.04 correspond 
to the case of sending-end power of 1.1 
per unit. Table I gives values of per-unit 
power for various transmission line volt¬ 
ages to be used in the interpretation of 
the curves. 6 Figure 2 also shows results 
for single-phase clearing and reclosing. Of 
particular interest is the very substantial 
increase in power limit with decrease in 
the de-energization time with three-phase 
switching. For three-phase or double¬ 
line-to-ground faults, the curves are such 

Figure 6. System tie—200-mile double-circuit 
fine with intermediate switching station 

Three-phase and single-phase switching. 
Type of switching indicated for each curve by 
(1<£) or (3 <t>). Refer to appendix I and 

Figure 13 
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Figure 7. System tie—single-circuit line 

Single-phase clearing and reclosing. Sending 
end power=1.1 X2.5(kv) 2 . Hi=H 2 =20 on 

kva base of 2.5(kv) 2 . Refer to Figure 13, 
Appendix I 

that, in the region of 12 cycles de-energi¬ 
zation time, a decrease of three cycles in 
the de-energization time is equivalent to 
about a three-cycle reduction in fault- 
dearing time. This indicates that a cycle 
reduction in fault-dealing time is equiva¬ 
lent to a cyde of reduction in de-energi¬ 
zation time. There is possibly a further 
improvement with the quick dearing in 
that the ionization in the arc path does 
not involve as great a volume of air, and, 
therefore, a further reduction in deioniza¬ 
tion time may be allowed. This is of con¬ 
siderable interest because studies of tran¬ 
sient stability limits of systems have indi¬ 
cated that there was not mnoh to be 
gained by reduction in fault dearing 
without redosing bdow eight or possibly 
five cydes. Figure 2 indicates that with 
three-phase redosing, three cydes reduc¬ 
tion in time, either dearing or de-energiza¬ 
tion is worth about 15 per cent increase in 
power limit. 

If the interconnected systems have 
greater inertias than those used in deter¬ 
mining the curves on Figure 2, a corre¬ 
spondingly greater amountof power can be 
transferred for the same de-energization 
time. For example, if the inertia con¬ 
stants^ of the interconnected systems are 
2.25 times those used for Figure 2 (gen¬ 
erating capacity equal to about nine times 
2.5 (kv) 2 or 400,000 kva for a 138-kv 
transmission line) the transient stability 
hunt is increased from a per-unit receiver 
power of 1.16 to 1.62 with nine-cydedear- 
ing of three-phase faults and a 12-cyde 
^energization time. This indicates that 
we inertias of the interconnected systems 
have a considerable effect upon the aBow- 
able de-energization time and that, when 
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Single-phase switching of line-to-ground 
faults. Nine cycles clearing. Pg=rated 
generator output. Curves are for a loading 
ten per cent above generator rated output. 

Refer to Figure 14, appendix II 

applying redosing mechanisms, this effect 
should be considered. It is evident that 
when the interconnected areas are of a 
large capatity compared with the tie-line 
capacity, three-phase redosing may be 
entirely adequate, even for single-circuit 
ties for loads up to the maximu m which 
the circuit will be required to cany. 

Figure 4 gives the results for 100 ™!1 p B 
of double-circuit line with no intermediate 
switching station. It will be noted from 
the bottom curve on this figure that a load 
corresponding to two per unit (this cor¬ 
responds to unit power on each circuit) 
may be carried with no redosing, follow¬ 
ing a three-phase terminal fault which is 
deared in nine cydes. A power of 2.4 per 
unit may be carried with no redosing if 
six-cyde dearing is used. As shown by 
Figure 4, the increase in power limit by 
the use of redosing is much less than that 
for a single line, as shown in Figure 2, 
With 12 cydes de-energization time and 
nine cydes dearing for a thrqe-phase fault, 
the power limit is increased about ten per 
cent over what it would be with no re¬ 
dosing. It will be noted that the improve¬ 
ment in stability limit for six cydes dear¬ 
ing of the three-phase fault over niti? 
cydes dearing is 40 per cent greater than 
the improvement obtained by the use of 
redosing. These results indicate that far 
some types of system, depending upon 
the load it is desired to transfer, there is 
very little benefit to be obtained from the 
use of hisrh-stteed 'n>rir>em(T However if 
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Figure 8. Hydroelectric lyitem—-single-cir¬ 
cuit line 
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LENGTH OF LINE — MILES 

Figure 9. Hydroelectric system—single-cir¬ 
cuit line 

Single-phase switching of line-to-groundi 
faults. Six cycles clearing. P G -rated genera¬ 
tor output. Curves are for a loading ten 
per cent above generator rated output. Re¬ 
fer to Figure 14, appendix II 

the systems have rdativdy large inertias,, 
the increase in power limit can be further 
improved. This indicates that an appre¬ 
ciably. greater gain may be obtained with 
three-phase redosing on paralld lines 
when the inertia constants are large; 
whereas, if the inertia constants are small, 
it may be impossible to carry the rated 
load of the circuit. Additional curves are 
given in Figures 3 and 5 for 50 and 200 
miles of double-circuit line, respectivdy, 
with no intermediate switching station. 
Figure 6 corresponds to a 200-mile double¬ 
circuit line bussed together at the center. 
It will be noted that by bussing, the 200- 
mile line performance is improved, and 
the gain due to redosing is decreased, and 
may be such that it may not be necessary 
to use any redosing. For the 50-mile 
double-circuit line, Figure 3, the curves 
are rdativdy flat indicating very little 
benefit to be derived from redosing, 

For circuits which are on the same 
tower, more than one circuit may be in¬ 
volved in the fault, and in such a case suc¬ 
cessful redosure of even one of the two 
circuits may prevent loss of synchronism. 
Therefore, a benefit greater than that 
shown in the attached curves for double¬ 
circuit lines can be realized when the con¬ 
ductors are supported on the same tower. 
The performance under these conditions 
would be somewhat similar to that of 
single-line performance as shown on 
Figures 1 and 2. Single-line performance 
or simultaneous faults on double-circuit 
line can be adequately taken care of by 
three-phase redosing when the intercom 


nected areas have suffident capacity or 
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inertia effect. This bus lieen supported 
by experience ns given iu reference A. 

Single-Phase Reclosing—Tie Lines 
and System Interconnections 

Single phase clearing and reducing of 
transmission line circuits has been con¬ 
sidered a jHissibililv for a tong time but 
has been put into «{H*ration only to it 
limited extent. With a line to ground 
fault only one phase wire need l*e inter 
nipted, the remaining tie over the two 
sound phases ami ground Wing suflieientlv 
strong to prevent loss of synchronism for 
u considerable range of hmd and system 
conditions obtained in practice. When 
two phase wires are involved, however, 
the remaining tie is so reduced iu strength 
us to result iu but little lieuetit over three 
phase reeiosiug for the same de eitergi/u 
tion times. There is, of course, no l««»ie 
lit if all three phase wires are involved, 


iug must he off per cent longer, which tuny 
W necessary for a 100mile line, the im¬ 
provement is front a jierunit power of 
l.o to 2.U.> or about 35 per cent increase 
in power limit. Similar comparisons can 
W made by examining the results shown 
on Figures 5, 3, 5. am! ft. 

High-Speed Reclosing— 
Hydroelectric System 

Representative ot a tyj«' of system 
where rechising might lx- applied is a hv • 
droelcctric .station hsated at some dis 
tuitrr from a large system to which it de¬ 
livers j waver. *1 his ease of a typical 
hydroelectric station was studied for vari¬ 
ous lengths of line and line loadings. The 
transmission line constants were assumed 
to 1«* the same as for the study of inter- 
connections previously discussed. Typi¬ 
cal hydroelectric generator constants 


Figure 7 shows the maximum perinis 
sible dc cucrgizuttuii time in cycles for 
stability of a single circuit tie using single 
phase clearing and rechising. These 
cur ves are for a loading twre*{K<ndmg to a 
sending end power ten j*r rent ulnive the 
unity power factor loading of the fine and 
with the connected systems huviug a ca¬ 
pacity about four times the transmitted 
power. As shown by these curves, tins 
|K»wer can ire transmuted up to I Ml mile* 
with three phase switching, nine cycle 
clearing, and a 12 cycle dr ritergi/afion 
time, for u t hree - phase fault, 11 is also of 
interest to note that lire permissible de 
energization time for litre to ground faults 
is considerably higher than for three- 
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phase or double line to ground faults. 
Ibis indicates that for line to ground 
faults single phase reclosing is a very ef« 
fcctive way of preventing Um of stability. 
However, its greatest advantage occur* 
when the loading i» such that three phase 
redlining j H no longer adequate, This 
condition is more likely to exist when the 
interconnected systems are relatively 
small. 

Figure 2 shows the results for a single- 
circuit fine 100 miles long. This compare* 
the result* using single phase redoping 
with three phase redosing. If the load¬ 
ing of the line is increased above unity 
power-factor loading, and the inertias 
correspond to those used in the figure, 
the line to ground faults may be switched 
off by the use of single-phase switching 
without k«w of synchronism up to a load¬ 
ing which is 50 per cent greater than that 
of a line-to ground fault with three-phase 
redosing based on the same de-encrjpza- 
tion time of 12 cycles. However, if the 
deionization time for single-phase redos- 


*De*ncrg./*ucm fiswi'i for thi* c«ie taken to 
correspond taj*m cycles 

were used f*/«.fW0, if ».1.0). The 
sending and receiving end transformer re¬ 
ad ««cei were assumed a* ten jx?r cent on 
the generator rating. The receiving end 
system was assumed to have infinite in¬ 
ertia and an equivalent, reactance corre¬ 
sponding to ten per cent of tire hydroelec¬ 
tric generator rating. Sice appendix 11. 
Calculation* were then made to determine 
the transient stability limits with single- 
fine operation and high speed redosing. 
The hydroelectric generators were as¬ 
sumed to have a rated power factor of O.fi 
and to be operating at ten per cent above 
their kilowatt rating, a loading which 
about corresponds to their kilovolt am¬ 
pere rating. Ttie results are therefore on 
the basis of the total hydroelectric gen¬ 
erating capacity being operated at slightly 
above rated kilowatt load. The results 
indicate the maximum permissible de- 
energization times under these conditions. 


For this type of system, which bus u 
relatively low inertia constant and which 
has a transmitted load equal to the total 
generated capacity at the sending end of 
the line, three phase reelusing is imprac¬ 
tical unless de energization times of one to 
live cycles were possible. Furthermore, 
single-phase redo*.mg for any thing but 
line to ground faults is impractical, Uo 
cause of the small available time for de 
ionization before stability is lost. How¬ 
ever, for line to ground faults single- 
phase redosing may prove practical. 
Figures S and tt show the results of eulett 
bilious for this ease with nine and six- 
cvele fault clearing, resj«>etlively. It will 
l»e noted from Figure S that a line loading 
of unity corresponding to otl.twto kw at 
‘ 13 S kv may U* transmitted ot» miles, with 
stability, when nine-cycle dealing and 27- 
eyele de energization time arc used. 
Front Figure P, if six -cycle dealing is used, 
a line loading of unity may U* transmitted 
fio miles with stability. For heavier line 
loadings a corresponding reduction iu 
miles to which the power t ail la* success - 
fully transmitted through a line to ground 
fault is obtained. 

Calculations were also made to deter¬ 
mine the effectiveness of a high resistance 
amorriveur winding for increasing the 
iwrmhsiblv dc cucigtzutioit time when 
single phase switching is used. As is well 
knmvn, ,}<,> such a winding will increase: 
flit* braking torque during a circuit un¬ 
balance ami may la* of advantage under 
Mich conditions iu reducing the effective 
accelerating torque. For a 100 mile 
single circuit line with a unit loading 
€/*«’■* 1.0), the maximum ja rinhsible dt* 
energization time was found to In*, in 
creased about 35 per cent for line tn- 
grotmd faults. Such a winding may, 
therefore, lie effective for a hydroelectric 
generator connected to its load area by 
singte circuit line, when it is desired to 
protect against line to ground funks by 
single phase switching rather tliau by a 
ground fault neutralizer. If it is neces¬ 
sary to protect against faults involving 
two or more phases, single phase switch¬ 
ing is not effective, and there is but little 
benefit to be derived by the use of a high- 
resistance umortisseur winding. 

Summary From Preceding Studiea 

(«). Tmom TitAMH Rhci.ohino ok Svs- 
TKM TlliH 

1, The heiiffits to tie obtained front redos- 
inf are greatest for singlecircuit line*, or 
simultaneous faults on double-circuit lines. 

2. Three-phase reclosing is a very practical 
means for maintaining the transmission dine 
loading between Intcrcoimeeicd areas when 
the interconnected area* have generating 
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figure 11. Stability limits for three-phase 
faults at sending-end line terminal, nine cycles 
•clearing, as a function of reclosing time and 
ratio of transfer reactances 
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NORMAL TRANSFER REACTANCE 


1.0 


FAULTED CIRCUIT OPEN TRANSFER REACTANCE 


■Refer to Figure 10. The two points marked 
“x” on the figure show the power limit for 
•unsuccessful reclosure against a three-phase 
fault on one circuit using 20-cycle reclosing 
breakers 

capacities of the order of at least four ti«™« 
the transmission-line loading. 

•3- With three-phase redosing of single- 
■drcuit lines a decrease in the olp aring tim^ 
for three-phase faults is as important as a 
•decrease in de-energization time. There¬ 
fore, further reductions in the fault-clearing 
.time directly improve the stability. 

4. With parallel circuits, the benefits to 
be realized from reclosing decrease with 
decrease in line length and with increase in 
the number of intermediate switching sta¬ 
tions. 

(&). Single-Phase Reclosing on Sys¬ 
tem Ties 

1. Single-phase switching provides in¬ 
creases in transient power limits on single- 
circuit lines for line-to-ground faults which 
•are not possible with three-phase switching; 
the difference however, may be small if the* 
Interconnected areas have high generating 
•capacity relative to the power to be trans¬ 
mitted. 

•2. The power limits of a single-circuit line 
are greater with a ground-fault neutralizer 
•for extinction of line-to-ground faults than 
those which can be obtained with single¬ 
phase switching. , 

3. If the inertia constants of the intercon¬ 
nected systems or the connected capacities 
are sufficiently great, the practical advan¬ 
tages of single-phase switching may be neg¬ 
ligible. 

4. For line-to-ground faults, if single-phase 
•switching is used, the time for de-energiza¬ 
tion is not particularly critical as regards 
its effect on the stability limits, and, there- 
fore, it is not necessary to strive for low re¬ 
closing time as is the case with three-phase 
redosing. 


5. The advantage of single-phase switching 
appears to be important only when redosing 
is used on single-circuit interconnecting 
lines and when the generating capadty of 
one of the interconnected areas is not much 
greater t han the load which must be trans¬ 
mitted. 

6. Single-phase switching appears to offer 
no advantage over three-phase switching 
for faults involving more than one phase. 

(c). Single-Phase Switching for a 
Hydroelectric Station Delivering 
Power Over a Single-Circuit to a 
Large System 

1. Single-phase redosing makes possible 
the maintenance of stability through self¬ 
clearing line-to-ground faults for normal line 
loadings and for short distances., 

2. For longer lines and more heavily loaded 
circuits, other means such as the groilnd- 
fault neutralizer may be required in order 
that the system may. ride through line-to- 
ground faults. 

3. This type of system is not stable with 
either single-phase or three-phase redosing 
of faults which involve more than one phase. 

Ground-Fault Neutralizers 

Ground-fault neutralizers should be 
compared with the use of single-phase 
switching, since the advantages of using 
the latter means are chiefly limited to 
line-to-ground faults. The ground-fault 
neutralizer has an advantage over single- 
phase switching in that there is no reduc¬ 
tion in stability limits for line-to-ground 
faults. For the shorter lines this may be 
of no particular advantage over single¬ 
phase switching, as the circuit loadings 
may be well below the transient-stability 
limits with single-phase switching. How- 
ever, it may be necessary to retain as 


Figure 12. Stability limits for line-to-ground 
faults at sending-end terminal, nine eyelets 
clearing, as a function of reclosing time and 
ratio of transfer reactances 

Refer to Figure 10. The two points m<arked 
x on the figure show the power limit for 
unsuccessful reclosure against a lino-to- 

ground fault on one circuit using 2O-cycle 
three-phase reclosing breakers 

much stability margin as possible in order 
to carry rated circuit loadings on tb p. 
longer lines. This, therefore, indicates 
that for long single-circuit lines, ground- 
fault neutralizers have a distinct advan¬ 
tage over single-phase switching, whereas 
for the shorter lines and on systems which 
are necessarily solidly grounded, single- 
phase switching may have important ad¬ 
vantages. When using ground-fault neu¬ 
tralizers on single-circuit lines, one should 
give attention to the switching and cir¬ 
cuit arrangements in order to avoid the 
possibility of high transient switch volt¬ 
ages. This problem, however, is now ’well 
understood, 11 so that the conditions which 
give rise to such abnormal voltages can 
be avoided. 

Relaying 

In general, the use of redosing on tie 
circuits requires that the terminal break¬ 
ers be opened simultaneously in order to 
obtain the benefit of maximum deioniza¬ 
tion time to dear the arc path. This es¬ 
sentially requires the use of pilot-wire re¬ 
lays of some form to give the simultaneous 
tripping at both terminals. For the lines 
generally considered in this analysis, the 
line lengths are such that the carrier- 
current foam of pilot rdaying would he 
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used. Successful operation of high-speed 
redosing with carrier relaying is already a 
matter of record. 8 

For single-phase operation, it is only 
necessary to add to the basic carrier pilot- 
relay equipment phase-selecting relays to 
select the proper phase or pole to be 
opened in case of single-phase faults. 
Since single-phase operation is feasib le 
only on a solidly grounded neutral system, 
these phase selecting relays can be simple* 
impedance devices operating from line-to- 
neutra! voltage and line residual current. 
In some cases of single-phase redosing it 
may not be necessary to obtain simul¬ 
taneous tripping at both terminals, be¬ 
cause the permissible de-energization time 
is so great that sequential tripping could 
be tolerated. 

Interpretation in Ter ms of 
Present-Bay Standard Breakers 

Although the previously presented re¬ 
sults cover a wide range of possible sys¬ 
tem conditions and breaker speeds, they 
may require some interpretation in terms 
of present-day standard-breaker clearing 
and redosing times. It was found that 
this could be conveniently done by cross¬ 
plotting the results for the dealing and de¬ 
energization times corresponding to stand¬ 
ard breakers for the series of systems 
shown in Figure 10. Alf of these four sys¬ 
tem arrangeihents have essentially the 
same transfer reactance for normal condi¬ 
tions, neglecting resistance and capadtive 
susceptance. If it is assumed that the 
inertia constants of the two intercon¬ 
nected systems correspond to H-5 per 
unit on the kilovolt-ampere rating of the 
generator capacity of each system (four 
times the per-unit power of the preceding 
studies or 10(kv) 2 ), the transfer reactance 
is 120 per cent on the kilovolt-ampere 
capadty of each interconnected system. 
The ratio of the normal transfer reactance 
to the transfer reactance with the faulted 
section switched out can be used as an 
indication of the shock to the system re¬ 
sulting from switching out the faulted 
section. In the right-hand column of 
Figure 10 are tabulated these ratios. 

(a). Three-Phase Faults 

Figure 11 shows the per cent power 
(based on the generating capadty of the 
individual interconnected systems) which 
can be transferred with stability through a 
three-phase fault at the sending-end line 
terminal, plotted against the ratio of 
transfer reactance for the different stand¬ 
ard-breaker times. Zero ratio of trans¬ 
fer reactance represents a single-circuit tie, 
whereas increasing ratios indicate an in- 
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creasing number of intermediate stations 
on parallel lines. 

In Figures 11 and 12 it is assumed that 

(a) Relay delay is one cycle at each end 
of the circuit. 

(b) Breakers with eight cycles interrupting 
time rating are used. 

The drcuit de-energized time is eight 
cycles less than the redosing time rating. 
From Figure 11 several important effects 
are apparent: 

1. The greatest possible gain with reclos¬ 
ing may be realized for systems which ap¬ 
proach the single-circuit tie (system A, 
Figure 10). 

2. The smallest possible gain is realized for 
systems which approach a multiple-circuit 
tie sectionalized by a large number of inter¬ 
mediate switching stations (system D, 
Figure 10). Except for the possibility of 
simultaneous double-circuit outages, there 
is little reason for using redosing breakers 
in a system of this type. If double-circuit 
faults can occur, the performance is almost 
the same as that of the shorter single-circuit 
line (system A, Figure 10). 

3. A point of diminishing returns is soon 
reached for further sectionalizing beyond 
that represented by the double-circuit tie 
with one intermediate switching station 
(system C, Figure 10). 

4. The advantages of 20-cycle over the 
slower 36- or 60-cyde redosing breakers 
are apparent. 

5. If single-phase redosing is slower than 
three-phase redosing, the allowable power 
transfer during three-phase faults is cor¬ 
respondingly less. 

6. The successful power transfer is very 
appreciably increased even when one strong 
tie is parallded by another of relativdy low 
capacity. If two such circuits have equiva¬ 
lent lengths of 160 and 300 miles, the trans¬ 
fer reactance ratio is approximatdy 0.4 and 
the allowable power transfer is at least 26 
per cent greater than for a single 100-mile 
circuit. 

(&). Line-to-Ground Faults 

Figure 12 shows the performance of the 
same four systems analyzed in the same 
manner for line-to-ground faults, using 
both single-phase and three-phase reclos¬ 
ing breakers. Because a longer deioniza¬ 
tion time is required for single-phase re¬ 
dosing than for three-phase reclosing, 35 
and 60 cydes were taken as the reclosing 
times for the former, and 20 and 35 cycles 
for the latter. The general form of the 
curves is about the same as for Figure 11. 
From Figure 12 several important effects 
are apparent: 

1. Appredably greater power can be trans¬ 
mitted for the single-circuit system with 
three-phase redosing, if 20-cyde rather than 
35-cycle redosing is used. A further but 
much smaller gain is realized by the use of 
35-cyde single-phase redosing. 


2. With single-phase reclosing, the dif¬ 
ference between 60 and 35 cydes redosing 
is quite small. The speed of redosing for 
single-phase switching on line-to-ground 
faults is less important than that for three- 
phase switching. 

(c). Other Considerations 

Figures 11 and 12, though limited to 
one value of normal transfer reactance 
(120 per cent) indicate the relative impor¬ 
tance of several of the essential factors 
during line-to-ground and three-phase 
faults. A similar interpretation for 
double-line-to-ground faults shows that, 
where high-speed redosing is applicable, 
20-cyde three-phase reclosing gives appre¬ 
dably better results than 35-cycle single¬ 
phase reclosing. Further interpretations 
show that, with increase in system inertia, 
the stability limits with high-speed re¬ 
closing are materially increased. This in¬ 
dicates that the use of high-speed redos¬ 
ing will naturally tend to increase with the 
trend toward interconnection of large sys¬ 
tems by ties of relatively small capacity. 

High-speed reclosing involves the risk 
that occasionally the fault will not be 
self-clearing, and any attempt to reclose 
may do harm rather than good. This risk 
may be evaluated in two ways. First, the 
decrease in power limit due to an unsuc¬ 
cessful reclosure below that obtained with 
no reclosing. Second, the decrease in 
power limit due to an unsuccessful re¬ 
closure below that obtained with success¬ 
ful reclosing. 

Calculations for both systems B and D 
of Figure 10 indicate that quick single¬ 
phase switching and reclosing of line-to- 
ground faults can involve negligible risk of 
either the first or second kind. The ad¬ 
vantage of the possible small risk of the 
second kind may be largely only of theo¬ 
retical rather than of practical value be¬ 
cause to obtain it would require an un¬ 
usually long period of unbalanced opera¬ 
tion with one phase open. As shown by 
the points (marked x) on Figure 12, auto¬ 
matic three-phase unsuccessful reclosure 
against line-to-ground faults involves 
negligible risk of the first kind but appre¬ 
ciable risk of the second kind. For either 
single-phase or three-phase unsuccessful 
reclosure against the more severe faults, 
double-line-to-ground or three-phase (for 
three-phase faults points marked x on 
Figure 11), the risk of both the first and; 
second kinds is appreciable. Calculations 
made for the case of delayed or manual! 
reclosure showed no risk of the first kind. 
Calculations were also made for the 200- 
mile tie with an intermediate bussing sta¬ 
tion (system C) for the special case of a 
double-line-to-ground fault due to a single¬ 
line-to-ground fault on different phases 
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of each circuit. Both circuits were 
assumed to be cleared in nine cycles, 
dosed after 12 cycles de-energization 
time, unsuccessful redosure on one cir¬ 
cuit, and with subsequent nine cycles 
dealing on this faulted circuit. The 
critical loading for this case with three- 
phase redosing was found to be about the 
same as for a self-dearing three-phase 
fault on one circuit of system-,4 type. 
With single-phase reclosing for this case, 
the critical loading is nearly double the 
value obtained with three-phase redos¬ 
ing. 

From both Figures 11 and 12, it is ap¬ 
parent that the risks are least where the 
possible gain from redosing is greatest. 

General Conclusions 

1. Under favorable conditions for its use, 
high-speed reclosing provides a simple 
means for substantially increasing the 
system reliability. 

2; The choice of the type and available 
time ratings for reclosing breakers req uir es 
an analysis to weigh properly their rdative 
advantages. 

3. ^ With three-phase redosing, de-energi¬ 
zation time is important for all types of 
faults, and dearing time is important for 
double-line-to-ground and three-phase faults 
but not for single-line-to-ground faults. 

4. For single-phase switching, both dear¬ 
ing and de-energization time are rdativdy 
unimportant for single-line-to-ground faults 
but are important for faults involving more 
than one phase. 

5. Until more is known about the ddoniza- 
tion time requirements with single-phase 
switching, it appears logical to limit single¬ 
phase redosing to line-to-ground faults and 
to applications where moderate redosing 
delay carries no particular stability penalty. 

6. High-speed redosing will show the 
greatest advantage and will tend to be more 
generally used as the number of system 
interconnections and the size, of systems 
increase, relative to the strength of their 
individual interconnecting ties. 


Appendix I, Study of System 
Interconnections 

A series of cases was set up for study of 
three-phase and single-phase redosing, 
having constants which were considered 
representative for illustrating the factors 
involved in system interconnections. These 
cases were studied on an a-c network 
analyzer. The following representative line 
constants qf a 60-cyde overhead transmis¬ 
sion line were used: 

*i *=0.8 ohm per mile, positive sequence re¬ 
actance. 


fx=0.16 ohm per mile, positive sequence 
resistance. 

Fi =*5.2X10“* mhos per mile, positive se¬ 
quence susceptance. 

#0=2.4 ohms per mile, zero sequence re¬ 
actance. 

fo=0.43 ohm per mile, zero sequence re¬ 
sistance. 

Fo=3.12X10“* mhos per mile, zero se¬ 
quence susceptance. 

For study of double-drcuit lines, the zero- 
sequence mutual capadtance and reactance 
effects were neglected because 

(a) . These assumptions would apply for lines not 
on the same right of way. 

(b) i These are secondary effects only and would not 
modify appreciably the results or conclusions of 
this study e,ven for lines on the same tower. 

The base kilovolt-amperes and kilowatts 
were taken as 2.5 (kv) 2 corresponding to the 
surge-impedance or unity power-factor 
loading of a line having the constants se¬ 
lected for study.® The sending-end and 
receiving-end systems were assumed to have 
equal impedances. The positive-, negative-, 
and zero-sequence impedances of sending- 
and receiving-end systems were assumed to 
be the same and equal tp 0.002-j-;‘0.05 per 
unit on a base kilovolt-ampere equal to 
2.5 (kv) 2 . See Figure 13. The system was 
set up three-phase on the network analyzer 
so that the simultaneous dissymmetries 
produced by opening single-phase switches 
at either end of the line, with or without a 
fault on one or more phases, could be more 
easily represented. Also in this way the 
capacitive ground current and the funda¬ 
mental frequency voltage on the cleared 
conductor would be determined directly for 
any condition. 

The voltages back of system impedances 
were held fixed for all loadings corresponding 
to values which would give normal or unit 
voltage at each line terminal for a power 
transfer per circuit at the sending end of 1,10 
per unit. For higher initial loadings the 
results give somewhat lower limits than may 
beactually obtained; whereas for lower initial 
loadings, the limits are somewhat higher. 
However, these differences are small because 
of the comparatively small terminal or 
system impedances. 

The faults were all taken at the sending- 
end terminal and assumed to be cleared in 
six or nine cycles. The maximum permis¬ 
sible time for de-energization of the faulted 
conductor or conductors was determined by 
calculation.* The line length was varied 
from 0 to 300 miles. Both single- and 
double-circuit lines with and without inter¬ 
mediate bussing were studied, Some of the 
results obtained are shown on Figures 1-7 
These results are given for equal sending- 
and receiving-end system inertias of H~ 20 
per unit based on 2.5 (kv)*. A typical sys¬ 
tem may have an inertia constant (H) of 
5.0 per unit on its connected kilovolt¬ 
amperes of generator, capacity. Accord¬ 
ingly, with an 27=20 on 2.5 (kv)* and a 
transmission-line loading of unity, corre¬ 
sponding to unity power-factor transmission. 


ZfZ a -ZoM1002-ia05 Z|.Z,.Zo-QOOZ+J 005 

H* 20 —;SINGt_ E OR PARALLEL __ 

transmission lines H |i) H * 20 


Figure 13. Typical 
system interconnec¬ 
tion 

Refer to appendix I 


the connected generator capacity of the 
sending- or receiving-end systems corre¬ 
sponds to about four times the power being 
transferred. 

Since results have been obtained for both 
six-cycle and nine-cycle clearing, the curves 
for six-cyde dearing and Hi=H 2 =20 can 
be readily interpreted for nine-cycle clearing 
with Hi=Hj=45 by increasing de-energi¬ 
zation times given on the curves by a factor 
of 1.5. 

Similarly the nine-cyde dearing results 
for Hi—Hi=2Q may be interpreted as ap¬ 
plicable for six-cyde dearing with iZi=i3»=* 
20/2.25 = 8.86 if the de-energization times 
are decreased by dividing by 1.5. 

The concept of equivalent or effective 
system inertia constant may be applied 
approximately (could be correctly applied 
if resistance were negligible) so that the 
above results may be interpreted to apply 
to systems having effective inertia constants 
corresponding to -fil 2 ) 

The pull-out power shown in the curves 
corresponds to the recdving pull-out power.* 
This may also be used as the power limit 
for a line-to-ground fault for ground-fault 
neutralizer operation as compared with the 
other methods of fault dearing. 


Appendix II. Conditions for 
Study of Hydroelectric Systems 

A series of cases was studied correspond¬ 
ing to a hydrodeetric station delivering 
power over a single-circuit line to a large 
system. The line constants were taken to be 
the same as for the interconnection study 
outlined in appendix I. The remaining 
system constants are, see Figure 14, 

Xa = 0.30 on generator kva 
Xn =#t* 2 =0.10 on generator kva 
#*=0.10 on generator kva 
P r =kw rating of generator in per unit of 
2.5 (kv) 2 

Rated generator power factor=0.9 
Generator kva=*P r /0.9 

Normal voltage was assumed at the 
sending- and receiving-end high-voltage 
terminals under initial conditions. The 
faults were taken at the sending end. 

The maximum permissible de-energiza¬ 
tion times were determined, for a power 
transfer of 1.1 XP r corresponding to a ten 
per cent stability margin or a power prac¬ 
tically equal to the kilovolt-ampere rating 
of the generator. The results of the calcu¬ 
lations made for these cases are shown on 
Figures 8 and 9 for nine- and six-cycle 
dearing. The maximum permissible deener¬ 
gization times for faults involving more *Tiqn 
one phase with tither single-phase or three- 
phase switching were all less than five cydes. 

The results for the six-cyde dearing ,can 



Figure 14. Typical hydroelectric system 


interconnection 

Refer to appendix.il 


346 Transactions 


Crary, Kennedy, Woodrow—Redosing Breakers 


Electrical Engineering 



23*‘*3 


c fC 0 C,-C 0 C|*C 

" b c 



W-4 — 


~* v c 


b e 2 t c r c o> ( c rQo) 

»_ •■ it 




(Figure 15. Circuits used in derivation of 
equations of appendix III 

foe interpreted for nine-cycle clearing when 
the inertia constant is increased from 3.0 to 
(1.6)*X3.0=6.75 by increasing the de¬ 
energization times by a factor of 1.5. 


Appendix III. Self-Clearing Char¬ 
acteristics of Arcs to Ground 
With Single-Phase Switching 

H. A. PETERSON* 

MEMBER AIEE 

In the case of single-phase switching, the 
capacity coupling from the sound phas e or 
phases to the stricken phase or phases tends 
to maintain an arc to ground once it is es¬ 
tablished. This is illustrated in Figure 15 
•of this appendix. Figure 15a shows the 
capacitance circuit involved. If it is as¬ 
sumed that phase a has been de-energized, 
the effective voltages in the circuit are 
F* and V e of Figure 15b. These can be 
resolved into components approximately as 
shown. The components Fj-*F„' and 
F«— V a r will have no effect on the voltage 
•or current of conductor "a”, since they are 
equal and opposite. The resultant effective 
component is F a '=0.5F& =0.5 F„. This is 
effective in the single-phase equivalent cir¬ 
cuit shown in Figure 15c where conductor 
"o’* retains its identity while conductors 
“b” and “c” are shown as a common point. 

With switch S closed, a current flows 

'*H. A. Peterson is with central station engineer¬ 
ing department, General Electric Company, Sche¬ 
nectady, New York. 
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(a) Source reactance: *o=*i=x 2 =25 ohms 
Line: 

ft*0.15 ohm per mile 
To®0.36 ohm per mile 
* 1 = 0.80 ohm per mile 
*o = 3.2 ohms per mile 
Ci = 1.6Co 

Co=0.01 /if per mile 

Figure 16. Transient analyzer circuit and 
oscillograms of line-to-ground fault clearing 
phenomena 

Refer to appendix ill 

through it to ground corresponding to the 
arc current which must be extinguished be¬ 
fore conductor “a” can be normally ener¬ 
gized for carrying power. The current 
flowing through 5 is 

T _ 0-SF a 

* 1 l 

co(Ci~Ci) 2co(Ci —Co) 

_ 0.5 F a «o(Ci-Co)F a 

3 3 

2<o (Ci— Co) 

In terms of normal charging current for the 
section of line being switched out dividing 
by <oC, this becomes 

I, co(q —C 0 )F» (Ci-C,)F> 

Ine . 3(oC| 3 Cl 

where I w is normal positive phase sequence 
line charging current. In a typical over¬ 
head line, Co =0.6 Ci is representative. 
Therefore, 

I* (Ci-0.6Ci)F 6 0.4F» 

is- 

or the current to be extinguished is 13.3 
per cent of the normal line-charging current 
of the line section being switched with 

normal line-to-ground voltage on the other 

phases. Thus the arc current is propor¬ 
tional to line length switched out and 
system voltage. 

The recovery voltage F 0 appearing across 
the switch S following the extinction of the 
arc current is 

0.5/ uCoVb 

L_ + _i_ 

2«(Ci—C o) <oC 0 


0.5/Co 7 6 
3 Cp-f-2 (Ci — Co) 
2Co(c,-q») 

Again, assuming C 0 = 


(Ci — Co') Fp 
Co 4*2 Ci 

0.6 Ci 


V (Ci—0.6 CO Ft 0.4 Ft . . .. 

“aec l+ 2c,""^r" 0 ' I54n 



(b) 90-11—Recovery voltage for single¬ 
phase switching of line-to-ground fault with 
no restriking. Interruption at normal current 
zero 



90-12—Recovery voltage for single-phase 
switching of line-to-ground fault with re¬ 
striking. (Two restrikes) 



or the voltage on “a” due to capacitance 
coupling following the extinction of the arc 
is 15.4 per cent of normal line-to-neutral 
voltage. 

Similarly, from Figure 15a, it can be shown 
that with two phases “b” and "c” switched 
out, each having an arc to ground, the cur¬ 
rent magnitude in each arc is the same as 
for the single-phase case just considered. 
Furthermore, the voltage on the conductor 
first to clear is also the same in magnitude 
as the voltage for the single-phase case. 
However, the arc current for the last phase 
to dear of the two stricken phases will be 
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increased when the first arc goes out. If 
conductor “ b ” dears first 


le Ci —Cp 

InTzCi+C* a 

which, if C o = 0 . 6 Cj, becomes 


/, _ {Ci-O.QCi)V a 
ho 2Cj.4-0.6Ci 


0.4 V a 
2.6 


0.164 V a 


or the arc current has increased from 13.3 
per cent to 15.4 per cent of normal line¬ 
charging current in the section being 
switched out. The voltage on this phase 
when it has deared will become 


(Cj —Cp) V a 
Ci 4*2 Co 


V b 


as the voltage magnitudes are equal on both 
conductors after both are deared. If C 0 — 
O. 6 C 1 


V e =V„ 


q-0.6)V a _ 0AV a 

1+1.2 2.2 


0.182 V a 


or the voltage on the conductors when both 
are deared is 18.2 per cent of normal line- 
to-neutral voltage as compared to 16,4 per 
cent for either the single-phase case or the 
first conductor to clear for the two-phase 
case. Thus, it might be repeated that 
deionization times will be longer for double¬ 
line-to-ground than for single-line-to-ground 
faults. 

In the extinction of these arcs, the tran¬ 
sient recovery characteristic is also of im¬ 
portance. In order to study this phase of 
the problem, the transient analyzer was 
used. The system shown in Figure 16 was 
set up in miniature with the line open at the 
receiving end and only phase "a” open at 
both ends. By means of synchronous 
switching devices , 10 the arc current through 
switch S was interrupted at current zero. 
Oscillogram 90-11 shows the nature of this 
recovery voltage. It is important to note 
that the a-c component is completely offset, 
so that the instantaneous voltage to be 
deared in each case is actually twice the 
sustained fundamental frequency compo¬ 
nent, or approximately from 30 to 35 per cent 


of normal line-to-neutral crest voltage. 
Furthermore, this voltage is reached one- 
half cycle after the assumed instant of dear- 
ing. 

It is of interest to observe the effect of arc 
restriking. This is shown in oscillogram 
90-12. Two restrikes, at approximatdy 
maximum voltage, were imposed for this 
case which gave rise to a voltage on the de¬ 
energized conductor “a” of approximately 
65 per cent of normal line-to-neutral crest. 
These restrikes were controlled so as to give 
the maximum possible voltage per restrike. 
In the actual case, two restrikes would be 
extremely unlikdy to give voltages this 
high. However, it is very likely that a good 
many more half cydes of arc current will 
flow before final interruption takes place, 
thus making possible a far greater number of 
restrikes. 

A comparison of this voltage recovery 
characteristic and that of a ground-fault 
neutralizer system following the self-extinc¬ 
tion of an arc to ground is enlightening; 
For the same system shown in Figure 16, but 
grounded through a neutralizer, the recovery 
characteristic is as shown in oscillogram 
90-8. This illustrates the relatively slow 
"drift” of recovery back to normal restored 
voltage, taking three or four cydes to get 
up to 50 per cent of normal line-to-neutral 
voltage. Furthermore, arc restriking can¬ 
not increase this rate of voltage recovery, 
because each restrike simply causes the 
entire process to be started over again. 

The preceding discussion has dealt with' 
the dissimilarities of these two recovery 
characteristics. If only the first cyde fol¬ 
iowring arc extinction writhout restriking is 
considered, there are also important simi¬ 
larities. In this interval, the recovered volt¬ 
age versus time is of the same order of mag¬ 
nitude for both cases. Since this is likdy to 
be the most significant interval of time dur¬ 
ing the extinction period, it is likely that arc 
extinction times may be expected to be some¬ 
what similar for both cases. This time varies 
over wide limits, depending upon several 
factors, such as tower-footing resistance, 
atmospheric conditions, system voltage, 
system losses, and so on. Even with all of 
these factors fixed, there is an inherent 


randomness in arc behavior which maw» g 
arc clearing time subject to wide variation. 
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Impulse and 60 -Cycle Characteristics of 

Driven Grounds—II 
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T HIS paper extends the contribution 
on grounds of the first paper 1 in the 
following directions: experimentally, theo¬ 
retically, and from the application stand¬ 
point. 

The experimental data are from tests 
on twelve additional grounds driven in the 
field adjacent to the Sharon high-voltage 
laboratory. Seven of the grounds are in 
day soil in a location which is naturally 
moist; these Meggered from 10 to 40 
ohms. Two of the grounds are in natu¬ 
rally dry and gravelly soil, and one is in 
sand; the Megger resistance for these is 
from 60 to 220 ohms. The r emainin g two 
are in soil which consists of a mixture of 
day and stones and Meggered from 26 to 
190 ohms. The depth of the grounds 
ranges from 8 to 30 feet. Impulse and 
60-cyde data are presented both for the 
single grounds and for paralld combina¬ 
tions. The impulse data extend up to 
15,000 amperes and cover both positive 
and negative waves as well as other con¬ 
ditions. Tables, curves, and typical 
cathode-ray oscillograms present the more 
pertinent findings. 

Analysis of the data shows that the de¬ 
crease in resistance of driven grounds with 
increasing impulse current can be con¬ 
sidered as the result of an increase in the 
effective radius and length of the rod. 
The agreement between experimental 
curves and curves calculated in this man , 
ner establishes the fact that the soil sur¬ 
rounding the rod breaks down at a critical 
voltage gradient. The two important 
factors associated with the soil are the 
resistivity and the breakdown gradient. 
In addition to providing a basic explana¬ 
tion of the physical processes involved, 
the analysis indicates that the impulse 
characteristic curve of a ground may be 
extrapolated with reasonable assurance 
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on power transmission and distribution for pres¬ 
entation at the AIEE winter convention, New 
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to higher currents than the experimental 
data alone would permit. Furthermore, 
the methods established may be extended 
to study the relative characteristics of 
other types of grounds and arrangements, 
such as parallel grounds, the footing of 
tower structures, and so on. 

This paper considers briefly the effect 
of lead inductance in combination with 
the ground proper, and it points out the 
practical importance of the lead or tower 
structure drop particularly for the rapid 
current discharge associated with direct 
strokes. Other factors affecting the im¬ 
pulse discharge are the conditions in the 
earth related to the soil and geological 
structure. 

% 

Physical Characteristics of Grounds 

The 12 additional grounds, designated 
as E, F, G, H, I, J, K, L, M, N, 0, and P, 
were driven in the spring of 1940 with the 
assistance of the Pennsylv ania. Power 
Company. The physical characteristics 
of the grounds are summarized in Table 
I. A view of the location and arrange¬ 
ment is shown in Figures 1 and 2. The 
one-inch-diameter rods and the rod in sand 
were driven with a sledge hammer; all 
other grounds were driven with a gasoline- 
operated hammer. The deeper grounds, 

L and P, are made up of eight-foot rods 
which are joined with suitable coupling. 

All of the grounds except M are in 
natural soil and are located within 80 
feet of the high-voltage laboratory. The 


grounds are well removed from fences 
and adjacent conducting objects with the 
possible exception of grounds N and 0. 
Other details of adjacent objects and the 
terrain are apparent from the figures. 
Ground M consists of a six-foot diameter, 
ten-foot-deep hole packed with ordinary 
sand. The rod is driven down in the 
center of the sand. The sand was left to 
settle fully six months before the first 
serie sof impulse tests was made. At 
the time of the second series of tests a 
year later, the soil had gained consider¬ 
able consistency and hardness. 

The physical nature of the soil for 
grounds E, F, G, H, I , J, and P became 
apparent from the examination of a six- 
foot-diameter, ten-foot-deep hole (Figure 
3) which was dug at a location some 30 
feet from the grounds. While details of 
the strata and formation of the soil can 
vary considerably over this distance, 
nevertheless, Figure 3 indicates what to 
expect at the grounds. About six inches 
or more at the top is vegetation soil, then 
follows to a depth of four feet a combina¬ 
tion of day and gravel with a sprinkling 
of sand. Below this is a strata of about a 
foot of compact gravel and rocks. From 
five feet down to ten feet, the bottom of 
the hole, the soil is . a thick blue day. 
Water seeped in the hole at a depth of 
three feet. While this may not be the 
exact depth of the ground-water level, it 
indicates evidently that the soil for these 
grounds is naturally moist. It is dif¬ 
ficult to state with certainty how far 
down bedrock lies. Rod P was driven 
with the gasoline hammer, straight down 
as far as it could be driven. Apparently 
it struck bedrock at 30 feet. According 
to the Geological Survey of Pennsyl¬ 
vania, bedrock in this district consists of 
fine-grained sandstone with alternate 
layers of shale. 

Grounds K and L are located on the 
flat part of the embankment which rises 


i. ■ iiysicai characteristics 




_ Depth 

Date Diameter of Rod Driven 

Ground Driven and Material (Feet) 


Nature of Soil 


Spacing Apart and Location’ 1 


E 

F 

G 

H 

I 

J 

P 

K 

L 

N 1 


M 


• 4-12-40... 1-inch steel .10.. 


Largely clay. Soil ] 
naturally moist. See J 
i Figure 3 


.29.. 


.4-11-40.. ,*/a-inoh steel 

.4-11-40,. .'/s-inch steel 
.4-11-40...Va-inch steel 

. 4-12-40. 1 ‘A-inch Cop-1 g 
l perweld J 


(Rod P struck bedrock' 
■j 29 feet 3 inches be- 
( low surface 
. 8) (Gravelly with clay 1 

• 16 > l mixture. Soil dry ) 


( Partly stony. Soil 1 
l fairly moist j 


5-1-40.. | S /W» c b Cop-). g... (Ordinary sand used in 

( perweld J l construction work 


{ Grounds E, F, G, H, I, and J 
spaced 10 feet 2 inches apart 
Ground P offset west fron 
group above. Ground 
driven in field 

, | Grounds K. and L 17 feet apart 
l Driven in embankment 
f Ground N located adjacent t< 
• • j wood pole and 0 10 fee 
( apart 

6-foot diameter 10-foot dee] 
hole filled and packed witl 
sand 


H 


*For details on location, spacing, and terrain, see Figures 1 and 2. 
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Figure 1. General view of grounds Figure 2. Arrange- 

. ment of grounds 

above the field where all of the other 



grounds are located. From K and L 
the land extends to the highway nearby, 
then up a hill rising beyond. A recent 
excavation of soil (October 1941) from 
the embankment near the grounds reveals 
that the top six feet are largely gravel 
with some day, sand, and stones. Deeper 
down the soil becomes mostly day with a 
mixture of sand. Due to the natural 


The class and nature of the soil in which 
the twdve additional grounds are driven, 
as well as the physical characteristics of 
the grounds proper, represent a variety 
of typical conditions that should give 
rather wide scope to the investigation pre¬ 
sented here. 


The second series of impulse tests 
covers a period from August to September 
1941. The results of these tests appear 
in Tables V, VI, VII, and VIII. The 
grounds tested are F, II, I and the paral- 
ld combination F-G-H-I all in day soil; 
M in sand; and K, L, N, 0 in gravel and 
stones with a mixture of clay and sand. 


drain and the composition of the soil, 
grounds K and L are in naturally dry 
soil. This is particularly noticeable for 
ground K which in fact meggered the 
highest of all the grounds. 

Grounds N and 0 are located in the 
flat terrain extending westward. Ground 
N is six inches from a distribution-line 
wood pole that was erected in 1934. Dig¬ 
ging the hole for the pole at the time evi¬ 
denced the presence ctf many large stones 
with day, sand, and gravd. Ground N 
in particular and ground 0 to a les ser 
extent are embedded in soil of this na¬ 
ture. The terrain in which the twelve 
grounds are driven has a natural drain 
toward the Shenango River which lies a 
quarter mile westward at a level some 30 
feet below. 


Tests 

The first series of impulse tests was 
completed late in the fall of 1940 before 
the ground frost started. Grounds F, G, 
P, M, and the paralld combination F-G 
were tested at this time. The results are 
summarized in Tables III and IV. For 
the grounds in day (F, G, P) the wave is 
dose to 20x50 microseconds, while for 
the ground in sand (M), it varies with in¬ 
crease in current from 8x125 to 25x65 
microseconds. The currents for these 
tests cover a range of 400 to 15,500 am¬ 
peres. Typical osdllograms are shown in 
Figure 5 (AA and AV) and Figure 6 
C<4i?). Both positive and negative wave 
impulses were applied in the first series 
of tests. 


Some of these grounds were tested under 
the conditions of both fair weather and 
rain. In the preceding and other tests it 
was found that the polarity of the wave 
has little effect, and for this reason the 
second series of tests was made with nega¬ 
tive waves, since this polarity appears to 
predominate in the lightning-stroke dis- 
charges to earth. In addition to the 
waves used in the first series, tests were 



Table II. 60-Cycle Test and Calculated Values Compared 


Experimental Values (Ohms) 
Single Grounds 



7-22-40. 
12- 6-40. 

3- 20-41. 

4- 30-41. 
6- 6-41. 


.28.0... 

.35.0... 

.40.0... 

.38.0... 

.35.0... 


F & G 


.23.0.21,6.21.8.. 

• 27.5.24.3.26.8... 

.27.5.23.0.27.0.., 

.29.0.25.0.30.0... 

.27.0.24.2.27.0... 


..22.3. 

..27.0. 

..30.0. 

..30.0. 

..26.7. 


...26.9. 

...28.8 

...32.0. 

..,35.0. 

...30.5. 


...54.24.4 


Experimental and Calculated Values (Ohms) 
Grounds in Parallel 


H & I 


F-G-H-I 


E—F—G—J 


K ft L 


N ft O 


Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. 


7-22-40.. 
12- 6-40.. 

3- 20-41.. 

4- 30-41.. 
6- 5-41,. 

Average) 
per cent >, 
error ) 


13.0...12.7....12.9...12.6.... 8.36...7.7 

14.5.. . 14.8.... 15.0.. .15.2.,.. 8 75 9 1 

• • •«.«.. .18.3... .ii.«:: 

15.5.. . 15.4,,,.16.0..,17.1.. 11 0 9 9 

15.0.. .14.6... .15.0.. .15.3... . 9.3 .'.’ 9 1. 


. 9.58... 8.2....39...35. 
. 8.75... 9.5 
.10.5 ...10.1.,,.46.,.46 
.12.0 ...10.5....50...46 
. 9.3 ... 9.6....42...39 


.17.5...22 


■•2.5%.3.1%, 


.8.5%.. 



Figure 3. Section showing nature of soil for 
clay grounds 

(a) Vegetation soil 

(b) Combination of clay, sand, and gravel 

(c) Strata of gravel and rock 

(d) Thick blue day 

(0 Ground-water level 
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Figure 4. Seasonal variation of 60-cycle 
(Megger) resistance of grounds 

also made with an 8x26-microsecond and 
a longer wave. The wave form and dura¬ 
tion. of the impulse for the tests on each 
ground are given in the tables. Typical 
oscillograms for these tests are shown in 
Figure 5 (AL and AZ) and Figure 6 (CI 
and BE). 

Sixty-cycle measurements of the 
grounds have been recorded from time to 
time. Most of the readings were recorded 
with a Megger. These were taken 
through the assistance of the Pennsyl¬ 
vania Power Company in the conven¬ 
tional manner. In a few of the tests, the 
voltmeter-ammeter method was applied. 
This and previous investigations show 
that the Megger and the voltmeter-am¬ 
meter methods give practically the same 
resistance value. The two methods are, 
therefore, considered one and the s ame , 
and the data obtained from them are 
designated as 60-cycle resistance. In ad¬ 
dition to the 60-cyde resistance measure¬ 
ments of single grounds and parallel com¬ 
binations, the voltages developed from 
one ground to adjacent grounds were 


studied. The results of these tests are 
reported in Table IX. Similar tests made 
with impulse currents will be discussed in 
another section. 

The method of test has been described 
in the first paper. Briefly, the impulse 
generator and the instruments are 
grounded to the common, low-resistance 
ground of the laboratory, which meg- 
gered for this investigation from 0.3 
ohm to 0.9 ohm, and averaged 0.5 ohm 
to earth. The impulse voltage is recorded 
at the cathode-ray oscillograph through a 
voltage divider, and the current is re¬ 
corded by means of a suitable shunt in¬ 
serted in the grounded end of the im¬ 
pulse generator. Three values of impulse 
generator capacitance have been used, as 
stated in the tables. The impulses cor¬ 
responding to each are nominally 20x50-, 
8x25-, and 20x120-microsecond waves, 
the specific form depending on the re¬ 
sistance of the ground. The superim¬ 
posed oscillations appearing on the front 
of the wave are due primarily to the com¬ 
bined effect of the stray capacitance and 

series inductance in the test circuit. For 

instance, AR of Figure 0 is an oscillogr am 
with more than the usual amount of 


superimposed oscillations. These have 
no major effect on the ground proper but 
render difficult the analysis of the oscillo¬ 
grams below about three to five micro¬ 
seconds. It is an established principle 
that superimposed oscillations resulting 
from stray capacitance Ci and series in¬ 
ductance L s in the generator circuit may 
be dampe d out by a series resista nce of 

2\/ L a /Ci or aloadresistanceof l /a LJCi. 
The series resistance is impractical for it 
materially limits the current delivered to 
the ground. A calculated resistance of 
150 ohms was shunted across the surge 
generator with the improvement in the 
wave generated and applied as shown in 
oscillogram CI of Figure 6. Oscillo¬ 
grams AR and CI are directly compar¬ 
able. 


60 -Cycle Characteristics 

Sixty-cycle measurements for the 16 
single grounds and five parallel combina¬ 
tions, taken over a period of two years, 
are plotted in Figure 4. The curves for 
the grounds in clay soil are grouped in 
the upper half of the chart; those.for the 
grounds in sand, gravel, and stone are in 
the lower half. It is apparent that the 
seasonal variation of the resistance of 
grounds follows a cycle essentially inverse 
to the temperature cycle. While tempera¬ 
ture appears to account largely for the 
seasonal change, rain precipitation, long 
dry spells, natural moisture content, com¬ 
position of soil, and other factors can af¬ 
fect the resistance. For the grounds in 
clay, the variation from the annual mean 
resistance ranges from 10 to 20 per cent. 
The grounds in sand, gravel, and stone 
are subject to variations of 25 per cent 
and even more from the annual mean re¬ 
sistance. Since the annual variation of 
the average temperature of the top ten 
feet of soil would be in the order of 10 
to 15 degrees centigrade, the temperature 
coefficient of the resistance of the soil is 
about two to three per cent per degree 
centigrade. These characteristics check 
the results reported by other investi¬ 
gators. 2 ' 8 ' 4 The deeper the ground is, 
the less will be the seasonal variation. 
For instance, L is twice as deep as K and 
has half the per cent variation in resist¬ 
ance. The seasonal change in the re¬ 
sistance of ground P which is 30 feet deep 
in clay soil is about eight per cent com¬ 
pared to 20 per cent for the nine-foot 
ground A also in clay. Ground N, em¬ 
bedded largely in stones, suffers very wide 
seasonal fluctuations in the 60-cyde re¬ 
sistance. The instability of this ground 
was further evidenced by the fact that 
while the 60-cycle measurements of all 
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Figure 5 (left). 
Typical oscillograms 
of impulse currents 
andvoltages(grounds 
in clay) 


Figure 6 (right). 
Typical oscillograms 
of impulse currents 
and voltages (ground 
in sand) 



the other grounds could be duplicated at 
a given time within the usual small ex¬ 
perimental error, the check measurements 
of ground N would show wide variation. 

The physical dimensions of the rod and 
the resistivity of the soil determine the 
60-cyde resistance of a driven ground. 
The relationship is given in equation 1 of 
appendix I. While the physical dimen¬ 
sions are well defined, the resistivity of 
the soil may only be approximated, since 
it varies with the temperature and de¬ 
pends on the moisture content of the soil, 
the physical and chemical composition, 
as well as on other factors. Moreover, 


the soil may not be homogeneous even 
within the limited volume surrounding 
the rod, nor is the temperature constant 
from the surface down to the effective 
depth of the ground. All this is apparent 
from a study of the data for grounds, 
E, F, G, H, I, J in Figure 4. These 
grounds physically are identical and are 
in day soil, driven within an area 10 by 
30 feet. Over a period of one year, the 
resistivity of the soil for the individual 
grounds as determined from the equation 
ranges from 7,000 to 13,000 ohm-centi¬ 
meters with an over-all average for the 
six grounds of 9,000-qhm-centimeters. 


Even when a suitable correction for the 
temperature is applied, the resistivity of 
the individual grounds for measurements 
taken at a given time may vary ±25 per 
cent from the average of the six grounds. 
In view of these inherent difficulties of 
calculation, direct measurement of the 
grounds remains to this day the practice. 

Until more is known of the resistivity 
of soils, equation 1 cannot be applied with 
suffident assurance to predetermine the 
resistance of a ground. However, cer¬ 
tain prindples are apparent and prac¬ 
tically useful. For instance, according to 
equation 1 ground P (29 feet deep) should 


Table III. Impulse Measurements of Grounds F, G, F-G, P (Clay) 

Period of Tests 11-30-40 to 12-2-40 






Measured Ground 


Ratio of 




Cathode-Ray 


Crest Values 

Impulse 

Impulse to 


Driven 

Wave Form 

Oscillogram 

Polar¬ 


Resistance 

60-Cycle 


Grounds 

(Microseconds) 

2075 

ity 

Kv Amperes 

(Ohms) 

Resistance 

Comments'" 


F alone 


G alone 


{ Current wave\ 

.20x49 I. 

Voltage wave (. 

18x50 J 

/Current wave^ 

, J 20x50 1 

.| Voltage wave \ . 

v 19x51 ' 


P alone 


\ 

F and G t /Current wave-v 

in 1 .J 20x46 l.j 

parallel ) (Voltage wave J ) 


{ Current waves 

20x45 I. 

Voltage wave (. 

20x45 / 


AB. .. 

.. .Pos. 

.... 31.5.. 

.... 1,545. 

• ••••■20• 4. • • 

...0.74 

AC... 

.. .Pos. 

.... 55.5.. 

... • 3,450. 

.16.1... 

...0.59 

AD... 

.. .Pos. 

.... 84.9.. 

.... 6,240. 

.13.6... 

...0.50 

AE... 

... Pos. 

....110.5.. 

• •». 8,880 • 

.12.5... 

...0.46 

AF... 

.. .Neg. 

.... 32.2.. 

.... 1,550. 

• ••••« 20.8.. • 

...0.76 

AG... 

.. .Neg. 

.... 59.0.. 

_ 3,360. 

.17.6... 

...0.64 

AH... 

.. .Neg. 

.... 93.5.. 

.... 6,130. 

.•..,*15.3... 

...0.56 

AI.... 

... Neg. 

....110.5.. 

.... 9,075. 

.12.2... 

...0.45 

S... 

...Neg. 

.... 32.2.. 

.... 1,500. 

• «•«»» 21.5 • • • 

...0.89 

T... 

.. .Neg.... 

.... 63.5.. 

.... 3,200. 

♦ * • • • • 19 • 8 • • • 

...0.82 

V... 

...Neg. 

.... 91.8.. 

.... 5,550. 

.16.5... 

...0.68 

V... 

...Neg. 

....123.5.. 

....10,850. 

.11.4... 

...0.47 

AK... 

.. .Neg. 

....111.0.. 

.... 9,400. 

• e e • • •11•8» • • 

...0.49 

Y... 

... Pos. 

.... 86.7.. 

.... 6,000. 

• • • • « « 14 • 5 • • ■ 

...0.60 

Z... 

... Pos. 

....115.5.. 

.... 8,400. 

«•••••13«8.. • 

...0.57 

AA... 

.. .Pos. 

.... 31.8.. 

.... 1,490. 

.21.4... 

...0.88 

Ah... 

... Pos. 

....115.0.. 

.... 8,130. 

■ ••••«14«2.., 

...0.59 

BC... 

... Neg..... 

.... 54.1.. 

.... 4,320. 

• «••••12.5 • •. 

...0.86 

BD... 

... Neg..... 

.... 83.0.. 

.... 7,250. 

• .....11.5... 

...0.79 

BE... 

.. .Neg. 

....116 .. 

....11,350. 

.10.2... 

...0.70 

AS •«• 

...Neg. 

.... 26.5.. 

.... 2,480. 

.10.7... 

...0.78 

AT... 

... Neg. 

.... 50 .. 

.... 4,770. 

.10.5... 

...0.76 

AU... 

...Neg..... 

.... 78.3.. 

.... 8,170. 

•*.... 9.6... 

...0.70 

A V... 

...Neg..... 

....106.5.. 

.... 15,500. 

. 6.9... 

...0.50 

AW... 

.. .Pos. 

.... 27.4.. 

.... 2,170. 

• e • ♦ • • 12.6 • , . 

...0.92 

AX... 

.. .Pos. 

.... 46.1.. 

.... 4,310. 

.10.7... 

...0.78 

AY... 

.. .Pos. 

.... 73.5.. 

• • • • 8,250 • 

••••»« 8.9... 

...0.65 

AZ... 

.. .Pos. 

.... 94.5.. 

....11,700. 

•••••• 8.1... 

...0.59 

BA... 

.. .Pos... . . 

.... 95.8.. 

....11,700. 

•»...« 8.2... 

;..0.60 


Average Megger resistance of ground F, 
27.5 ohms. 

Slight breakdown in ground at higher 
currents 


Average Megger resistance of ground G, 
24.25 ohms. 

Major breakdown in ground at 6,000- 
ampere current and above 


II.{ 


Average Megger resistance of ground 
F—G, 14.5 ohms. 

Slight breakdown in ground at higher 
currents 


[ Average Megger resistance of ground P, 
l 13.75 ohms 


* In these tests the impulse generator consisted of three 100-kv, five-microfarad capacitor banks in series. Capacitance and inductance of test circuit were respec¬ 
tively 1.667 microfarads and approximately 250 microhenrys. No series resistance inserted in generator. 
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RATIO OF IMPULSE TO 60-CYCLE RESISTANCE 



Grounds In Clay 


Test 

Date 

Polarity 

Wave* 

Weather 

+ ... 

.Dec. '40. 

-Pos_ 

.20x50.. 

.. Fair-cold 

• ... 

.Dec. '40. 

.. .Neg... 

.20x50... 

. .Fair-cold 

©... 

• Aug. '41 

.; .Neg... 

.18x45... 

• .Fair-warm 

V... 

.Aug. *41. 

.. .Neg... 

.18x45... 

. .Rain-warm 

A* • • 

.Aug. '41. 

... Neg_ 

.10x20... 

. .Rain-warm 

□ ... 

• Aug. '41. 

.. .Neg... 

18x40... 

...Fair-warm 


* Nominal value. 


measure 43 per cent of the resistance of a 
ten-foot ground driven in the same day- 
soil as E, F, G, H, I, J. Experimentally, 
ground P is 48 per cent of the average re¬ 
sistance of the six grounds. Equation 1 
is also useful to determine the resistivity 
of different soils. Let us consider ground 
K in gravel, M in sand, and the grounds 
in day. From the data we find that the 
average resistivities of the day, sand, and 
gravel soils in this investigation are 
respectivdy 9,000, 20,800, and 41,800 
ohm-centimeters or the resistivities are 
in the ratio of 1.0, 2.31, and 4.65. 

For grounds in parallel, the 60-cyde 
resistance depends on the physical di¬ 
mensions of the individual rods, the spac¬ 
ing and geometrical configuration of the 
rods, and the resistivity of the soil. The 
formulas and relationship for the parallel- 

Flgure 9. Impulse characteristic for various 
soils and grounds 


ground arrangements in this investiga¬ 
tion are discussed in appendix I. When 
the soil is fairly homogeneous, it is pos¬ 
sible to determine the resistance of 
grounds combined in parallel, provided 
either the resistances of the single grounds 
are known experimentally, or the average 
resistivity of the soil has been established. 
Calculated and experimental data for the 
parallel grounds are compared in Table 
II. Grounds E, F, G, H, I, J in day are 
in fairly homogeneous soil. The calcu¬ 
lated resistance for the parallel pairs, 
F—G and H-I, is 57 per cent of the aver¬ 
age single-ground resistance, for the four 
grounds F-G-H-I in a square arrange¬ 
ment and E—F—G—J in a row, it is respec¬ 
tively 35 and 33 per cent. The agree¬ 
ment between the calculated and experi¬ 
mental values for the two pairs, F-G and 
H-I, is within three per cent. For the 
two parallel groups, F-G-H-I and E-F- 
G-J ', the agreement is within ten per 
cent. Part of the difference is accounted 
for by error in measurement, part is due 
to the assumptions in the calculation. 
Methods for determining the parallel 
resistance of two rods driven at different 
depths, as grounds K and L, have been de¬ 
veloped. The calculated and experi¬ 
mental values for these two grounds 
which are in gravel lie within ten per cent 


Figure 8. Variation of impulse resistance of 
sand ground with polarity, wave shape, 
season, and rain 


Ground In Sand 


Test 

Date 

Polarity 

Wave* 

Weather 

+ - 

...Dec. '40. 

....Pos.... 

..15x90... 

.. .Fair-cold 

• • 

...Dec. '40. 

. ...Neg... 

-.15x90... 

.. .Fair-cold 

©.. 

.. .Aug. ‘41. 

.. .Neg... 

..15x65... 

... Fair-warm 

A • • 

. .Aug. '41. 

.. .Neg..., 

.. 8x25... 

. .Rain-warm 


..Sep. '41.. 

... .Neg... 

..15x65... 

. .Fair-warm 


* Nominal value. 


of each other. A difference of 25 per cent 
is found for ground N-0 in parallel. 
These two rods physically are identical. 
The large discrepancy is due likely to the 
instability of ground N, which is driven 
close to a wood pole, adjacent to a fence 
and possibly to other conducting objects 
in the soil, and is embedded in rocky soil. 
In summary, the resistance of parallel 
grounds can be calculated with good engi¬ 
neering approximation as a per cent of the 
resistance of the individual grounds, pro¬ 
vided the conditions of the soil are fairly 
homogeneous, and no major extraneous 
effects are present. 

The 60-cycle data in Table IX show 
that 85 per cent of the voltage applied to 

Figure 10. Impulse characteristic for single 
and parallel grounds 
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Figure 11. Variation of resistance during im¬ 
pulse discharge (ground F— clay) 
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Figure. 12. Variation of resistance during 
impulse discharge (ground M —sand) 
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Figure 13. Variation of resistance during* im¬ 
pulse discharge (parallel ground F-G-H-b 
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Figure 14. Variation of resistance during im¬ 
pulse discharge (ground K —gravel and clay) 
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Figure 15. Variation of resistance during im¬ 
pulse discharge direct to earth (clay) 

a single one-inch diameter rod appears 
within a radius of about ten feet from the 
rod. In the case of four rods in parallel ' 
which correspond to the four legs of a 
tower structure in the earth, 75 per cent 
of the voltage drop is absorbed within 
the first ten feet from the footings. Con¬ 
ditions of the soil can change this distri¬ 
bution of voltage and gradients, but on 
the whole, these data are in good agree¬ 
ment with the findings of other investiga¬ 
tors. 4 In fairly homogeneous soil, it is ap¬ 
parent that the resistance of grounds is 
determined largely by the mass of earth 
within a few feet of the rods. In this 
confined region relatively high gradients 
may be developed, particularly adjacent 
to the rod. Analysis of the voltage dis¬ 
tribution has been made and the results 
agree with the experimental data. 

Impulse Characteristics 

A. Variation of Resistance With 

Current 

This and previous investigations indi¬ 
cate that when impulse currents are ap¬ 
plied to driven grounds, the resistance de¬ 
creases considerably with increasing cur¬ 
rent. The nature of this decrease can be 
shown by plotting the apparent resist¬ 
ance (crest voltage divided by crest cur¬ 
rent) against the; crest current, as illus¬ 
trated in Figures 7 and 8. To compare 
kinds of soil and types of grounds, the 
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ratio of apparent impulse resistance to 
60-cyde resistance is plotted against the 
crest impulse current. This curve is 
railed the “impulse characteristic” of the 
ground: Figures 9 and 10 are examples. 

The physical processes accounting for 
the decrease in resistance are considered 
in the next section. 

Briefly, according to this analysis, the 
soil breaks down at a critical gradient, 
increasing the effective radius and length 
of the rod. The analysis shows that the 
effective radius is proportional to the cur¬ 
rent above critical breakdown current 
which corresponds to critical gradient at 
the rod surface. 

B. Factors Affecting Impulse Char¬ 
acteristic 

The impulse resistance data of Tables 
III and V for ground F in day and of 
Table VII for parallel ground F-Gr-H-I 
all in day are plotted in Figure 7. Simi¬ 
larly the data of Tables IV and VI for 
ground M in sand are plotted in Figure 
8. These figures show the effect on im¬ 
pulse re s i stan ce of the polarity of the 
wave, the wave form, the seasonal 
changes, and other influendng factors 
due to the weather such as rain. 

Present data confirm that polarity has 
little effect on impulse resistance. Within 
the range of waves applied in this and the 
previous investigation (6x13 to 20x120), 
the wave of the impulse does not affect 
in an appredable amount the impulse re¬ 
sistance characteristic. 

On the other hand, a seasonal varia¬ 
tion is dearly in evidence and is an im¬ 
portant factor. For instance, the im¬ 
pulse resistances at 1,000 amperes for 
grounds F and M are subject to about 
the same per cent variation as the corre¬ 
sponding 60-cyde resistances. The sea¬ 
sonal effect is particularly marked at the 

Figure 16. Variation of ratio during impulse 
current discharge compared with characteristic 














V 

!,_ 











A 


X, 


G 

O 

cc 

IND 

F 

[CLAY) 

_ 1 _ 



.r 

c 



§ 

X 


■F (t 

iU6.- 

See 

T. 19 

41) 








S 





• 

.0 

4 

~L 

-cs 

H-21 

34-C 

oH 












:sh- 

218* 

-AY 
















l 












• 1 

oL— 

* 












IMPULSE CURRENT (CREST)-AMPERES IMPULSE CURRENT (CREST)-AMPERES 


354 


Bettaschi, Armington, Snowden—Characteristics of Driven Grounds—II AIEE Transactions 





















low and medium currents but decreases 
at the higher currents. Tests on these 
grounds made within a few days of 
other, both in fair weather and under or 
after sustained rain, indicate that rain 
does not affect the impulse resistance ap¬ 
preciably. 

According to the analysis referred to 
previously, there are two properties of 
soil which determine in a large measure 
the impulse characteristic of a ground 
driven in it. These are the resistivity 
which determines the gradient for a given 
current density and the critical gradient 
at which the soil breaks down. . The in¬ 
fluence of soil on the impulse characteris¬ 
tic of grounds is illustrated in Figure 9. 
For comparison of results, curves for the 
similar grounds, F, M, K, and N are 
taken respectively from the data of 
Tables III, IV, and VIII. Considering 


critical gradient the same for two soils of 
different resistivity, the impulse charac¬ 
teristic of a rod driven in the high-re¬ 
sistivity soil will be moved to the left 
of the impulse characteristic of a «ttnil a r 
rod in the low-resistivity soil by an 
amount approximately equal to the ratio 
of the lower resistivity to the higher re¬ 
sistivity. This relation is apparent from 
the curves in Figure 9 for grounds F in 
clay, M in sand, K in gravel and stones 
with day, and N in stones with clay. As 
stated previously the 60-cycle soil re¬ 
sistivity for clay (F), sand (M), and 
gravel \K) are in the ratios of 1.0, 2.3, and 
4.7. The characteristic curves for the 
three grounds are displaced to the left 
by an amount bearing an inverse r elat ion 
to the corresponding resistivities of the 
soils. In short, grounds in very low- 
resistance soils approach the flat charac¬ 


teristic curve through unity which cor¬ 
responds to a metallic conductor, while 
grounds in high-resistivity soil and of high 
resistance have a characteristic falling 
abruptly to low ratios. Grounds driven 
in high-resistivity soils such as N, K, and 
to a lesser extent M, may suffer in addi¬ 
tion major breakdowns in the body of the 
soil, beginning at medium or even rather 
low currents, thus accentuating the char¬ 
acteristic still more. The voltage oscillo¬ 
gram of Figure 6-AQ illustrates a major 
breakdown in the body of the soil for 
ground M which occurred at a rather high 
current. This tendency for high-resist¬ 
ance grounds to break down at low cur¬ 
rents has the effect of bringing closer to¬ 
gether the resistance of low- and high- 
resistance grounds for high currents. For 
instance, ground K in gravel has a Meg¬ 
ger value about six times as high as F, 


Table IV. Impulse Measurements of Ground M (Sand) 

Period of Tests 11-30-40 to 12-2-40 


Ware Form 


Impulse Resistance (Ohms) 


Cathode-Ray 

Oscillogram 

2075 


Voltage 

(Micro¬ 

seconds) 


Current 

(Micro¬ 

seconds) 


Measured Oround 
Crest Values 


Kv 


Amperes 


Resistance at 

Crest CreBt Apparent 

Voltage Current Resistance 

<*> (2) Crest V/I (3) 


Ratio of Impulse to 
00-Cycle Resistance 


( 1 ) 


( 2 ) 


(3) 


Comments* 


Negative Polarity 

P .10x90 .... 

N. .8x116.... 

f.8x86 .... 

M .....10x70 .... 

R . 9x100.... 

AM. 8x126. 

AR .... .10x60 .... 

Positive polarity 

0 . 8x95. 

P. 8x75 . 

Q . 8x65 . 

AW..8x125. 

AO.... .8x126. 

AP.8x100., 

AQ.8x60 .. 


.20x90 ., 
. 8x115., 
.25x90 .. 
.25x70 .. 
.16x100.. 
. 8x125.. 
.25x66 .. 


...133 .. 

... 42.6.. 
...125.5.. 
...170 ... 
..,82 
... 41.9... 
...165.5... 


••2.550. 57.2.. 

• • 457. 93 .. 

. .2,550. . . ... 64 

•5.150.43.5.. 

•1.100. 77.4.. 

• 425. 98.6.. 

.4.500 . 45.4.. 


44.3. 

93 . 

45.8. 

30.5 . 

73.1. 

98.5...... 

28.6 . 


52.2.. 
93 .. 

49.2.. 
33.0.. 
74.0.. 

98.5.. 

36.9.. 


..20x95 . 
..25x85 . 
..25x70 . 
.. 8x125. 
.. 8x125., 
..25x100., 
..25x66 .. 


... 80.8. 
...122 . 
...155 . 

... 40.4. 
... 41.7. 
... 81 . 
.166.6. 


■,.. 1,180. , 
... .3,000. 

. .4,570, , 
.... 400., 
... 433.. 
...1,150. . 
.4,500. 


• 77.6. 

• 56.5. 

• 43.2. 

.101 . 

06.7. 

84.5. 

45.4. 


• 84.7... 

. 36.3... 

. 30.2... 
.101 ... 
90.7... 
04.4.... 
28.6. 


. 68.5.. 
■ 40.7.. 
. 34.0.. 
.101 .. 
. 90.7.. 
. 70.6.. 
30.9.. 


..0.49.. 

..0.79.. 

..0.54.. 

.0.37.. 

. 0 . 66 .. 

.0.83.. 

.0.38.. 


... 0 . 66 .. 
...0.48.. 
...0.37.. 
...0.80.. 
...0.82.. 
...0.72.. 
0.38.. 


as in Table III. 


..0.38. 

..0.79. 

..0.39. 

.. 0 . 20 . 

.. 0 . 02 . 

..0.83. 

..0.24. 


.. 0 . 66 .. 

..0.30.. 

..0.26.. 

..0.80.. 

..0.82.. 

..0.54., 

•0.24.. 


Inductance of test circuit approximately 200 microhenrys. 


..0.44] 
..0.79 
..0.42 
..0.28 
.0.03 
.0.831 
.0.31i 


.0.58 

.0.34 

.0.29 

.0.86 

.0.82 

.0.60 

.0.31 


Average Megger re¬ 
sistance of ground 
M, 118 ohms. 
Slight breakdown 
at 4,500 - ampere 
current and above 



Cathode-Ray 

Oscillogram 

2184 


Voltage 

(Micro¬ 

seconds) 


Current 

(Micro¬ 

seconds) 


Ratio of 
Impulse Impulse to 
Resistance 60 -Cvei* 


A6 -B... 
C ... 
D ... 


K 
M 
N 
Q 
AJ 
AK 
AL 
AN 
A V 
AW 
AX 
AY 
AZ 


...14x50... 
...16x50... 
...15x46... 
. • • 16x43,,, 
...16x50... 
...16x47... 
...16x46... 
...16x44... 
...15x50... 
...15x47... 
...16x45... 
...15x44... 
...20x80... 
...20x80... 

... 8x22.., 
.. 8x22... 
... 8x21... 


.17x50... 
.18x50... 
.18x45... 
.19x42... 
.18x50... 
.17x50... 
.18x45..., 
,20x42,.., 
.10x50.,., 
. 17x50.. 

• 18x45..., 

. 19x43,. 

.23x90.... 

.23x90..., 

. 9x22.... 

.10x22.... 

.11x22.... 




1,810. 
8,120 
. 5,610. 
. 9,000. 
. 1,360. 
. 8 , 000 . 
. 6,540. 
. 9,570. 
. 1,375. 
. 3,020. 
. 5,500. 
. 9,270. 
,1,130. 
. 553. 

. 2,950. 
.6,750. 
.11,220. 


18.6. 
,.16.3. 

.13.0. 

..... 11 . 0 . 

-19.2. 

..... 10 . 2 . 

.....14.1. 

. 10 . 8 . 

-....18.2. 

.....16.2., 

.....13,5., 

.11.7,. 

• •••••21.8.. 
..... 22 . .. 
. *... .16.3,, 
,... . 12,7., 
*. * *. 10 , 8 ., 



8 * 22 ‘ 41 .Fair..., 


Fair., 


8-23-41..... 


a ( Ram nJ 8 ht before) 

-8-25-41....... J and during tbeV 

( tests . ) 

..8-25-41.... . . 

...0.601 

...0,51 [ .8-25-41.. (Heavy rain night) 

...0.44) i before tests 1 


(Impulse generator ca- 
i pacitance 
' Ct m 1.67 microfarads 

C« *■ 1.67 microfarads 


Ci “ 1.07 microfarads 

Ci “8 microfarads 
Ci "0.42 microfarad 


♦Negative polarity. ___ 

***“" (c,> w *“* ** “ ~ * -——,»‘ ir :"™ 8 ::::.! 24 ' 7 — 
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yet on a 5,000-ampere impulse discharge, 
it has an impulse resistance only twice 
that of F. All things being equal, a 
ground inherently low in 60-cyde re¬ 
sistance is desirable and preferred. 

The influence of the effective length of 
rod in the earth on the impulse charac¬ 
teristic of grounds is illustrated in Fig¬ 
ures 9 and 10. For comparison of results,* 
the curves for grounds P and F in Figure 9 
are from the data in Table III, and the 
curves for grounds F, H, and J, and F-G- 
H-I in Figure 10 are from Tables V and 


VII. Following the analysis previously 
mentioned, the impulse characteristic 
for a long rod, compared to that for a 
short rod of the same diameter and in the 
same soil, lies displaced along the current 
avis in proportion to the ratio of the 
lengths. As an example in Figure 9 the 
characteristic is Shown for rod P which 
has 2.9 times the length of F. For the 
Q flmp ratios of impulse to 60-cyde resist¬ 
ance, the curve corresponds to currents 
from 2.2 to 3 times the values for F. The 
curve for the parallel ground F—G—H—I, 


Figure 10, is also compared with a single 
ground. Ground F which is representa¬ 
tive of the four single grounds is used 
for this comparison. The total length of 
the four rods is four times the length of a 
single rod, and the characteristic of 
F-G-H-I would, therefore, be displaced 
to the right of F by a factor of four except 
for the mutual effect. For a ten-foot 
spadng the mutual effect is not great. 
For the same ratios the characteristic of 
parallel ground F—G—H—I lies displaced 
to currents that are two to four times the 


T. b |. VI. Impulse Measurements »l Ground M (S.ndM"«u.nce ol Season, Rain, and Other Atmorpheric Condition., Effect of W«»« 


Cathode- Ware Form* 


| rOsdl- Voltage Current 

logram (Micro- (Micro- 

2184 seconds) seconds) 


Measured Ground 
Crest Values 


Kv Amperes 


Impulse Resistance (Ohms) 

_____ Ratio of 

Resistance at Apparent Impulse to 

__ _Resistance 60-Cycle 

Crest Crest Crest Resist- 

Voltage Current V/I ance** 

(1) (2) (3) (3) 


R.. 

.. 8x80 _ 

..12x80 _ 

. 32.2 

S.. 

.. 8x70 .... 

..13x70 _ 

. 65.0 

T.. 

..10x60 _ 

..15x70 .... 

.116.5 

U. 

..12x50 _ 

..17x50 .... 

.161.0 

AO.. 

..10x70_ 

..12x80 .... 

. 33.1 

AP.. 

.. 6x50 .... 

..20x60 _ 

. 68.5 

AQ.. 

..16x45 .... 

..20x45 _ 

. 80.5 

AS.. 

..16x42 .... 

..18x40 _ 

.113 

AT.. 

..15x150_ 

..15x150_ 

. 14.1 

AU. 

..12x150.... 

..12x150.... 

. 28.3 

BD.. 

... 5x25 .... 

.. 7x25 .... 

. 78.4 

BE.. 

.. 6x23 .... 

.. 9x23 .... 

.145 

BF.. 

.. 6x20 .... 

.. 9x21 .... 

.200 

BY.. 

..10x70 _ 

..12x80 .... 

. 38.2 

BZ.. 

...10x70 .... 

..10x80 .... 

. 35.4 

CA.. 

..10x60 _ 

..12x60 .... 

. 72.7 

CB.. 

..10x70 .... 

..12x80 .... 

. 41.0 

CC.. 

..12x65 - 

..12x70 .... 

. 73.6 

CD.. 

..10x55 - 

..15x55 _ 

.122 . 

CE.. 

..12x45 - 

..18x47 .... 

.172 


795. 

1,730. 

3,650. 

6,420. 


.41.7.41.4.41.7.0.64\ 

.42.0.36.7.37.6.0.681 

.84.3.30.6.31.9.0.49 f 

.25.8.23.6.25.1.0.39/ 


795.41.6. 

2,340.41.8. 

5,150.15.8. 

9,220.12.8. 

285.49.6. 

570 .49.6. 

2,010.38.9. 

5,250.30.8. 

8,100.26.7. 

840.43.1. 

740.47.8. 

1,915.37.9. 

935..... 43.8. 

1,960.39.5. 

3,840 . 32.6. 

.7,000.26.1. 


..40.9.41.6.0.64\ 

..25.9.29.2.0.451 

..15.1.15.6.0.24 j ’ ’ 

..10.9.12.3.0.19/ 

..49.5.49.5.0.76) 

..49.6.49.6.0.77) 

..37.5.38.0.0.59) 

..26.2.27.6.0.43 r • • • 

..23.2.24.7.0.38) 

.,42.4.43.1.0.67 \ 

..47.8.....47.8.0.74 

..37.6.37.9.0.58 

..41.5.43.8.0.68 ... 

..34.9.37.6.0.68 

..28.2.31.7.0.49 

..23.9.24.6.0.38/ 


Date 

of 

Test 


Atmospheric 

Conditions 


Comments*** 


{ Impulse generator ca¬ 
pacitance, C» =* 1.67 
microfarads. Slight 
breakdown in ground 
at higher currents 
1.67 microfarads. 
Major breakdown in 
ground at higher 
currents 

8-25-41.Rain. C.-5.0 microfarads 


(Rain night before 
8-25-41... •< and during the )■ 
( tests ) 


!■{ 


MM*- ( H r,L"£,.r“}” c -° a 


9-10-41.Fair. 


i 


C, —1.67 microfarads. 
Slight breakdown in 
ground at higher 
currents 


♦Negative polarity. 

♦♦♦Capacitance (C«) of test circuit as indicated; inductance of test circuit approximately 200 microhenrys. 


♦♦Average Megger resistance of ground M , 65 ohms. 
No series resistance inserted in generator. 


Table VII. Impulse Measurements of Grounds H, I, F-G-H-I (Clay) 

Period of Tests 8-22-41 to 9-9-41 




Wave Form* 

Measured Ground 
Crest Values 



Driven 

Grounds 

Cathode-Ray 

Oscillogram 

2184 

Voltage Current 
(Micro- (Micro¬ 
seconds) seconds) 

Impulse Ratio of Impulse 
Resistance to 60-Cycle 

Ohms Resistance 


Kv Amperes 

Comments** 



rF-G 

..,18x40... 

...20x43... 

.. 14.5... 

... 2,160.. 

.6.70. 

.0.76\ 

F-G-H-I ) 

H 

...18x42... 

..,20x42,.. 

.. 29.2... 

... 4,540.. 

. 6.44...... 

.0.73 ( 

in f • • • • • 4 ^ 

I 

...18x42... 

...20x42... 

.. 49.4... 

... 7,820.. 

.6.31. 

.0.72 ( 

parallel ) 

V 

...18x40... 

...20x40... 

.. 70.0... 

...11,700.. 

• •••• 6•08 •••••• 

.0.68/ 


AD 

...18x40... 

...20x42... 

.. 14.7... 

... 2,150.. 

. 6.84. 

.0.78 


AE 

.. .18x41... 

...19x42... 

.. 14.7... 

... 2,015.. 

.7.30. 

.0.83 

F-G-H-l) 

AF 

...18x41... 

...20x42... 

.. 30.0... 

... 4,450.. 

.6.74. 

.0.77 

in r. 

AG 

.. .17x38... 

...18x39... 

.. 29.7... 

... 4,500.. 

.6.60. 

.0.75 

parallel J 

AH 

...18x41... 

...20x41... 

.. 46.9... 

... 7,730.. 

.6.07. 

.0.69 


AI 

...18x39... 

...20x41... 

.. 74.5... 

...12,200.. 

.6.10. 

.0.69 

F-G-H-l\ 

BA 

... 9x20... 

...10x21... 

.. 24.6... 

... 3,600.. 

■ •••• 6«83•••••• 

.0.78) 


' BB 

... 9x19... 

.. .11x21... 

.. 49.5... 

... 7,720.. 

....'. 6.40. 

,0.73 f 

parallel j 

BC 

... 9x19... 

...10x20... 

.. 76.4... 

...12,450.. 

••••« 6.13•••••• 

.0.70) 

(BO 

...17x44... 

...18x42... 

.. 25.4... 

... 1,770.. 

.14.34. 

,0.54\ 

I Alone... t f t ,, 11 ^ 

1 BP 

...17x41... 

...19x40... 

.. 50.3... 

... 4,220.. 

.11.90. 

. 0.44 v, 


BQ 

...18x44... 

...20x40... 

.. 75.8... 

... 7,600.. 

.9.97. 

.0.41f 


t.B.R 

...20x42... 

...21x89... 

..102.5... 

...12,700.. 

.8.07. 

.0.33/ 


BS 

...16x43... 

...18x43... 

• • 55•5•• • 

... 3,500 • • 

.16.6 . 

.0.66 


BT 

...16x42... 

...17x38... 

.. 90.5... 

... 6,480.. 

.....14.0 . 

.0.60 


BV-BXJ... 

...18x43... 

... 19x41... 

..133 ... 

...11,000.. 


.0.52 


BV 

...16x42... 

...18x38... 

..133 ... 

... 10,400.. 


.0.55 


BW 

...16x43... 

...19x40... 

..132 ... 

...loieoo.. 

.12.5 . 

.0.53 


BX 

...18x42... 

...17x44... 

.. 29.8... 

... 1,680.. 

.17.7 ;. 

.0.75 


Impulse generator capacitance C#- > 1.67 
microfarads. Average Megger resist¬ 
ance of ground F-G-H-I in parallel, 
8.8 ohms 


( Impulse generator capacitance C, — 1.07 
microfarads. Average Megger resist¬ 
ance of ground F-G-H-I in parallel, 
8.8 ohms 


C, —0.42 microfarad 


C, —1.67 microfarads. Average Megger 
resistance of ground I, 24.5 ohms 


C$ — 1.67 microfarads. Average Megger 
resistance of ground H, 23.5 ohms 


•Negative polarity. 

♦♦Capacitance (C 4 ) of test circuit as indicated; inductance of test circuit approximately 250 microhenrys. No series resistance inserted in generator. 
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Figure 18. Variation of voltage on grounds 
E-H-G during impulse discharge to ground F 
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Figure 19. Method of determining the im¬ 
pulse characteristic of driven grounds 


Figure 17. Voltage developed on E-H-G 
from impulse to ground F 

currents corresponding to the characteris¬ 
tic of F. There are other factors in regard 
to parallel grounds which will be dis¬ 
cussed later. 

The presence of metal fences, pipes, 
and other extraneous objects located ad¬ 
jacent to a driven ground can materially 
affect the impulse characteristics of the 
ground. This is the case for grounds N 
and 0. The particular point to note here 
is that for the same soil, the ratio of im¬ 
pulse to 60-cycle resistance when referred 
to unit length of rod or to current density 
at the rod surface is a fairly typical form 
of curve which is a characteristic of the 
soil; although a departure from this 
characteristic may be expected even for 
grounds driven in presumably identical 
soil. This variation is due to the fact that 
the soil may not be altogether homogene¬ 
ous and entirely the same throughout the 
mass of earth in which the grounds are 
driven, but can vary considerably from 
location to location as the curves for H, 


F, and I in Figure 10 clearly demonstrate. 
It is apparent from Figure 3 that a soil 
which for convenience may be classified 
as a kind can vary even for a single 
ground. 

C. Analysis of Impulses 

Valuable information concerning im¬ 
pulse characteristics can also be ob¬ 
tained by a direct analysis of the indi¬ 
vidual oscillograms. The method used 
is to plot the voltage and current from a 
given oscillogram to a uniform time scale 
and plot the resistance throughout. 
Typical oscillograms for grounds in day, 
sand, and gravel are plotted and ex¬ 
amined in Figures 11, 12, 13, 14, 15, and 
18. Some of these oscillograms are prac¬ 
tically free of superimposed osdllations 
on the front, as discussed in a preceding 
section with reference to oscillogram Cl of 
Figure 6. In others these extraneous ef¬ 
fects are averaged out. 

In Figures 11 and 18, the resistance of 
ground F in day is analyzed during the 
discharge for impulses dose to 10,000 


amperes crest. These results are in sub¬ 
stantial agreement with the previous 
studies 1 on single grounds in day soil. -At 
the start of the impulse, the resistance ap¬ 
pears to be the same as the 60-cycle value, 
dropping with the rising current on the 
front and reaching a minimum near and 
just beyond the crest current. As the 
current recedes beyond the crest, the re¬ 
sistance rises, apparently returning or 
directed toward the initial value. With 
this high current, the resistance does not 
vary more than 15 per cent from the 
minimum value within ten microseconds 
of the crest current. For lower currents 
the variation is less. As illustrated in A A 
of figure 5, for moderate currents the re¬ 
sistance varies only a small per cent over a 
relatively wide range of the discharge 
before and after crest current. For cur¬ 
rents in the order of 5,000 amperes for a 
10-foot ground (F) and 15,000 amperes for 
a 29-foot ground (P), as shown in AL and 
AV of Figure 5, the variation over some 
ten microseconds before and after crest 
is still within ten per cent of the minimum 


Table VIII. Impulse Measurements of Grounds K, L, N, and O 

Gravel and Stones With Clay Mixture 
Period of Tests 8-22-41 to 9-9-41 


Wave Form* 


Driven 

Grounds 


Cathode-Ray 

Oscillogram 

2184 


Voltage 

(Micro¬ 

seconds) 


Current 

(Micro¬ 

seconds) 


Measured Ground 
Crest Values 


Kv 


Amperes 


K alone. 


L alone 


0 alone. 


N alone. 


.12x70 .. 
.15x65 .. 
.15x53 .. 
.14x58 .. 

...22x80... 

...20x65... 
...20x00... 

...20x60... 

...18x70... 

-.63.2.... 

.. 98.0_ 

..146 _ 

..150 _ 

. 1,690_ 

. 3,600- 

• 5,530 • • • • 

• 5,530 • •, ♦ 

Q1 A 

.14x60 .. 
.15x55 .. 

...16x58... 

...17x52... 

.. 56.0_ 

..972 

• O LU « • . » 

. 2,110_ 

. 4,070_ 

. 5,830.. • • 

. 2,150_ 

. 5,050.... 

. 9,680_ 

.17,200.... 

. 3,180.... 

. 7,400.... 
.13,000.... 
.20,300.... 

.14x52 .. 
.14x40 . . 
.15x39 .. 
.15x37 .. 
.18x40 .. 
.16x37 .. 
.15x37 .. 
.16x35 .. 
.16x37 .. 

...18x50... 

...19x40... 
...19x40... 
...20x38... 
...21x38... 

...20x36... 
...20x36... 

...20x35... 
...21x36... 

..i37‘ 

.. 26.4_ 

..42.5 _ 

.. 64.2.... 

.. 87.0_ 

.. 14.8_ 

.. 25.0.... 

.. 35.4_ 

.. 49.2,... 


.26.8 .. 
.23.0 .. 
.23.5 .. 
.12.3 .. 
. 8.42.. 
. 8.63.. 
. 5.05.. 
. 4.65.. 
. 3.38.. 
. 2.72.. 
2.42 


Impulse 

Resistance 

Ohms 


Ratio of 
Impulse to 
60-Cycle 
Resistance 




.. ,0.40\ 
...0.271 
., . 0 . 21 ( 
...0.16/ 
.0.08 


Comments** 


Average Megger resistance of ground K, 149 
< ohms. Breakdown in ground at 1,600-ampere 
1 current and above 


Average Megger resistance of ground L, 52 ohms. 


{ Average Megger resistance of ground 0. 31 ohms 
Breakdown in ground at 2,000 ampere current 
and above 


. ..U.U8\ 

• • J *.f Average Meggerresistanceof ground N. 65 ohms. 

0 04/ 1 Breakdown in ground early in discharge 


♦•Capacitance of test circuit, approximately 250 microhenrys for grounds * and L, and approximately 150 


microhenrys for grounds 0'and 
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Figure 20. impulse characteristic for grounds 
C and D 

Calculated and experimental curves compared 


value. In view of this small variation, the 
impulse resistance can be defined ade¬ 
quately as the ratio of crest voltage to 
crest current. 

For the ground in sand (M) due to the 
higher resistivity of the soil, a greater 
variation is naturally encountered at the 
currents mentioned above. Figure 12 
strikingly shows that the initial drop in 
the resistance from 65 ohms to 31 ohms 
at five microseconds follows rapidly the 
corresponding rise of the current from 
zero to two-third crest. As these oscillo¬ 
grams and the data in Tables IV and VI 
show, the resistance values of ground M 
corresponding to crest voltage and to 
crest current for these higher currents 
may differ as much as 30 per cent. Prac¬ 
tical considerations have suggested to the 
authors that the ratio of crest voltage to 
crest current be accepted as the resistance, 
but to avoid possible misinterpretation, 
it is designated as the apparent resistance. 
As shown in Figure 14, even greater varia¬ 
tion in the resistance is noted for ground 
K in gravel. An abrupt change from the 


initial value of 150 ohms to 60 ohms oc¬ 
curs in the first two microseconds. This 
rapid drop possibly is partly due to a 
major breakdown in the soil. 

In Figures 11 and 18 the resistance 
curve of the clay ground F is indicated as 
a dotted line, dropping rapidly from the 
60-cycle value. Even with good smooth 
oscillograms, a difficulty, in determining 
the true resistance initially and on the 
steep rising front during the first few 
microseconds, arises from the fact that 
the voltage (E) in addition to the resist¬ 
ance drop (Ri) includes an inductive 
drop ( Ldi/dt ) due to the rapid rising 
current and the presence of some induct¬ 
ance in the ground proper and the con¬ 
nections. For this reason, the curves de¬ 
termined from the ratio of voltage to cur¬ 
rent (E/T), which closely represent re¬ 
sistance down to three or four micro¬ 
seconds, are dotted in below these values. 
Estimating the inductance and correcting 
for the inductive drop, the authors find, 
that the curve of the true resistance still 
points essentially toward the 60-cycle 
value initially at time zero. In Figure 13 
is presented a similar analysis for parallel 
grounds F-G-H-I for an impulse in the 

Figure 22 (left). Impulse characteristic for 
ground M 


M —aaaiM 


Calculated and experimental 
curves compared 


Figure 21. Impulse characteristic for grounds 
Fand G 

Calculated and experimental curves compared 


order of 12,000 amperes crest. Up to 
this current the variation of the resistance 
for this ground, as is expected, naturally is 
relatively small. The true resistance 
during the discharge is shown by the full 
line. The high ratio of inductance to re¬ 
sistance inherent in this low-resistance 
ground thus shows emphatically the pres¬ 
ence of the inductive effect (dotted line 
is E/T) in the early part of the discharge. 
For the higher-resistance grounds as M, 
the initial inductive drop is less promi¬ 
nent than for F, so that the ratio E/I in 
Figure 12, even below three or four micro¬ 
seconds, practically corresponds to the 
true resistance of ground M. 

From the initial abrupt rise or “kick" 
of the voltage and the initial rate of rise 
of the current, scaled from a number of 
oscillograms, we estimate that the in¬ 
ductance as measured is about 15 micro- 
henrys. Actual calculations of the in¬ 
ductance based on the dimensions of the 
driven rods and the lead connections of 


Figure 23. Impulse characteristic for ground P 

Calculated and experimental curves compared 
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Figure 24. Impulse characteristic for parallel 
grounds C-D and F-G 

Calculated and experimental curves compared 

the test confirm this value. About a 
third of the inductance as measured is in 
the rod proper, and even less in the large 
mass of the earth path of the discharge. 
The remainder, about ten microhenrys, is 
picked up in the leads, partly in the short 
segment of the discharge, circuit proper 
from the top of the rod to the potential 
lead, and a greater part induced from the 
discharge circuit in the potential tend . 
The potential lead extends some 30 feet 
to the voltage divider, which is located 
adjacent to the oscillograph room. 

The variation of the ratio of impulse to 
60-cyde resistance during discharge for 
grounds F and M and currents from 5,000 
to 11,000 amperes (crest) is shown in 
Figure 16. The ratio is plotted against 
current and is compared to the impulse 
characteristic (ratio for crest current) for 
each of the two grounds. The variation 
during discharge follows fairly dose to 
the characteristic, intersecting it near 
crest current, and then returns bdow the 
characteristic, describing a considerable 
loop much in the same manner as found 
in the first investigation. 1 Since an in¬ 
ductive drop is present for the rapidly in¬ 
creasing part of the current, the true re¬ 
sistance curves would be even doser for 
the downward part than indicated. The 
analysis of these data and the previous 
curves establish that the variation of the 
true resistance rapidly follows the current 
with no appredable time lag for wave 
fronts as fast as some two or three micro¬ 
seconds, the limit that the data can be 
interpreted. On the basis that the lower¬ 
ing of the resistance is a breakdown or 
sparking phenomenon consisting of small 
arcs, theoretically it stands to reason that 
little or no time lag in the change of the 
resistance would be expected for wave 
fronts longer than one or two micro¬ 
seconds. The exact fundamental mecha¬ 


nism which determines the lowering of 
the resistance is not well defined and es¬ 
tablished, and it is quite possible that 
the true resistance for a very rapid rise of 
current to crest in one microsecond would 
result in a time lag in the decrease of the 
resistance from high to low value. 

It is apparent from the oscillograms and 
the figures that the effect of the high re¬ 
sistance of the ground in the initial stage 
of the discharge is to displace the voltage 
wave from the current and give it a more 
abrupt and steeper front. This is clearly 
shown by a comparison of Figures 11, 12, 
14, and 15 in their sequence order. The 
higher the resistance of the ground the 
more accentuated is the effect. The in- 
, ductance of the ground and lead connec¬ 
tion also adds to displace the front of the 
voltage even further forward. There¬ 
fore, the rate of rise of the voltage for the 
same current is proportionately greater 
for grounds in high-resistivity soils and 
having high inductance associated with 
them. Due to the sustained ionization 
process, the low value of the resistance at 
and beyond crest current is sustained for 
a good part of the duration. The sub¬ 
sequent recovery of the resistance does 
not seem to have particular practical 
significance. 

The question may be raised as to the 
resistance of a lightning-stroke discharge 
direct to earth. Figure 15 records a 
typical discharge of 8,300 amperes crest 
to the open field (clay soil) adjacent to the 
laboratory. All driven grounds, and con¬ 
ducting objects are well removed from 
the spot hit. A small part of the grass 
at the earth’s surface was scooped out 
and thrown up by the discharge. The 
resistance initially is very high, but as the 
discharge penetrates or pierces the earth, 
it drops to 60 ohms in five microseconds 
and still further to a minimum of 18 ohms 
at crest current. The stroke discharge, 
therefore, “drives” its own ground, for the 
resistance attains a value not much 
greater than that of a ten-foot rod driven 


I-AMPS 

characteristic for parallel ground F-G-H—l 

and experimental curves compared 

in soil similar to that struck. On the 
other hand, the initial high resistance de¬ 
velops a very steep-front voltage wave 
which reaches 90 per cent of its crest in 
about a microsecond: long before the 
current reaches its crest. The resistance 
continues to fall rapidly so that at crest 
current the voltage has dropped to 75 
per cent of its crest value. There are a 
number of ramifications to this problem. 
These tests indicate that the resistance 
characteristic of the location hit by light¬ 
ning may influence the rate of current dis¬ 
charge and, to some extent, limit the 
maximum current attained. The investi¬ 
gation of the influence of the earth on 
lightning should be continued. 

D. Voltage Developed in Soil 

The impulse characteristics of driven 
grounds are further revealed from a study 
of the voltages induced or developed on 
adjacent objects. Data on impulse tests 
of this kind are presented in Figures 17 
and 18. In these tests impulse discharges 
from 1,000 to 10,000 amperes crest were 
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Figure 26. Method of determining impulse- 
resistance characteristic of parallel grounds 
from characteristics of component individual 
grounds 
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applied to ground F and the voltages V 
and V' measured respectively at F and 
E-H-G. The grounds E, H, and G are 
all spaced ten feet from F (see Figure 2) 
and are connected together in a group. 

As the impulse current increases, the 
effective radius of F increases in propor¬ 
tion, and the ratio of V* to V should, 
therefore, increase; that is, a larger por¬ 
tion of the voltage drop should be outside 
the ten-foot radius. In Figure 17 the 
voltage developed on E-H-G is expressed 
as a per cent of the voltage at F so that 
the curve shows the variation of V'/V 
with the discharge current (crest). This 
ratio or coupling factor from a low cur¬ 
rent up to 10,000 amperes rises continu¬ 
ously, practically doubling in amount. 
These data further confirm that the effec¬ 
tive size of the rod increases with the cur¬ 
rent. 

In Figure 18 are reproduced oscillo¬ 
grams of the voltages and current and the 
variation of the coupling factor with the 
discharge. The voltage V' developed on 
E-H-G is of the same general form as the 
voltage V at F. The coupling factor V'/ 
V naturally varies during the discharge. 
At crest current or slightly beyond, the 
effective radius and length of rod F reach 
a maximum; the coupling factor likewise 
rises to a maximum, and the resistance 
attains a minimum. As the current drops 
beyond crest, the sparking in the earth 
recedes, and ionization of the arcs sub¬ 
sides, so that the coupling factor falls off, 
and the resistance rises, both directed to¬ 
ward their 60-cyde values. From 20 
microseconds (crest current) to 5 micro¬ 
seconds the coupling factor drops off. 
Still further down, two curves are shown, 
one dotted which represents the true 
coupling factor, and a heavy line through 
the circled dots which is merely numeri¬ 
cally the ratio V'/V. The reason for the 
high ratio V'/V below five microseconds 
is found in the inductive effects and 
measurement. Due to the rapid current 
rise in the initial stage of the discharge, a 
voltage is picked up by the potential lead 
which runs some 30 feet from the grounds 
to the voltage divider. The lead is much 
the same whether V or V‘ is measured, 
with the result that an induced voltage of 
the same order is superimposed on the 
true voltage of the grounds. Thus the 
ratio V'/V below five microseconds does 
not represent the true coupling factor. 

A curve has also been drawn on Figure 
18 by dividing V' by I. This curve indi¬ 
cates the resistance outside the equipoten- 
tial surface including E-H-G except for 
the first few microseconds which indicate 
inductive “kick.” The resistance is 
practically constant, and, moreover, it is 


equal in value to the corresponding 60- 
cyde resistance, determined by taking 
14.33 per cent of the 60-cyde resistance of 
ground F (see Table IX). This constant 
resistance shows that there is no change 
in the soil outside the ten-foot distance 
even for high currents. 

Theoretical Considerations 

This section deals theoretically with 
the physical processes that take place 
when ground rods carry impulse currents. 
The lowering of the resistance with in¬ 
crease of current is explained on the basis 


Table IX. 60-Cycle Voltage Distribution 
Tests 


Date of Tests 7-22-40 
* 


Voltage Applied* 

Voltage Recorded** 


Per 


Per 

Ground 

Cent 

Ground 

Cent 



E 

_3.3 



F 

_6.5 

J . 

_100. 

1G 

....11.9 



H 

_5.1 



1 

.... 8.1 



P 

_2.3 



E 

-8.0 



F 

....15.5 

G . 

....100. 

H 

I 

-12.2 

....15.8 



J 

-15.5 



P 

.... 3.0 



E 

.-...13.5 



G 

....15.0 

F. 

_100. 

E 

-14.5 



I 

....11.8 



J 

.... 7.5 



P 

-3.7 

F-G-H-I) 


J 

...24.8 

In £ 

....100. 

E 

....20.6 

parallel J 


P 

F-G-H-I) 

-13.5 

P . 

.... 100. 

in £ 

parallel ) 

-9.0 

D-C ) 


A-B 

in parallel j 

-9.1 

in £ 

....100. 

parallel ) 


Fence 

.... 0 

A-B ) 
in £ 

parallel ) 

....100. 

Fence 

.... 0 


♦Voltage applied ranged from 80 to 200 volts. Cur¬ 
rent ranged from 5.5 to 18 amperes. 

♦♦Due to the voltmeter resistance (283 ohms) the 
actual voltage is a small amount greater than the 
per cent value indicated. No correction made. 


that at a critical current, a voltage gradi¬ 
ent is attained at the rod surface causing 
the soil surrounding the rod to break 
down, thus increasing both the effective 
radius and length of the rod. The sketch 
insert in Figure 19 illustrates schemati¬ 
cally the physical conditions which ac¬ 
company a current above breakdown 
value. The irregular lines represent 
breakdown in the soil, and the dotted 
lines the enlarged effective dimensions 
of the rod. On this basis formulas and 
methods for determining the characteris¬ 
tic curves of grounds are developed. That 
breakdown of the soil may account for the 
lowering of the resistance had been pro¬ 


posed previously, 1 * 6 ' 6 but the methods re¬ 
ported here enlarge on a quantitative ap¬ 
proach which was set forth soon after the 
completion of the first paper. 7 

On the basis of the foregoing theoretical 
explanation, there should be for each 
ground a current at which breakdown 
starts. This current we shall designate 
as Jj. It is determined by plotting the 
ratio of impulse to 60-cyde resistance 
Ri/Ro versus the natural logarithm of 
the impulse current Ini. The best 
straight line is drawn through the points, 
and where it crosses the ordinate Rt/R 0 — 

I, Inlj, is established. This procedure 
is illustrated for ground C in Figure 19. 
The value of I b for grounds C and D, de¬ 
termined from the data in Table IV of the 
first paper, and for grounds F, G, P, and 
M, determined from the data in Tables 
III and IV of this paper, are tabulated 
in Table X. For all the grounds but M, 
Ri is obtained from the ratio of crest 
voltage to crest current. In the case of 
ground M (sand), Rt is obtained from the 
ratio of crest voltage to the current corre¬ 
sponding to crest voltage. In Table X 
are given also other essential data on 
these grounds; namely, the dimensions 
of each rod, the 60-cyde resistance, the 
soil resistivity p 0 , and the critical gradient 
g e at which the soil breaks down. The 
latter two quantities are determined re¬ 
spectively from equations 5 and 7 in ap¬ 
pendix II. 

Let us consider first the lowering of the 
impulse resistance as caused by the in¬ 
crease in the effective radius of the rod, 
disregarding the increase in length. On 
this basis we have equation 10 which re¬ 
lates the ratio Ri/Ro to the current I. 
From the data in Table X substituted in 
the formula, curves are calculated for the 
grounds C, D, F, G, M, and P. These 
are shown dotted in Figures 20, 21, 22, 
and 23, and may be compared directly 
with the experimental values. It is of 
interest to note that the effective radius 
of the ten-foot rods in day increases to 
about ten inches at 10,000 amperes. 

A refinement is introduced considering 
both the increase in radius and the in¬ 
crease in length as indicated by equations 

II, 12, and 13 of appendix II. A curve for 
ground C has been calculated from these 
equations, substituting established values 
of Oi and estimated values of L t . This 
curve is plotted in Figure 20. A rapid 
increase in the length at low currents, 
reaching an increase of about ten per .cent 
of the length (!,<,) at the higher currents, 
accounts for the lowering of the curve as 
shown. 

The difference between the calculated 
curves and the experimental results is due, 
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in part, to the various simplifying as¬ 
sumptions. We have assumed that the 
soil is homogeneous, that soil resistivity- 
stays constant, and that breakdown in the 
soil is not accompanied by a voltage drop. 
Each of these assumptions is not fully 
valid, yet is sufficiently justified for an 
•engineering approach. Allowing for the 
increase in rod length as discussed for 
ground C, and accounting for the voltage 
drop which accompanies breakdown, ap¬ 
pear to bring the calculated curves for 
•C, D, F, and G closer to the experimental 
data. The divergence for grounds M and 
P is-apparently due to other factors which 
lower the characteristic at the higher cur¬ 
rents a greater' amount than the calcula¬ 
tions indicate. 

The validity of the breakdown process 
set forth above is further established by an 
analysis of the tests from which Figure 17 
is obtained. Considering that the radius 
of F increases with current in the manner 
previously stated (equation 9, appendix 
II) and that the equipotential surfaces 
in the region included by E-H-G ap¬ 
proach cylindrical form, the potential 
V' of E-H-G can be calculated as a func¬ 
tion of current and is plotted in Figure 17 
as the ratio V’jV. Other methods for 
calculating V' give essentially the same 
results. The agreement between experi¬ 
mental and calculated curves is apparent 
from the figure. 

The procedure followed for a single rod 
can also be applied to parallel grounds. 
The methods are presented in appendix 
II. For two rods in parallel,"the charac¬ 
teristic is given in equation 14, and for 
four rods arranged at the comers of a 
square, in equation 15. Calculated 
•curves based on increase in radius only 
and experimental curves for parallel 
.grounds C—D and F—G are compared in 
Figure 24. In these parallel grounds the 
'two individual grounds in each arrange¬ 
ment are quite alike, and this similari ty 
; accounts for the close agreement between 
the calculated and experimental results. 
Allowance for the increase in the effective 
.length of the rods with current would 
move the calculated curves in Figure 24 
•closer to the experimental curves in much 
the same manner as found for the single 
rods. The curves for the parallel ground 
F-G-H-l are plotted in Figure 25. The 

• effect of the increase in length of the rods 
.again is to move the calculated curve 
"bodily down as described previously for 

• other grounds. 

The question arises whether the char- 
.acteristic of a parallel ground may be 
predetermined from the characteristic 
•curves of the individual grounds which 
•comprise the parallel ground. In this 


connection ground F-G—H—I is examined 
in Figure 26, which shows resistance 
plotted against voltage. When an im¬ 
pulse is applied to grounds in parallel, 
the same voltage drop is present in each, 
and voltage is, therefore, used as the 
proper basis for comparison. In the 
figure the experimental characteristics 
are plotted and designated as F, G, H, 
/, and F-G-H-l. It is again to be noted 
that the single grounds differ. The char¬ 
acteristics of the four single grounds are 
first combined in parallel directly by the 
reciprocal relation as four completely in¬ 
dependent grounds should be combined 
and are plotted in curve a. It is apparent 
that the mutual effect between the rods 
raises the resistance by an amount de¬ 
pendent on the mutual factor. For low 
current, the actual resistance for the four 
grounds in parallel is raised by a factor 
0.35/0.25=1.4 as found by equation 3, 
appendix I. Curve b is obtained by apply¬ 
ing the factor 1.4 to curve a. Curve b fol- 


Table X. Impulse Resistance Data for Ground 
Rods 






a 

© 




Oft 

a 

© 

§ 

*5 


1 


a 

a is 

Rod 

Length 

Centim 

8| 

0$ © 
KU 

A 


lb 

Ampere 

pm | 

si 

0 o 5 
MOO 

C . 

.228. 

1.27. 

. 39.6 

. 10,150. 

. 650. 

. .3,070 

D 

.228. 

1.27. 

. 38.5 

. 9,950. 

. 495. 

..2,710 

F 

.206. 

1.27. 

. 27.6 

. 8,720. 

. 345. 

..1,270 

G 

.296. 

1.27. 

. 24.25 

. 7,680. 

. 680. 

..2,210 

P . 

.886.. 

0.80. 

. 13.76. 

.10,250. 

.1,180. 

. .2,740 

M . 

.236.. 

0.80. 

.118 

.28,900. 

. 173. 

. .4,240 


lows the experimental curve at low cur¬ 
rents but deviates at the higher currents, 
for the reason that the effective radius 
and length of the rods increase with cur¬ 
rent and the mutual factor becomes 
greater. The correct factor, which in¬ 
creases from 1.4 at low current to 1.65 
at 10,000 amperes (62 kv), applied to 
curve a, thus gives curve c, which is the 
correct characteristic derived from the 
experimental curves of the four individual 
rods. Curve c compares favorably with 
the actual experimental characteristic of 
parallel ground F—G—H—I, and this com¬ 
parison, therefore, shows that it is pos¬ 
sible to predetermine the characteristic of 
a parallel ground from the experimental 
curves of the single grounds provided 
they are not too dissimilar. 

The foregoing analysis establishes that 
the decrease in resistance of driven 
grounds with increasing impulse current 
is due to the increase of effective radius 
and length. The agreement between cal- 


enough to establish that the soil surround¬ 
ing a rod does have a critical voltage 
gradient at which it breaks down. This 
gradient is in the order of one to four 
kilovolts per centimeter. It follows from 
the equations, provided p 0 and g c of the 
soil are known, that the breakdown cur¬ 
rent I b can be determined. Then from 
the dimensions of the rod or driven- 
ground system and the equations, the 
impulse characteristics of the grounds 
can be calculated. The need for further 
experimental study of the factors p 0 and 
g e is apparent. 

In addition to providing a basic ex¬ 
planation of the physical processes in¬ 
volved, the results of this paper show that 
the calculated characteristic curve of a 
ground may be extrapolated with reason¬ 
able assurance to higher currents than the 
experimental data permit. Furthermore, 
the methods may be extended to deter¬ 
mine the relative characteristics of 
grounds for various conductors and ar¬ 
rangements. 

Effect of Discharge-Circuit 
Inductance and Conditions 
of Earth 

Other important factors connected 
with the problem of grounds are the effect 
of the discharge-circuit or lead inductance 
and the conditions in the earth. A full 
discussion of these factors lies within the 
scope of the third paper proposed in the 
introduction. However, in the interest 
of a more complete survey of the problem 
they are dealt with here briefly. 

A ground installation physically con¬ 
sists of a lead or tower structure which 
connects the grounded part of the elec¬ 
trical apparatus (protective device, ap¬ 
paratus tank, overhead ground wires, 
and so on) to the ground proper in the 
earth. The downlead or tower essentially 
can be considered an inductance, while 
the ground proper acts as a resistance in 
the manner discussed previously. The 
lead or tower inductance becomes par¬ 
ticularly significant when steep-front cur¬ 
rents of high magnitude, rising to crest 
in the order of a microsecond, are dis¬ 
charged to earth. Analysis shows that 
for high rates of rise of current, the volt¬ 
age developed in a 25- to 50-foot lead or a 
50- to 75-foot tower may well attain and 
exceed the ground-resistance drop. This 
lead or tower drop is of short duration 
and is practically over in one or two mi¬ 
croseconds. Besides the lead or tower in¬ 
ductance, appreciable inductance may be 
present also in the ground proper, as is 
the case for grounds driven deep into 
the earth, or for a counterpoise spread 
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over a -wide area. Operating experience 
in the field 8 and the results of tests and 
co-ordination of station apparatus on 
steep-front impulses 9 corroborate the 
importance of inductance effects in pro¬ 
tection. 

For grounds of very high resistance, 
the capacitance of the rod or ground con¬ 
ductor to the mass of the earth is not 
entirely a negligible factor. The distribu¬ 
tion of the electric charges in the earth 
preceding the current discharge through 
the ground is still another factor that re¬ 
quires study. Other factors related to 
the problem of grounds which require 
particular attention arise from the varia¬ 
tion of the soil resistivity, the soil struc¬ 
ture, the geology, and related ques¬ 
tions. 8 ' 10 *” 14 


Summary 

The 16 grounds tested are typical of 
those found in practice and represent a 
variety of soils and conditions. The re¬ 
sistance varies with soils, moisture, and 
soil conditions. A ten-foot ground Meg¬ 
gers 20 to 40 ohms in day, 70 to 120 ohms 
in mdst sand, and 100 to 200 ohms in a 
mixture of gravel and day. The annual 
variation of this ground from the mean is 
10 to 25 per cent, depending on the soil, 
and is less for deeper grounds. 

The impulse resistance decreases with 
inareasing current. It varies with season 
in much the same manner as 60-cyde 
resistance. Rain and weather conditions 
have little immediate effect. The im¬ 
pulse resistance is practically independent 
of polarity and of wave form within the 
range applied. The per cent decrease in 
resistance becomes greater with high- 
resistivity soils. During the discharge 
the resistance drops rapidly attaining 
mini mum or impulse value near crest 
current and rises as the current decreases. 

A method for dete rmining the impulse 
resistance has been devdoped. At a 
critical gradient, the soil breaks down in¬ 
creasing the effective radius and length of 
the rod. Then from the equations in the 
appendix the impulse characteristic can 
be calculated. Curves calculated are in 
substantial agreement with the experi¬ 
mental results. 

Various parallel combinations of single 
grounds were investigated. The resist¬ 
ance of parallel grounds, both 60-cyde 
and impulse, can be derived from the re¬ 
sistance of the component grounds. 

The lead and ground inductance be¬ 
comes particularly significant for rapid 
current , discharges when the inductance 
drop may exceed the ground resistance 
drop. 


Appendix I. Method of Calcu¬ 
lating 60 -Cycle Resistance of 
Single and Multiple Grounds 


ellipsoid may be calculated directly, and 
from this, the resistance by the formula 


R 


p 

2 tC 


(4) 


The formula used to calculate the resist¬ 
ance of single grounds is that given by 
H. B. Dwight. 18 

^IKf)- 1 ] » 

where 

Ri =resistance of single rod in ohms 
p 33 soil resistivity in ohms per cubic centi¬ 
meter 

L=* rod depth in centimeters 
<x=rod radius in centimeters 

This formula may also be used to deter¬ 
mine the soil resistivity from the dimensions 
and resistance of a ground. The following 
formula for two grounds in parallel is also 
given by Dwight. 

A -iz[ h (f)- 1+ 

/ 2£+Vs*+4£A £ VW4L* T1 

\ S / 2i 2L J| 

( 2 ) 


where C is the electrostatic capacitance of 
the ellipsoid. The more recent method, de¬ 
veloped by H. B. Dwight, uses the rod in its 
exact shape and is based on the simplifying 
assumption that the charge distribution 
along the surface of the rod is uniform. Cal¬ 
culating for various points on the rod, the 
potential induced by this uniform charge, 
and dividing the total charge by the average 
induced voltage, Dwight finds the approxi¬ 
mate capacitance of cylinder. This is con¬ 
verted to resistance by formula 4. 

The two methods have their advantages: 
the former method lends itself readily to 
the calculation of equipotential surfaces and 
field distribution, while it is easier to cal¬ 
culate resistance for parallel grounds and 
noncylindrical rods by latter method. With 
typical values of L, a , and p, Peters' 
formula gives a resistance from five to ten 
per cent higher than Dwight’s. This is 
expected since the surface area of the cylin¬ 
der is greater than for the ellipsoid. It must 
be remembered, however, that both formulas 
are approximations, and that their accuracy 
decreases with decreasing ratios of L/a. 


where 

=parallel resistance of two rods in ohms 
S “distance between rods in centimeters 


The following formula was derived by 
Dwight’s method for four grounds of equal 
length arranged in a square 



p 

8irX 


MD"* 

t ^ 2L+-\/s*+4L^ 



Appendix II. Method of Calcu¬ 
lating Impulse Resistance of Single 
and Multiple Grounds 


The basic formula used to calculate im¬ 
pulse resistance has the same form as that 
for 60-cycle resistance. Equation 1 of ap¬ 
pendix I is adapted to the symbols shown in 
the insert of Figure 19, as follows 



VjSH-4L*_|_i n ^ V2L+Vs*+2L*^ [ 

S-VW2£ 9 T| ... 

V2L i| W 

where 

2?*=parallel resistance of four rods in ohms 
S —length of any side of the square in centi¬ 
meters. 

Formulas were also derived for four 
equally spaced rods in a straight line and for 
two rods of unequal length. The lack of 
complete symmetry of these arrangements 
makes the formulas rather complex, and 
for this reason they are omitted. 

There are two methods commonly used 
for the calculation of grounds. Both meth¬ 
ods employ the artifice of images by pro¬ 
jecting an image upward a distance equal 
to the depth of the ground. The earth’s 
surface thus bisects the rod, and all currents 


Considering the increase in the effective 
radius (o<) of the rod resulting from break¬ 
down of the soil at high current as discussed 
under "Theoretical Considerations’’ equa¬ 
tion 5 can be rewritten 

(#) 

The effective radius of the rod is deter¬ 
mined as follows. Since the voltage gradient 
along the surface of the rod is the product 
of current density and soil resistivity (p 0 ), 
the critical value of this gradient (g c ) at 
which the radius (a 0 ) of the rod starts to 
increase, is determined from the critical 
current (Jj) 


ge ~2*o 0 L 0 



For current I above I&, the gradient at 
the effective radius assumes critical value 
and is expressed by 


dose to the surface flow parallel to it, satis- I Po 

fying the actual conditions. The earlier Sc=z —~ (8) 

method, developed by O. S. Peters, 1 * re- 
places the ground by an ellipsoid of revolu- From 7 and 8 
tion, whose minor axis is the diameter of the 

rod, and whose major axis is twice the depth a _ /q\ 

of the rod. The capacitance of an isolated * I b ' ' 
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This value of a* is substituted in equation 6 
and the ratio of R% to Ro can be written 



( 10 ) 


The Application of Voltage Regulators 
to Aircraft Generators 


Next let us consider the increase in length 
with current as shown in the sket ch of 
Figure 19. Referring to equations 5 and 6 
and allowing for the increase in length, we 
can express the ratio of R t to R 0 as 



The relation of at to the current can be 
approximated by equation 9 or better deter¬ 
mined from 


I aiLi 
h a,oL 0 

The effective length L { may be written 
as a function of the current 

Li—L 0 -{-kI (13) 

where the factor k is constant only for 
limited ranges of current. 

The impulse resistance for two rods in 
parallel can be obtained by substituting the 
proper values of and Li in equation 2 of 
appendix I. The ratio of R t to R 0 can then 
be obtained, and for reference purposes it 
is designated as equation 14. The impulse 
resistance for four arranged in a square can 
be obtained by a similar substitution in 
equation 3, and the ratio of R t to R 0 for 
this combination is designated as equation 
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Synopsis: The use of high-capacity d-c 
generators on aircraft has required the de¬ 
velopment of regulators with rapid re¬ 
sponse, high accuracy, and with features for 
parallel operation of variable speed ma¬ 
chines. The fundamental requirements of 
light weight, ability to withstand shock and 
vibration, and to give low radio interference 
were vital factors considered in the develop¬ 
ment. A device incorporating these, fea¬ 
tures is described and analyzed. Results 
of tests on these equipments have shown 
that regulators with these features are vital 
to the operation of the electrical loads of 
modern planes, both the military and com¬ 
mercial types. The tests show that the 
requirements have been met with devices 
suited to high production methods. 

T HERE has been, and it seems safe to 
predict, will continue to be an increas¬ 
ing use of electrical devices in modern air¬ 
craft, both military and commercial. In 
order to supply the increased load, larger 
capacity generators than ever before uti¬ 
lized are being used. The generators are 
driven at variable speed from the main 
engines of the aircraft over a speed range 
of approximately two to one. Depending 
upon the size and use of the aircraft, an 
auxiliary power plant driving a constant- 
speed generator may be used in addition. 
A d-c system employing a 24-volt battery 
is in common use requiring a 28.5-volt bus 
voltage in the plane. The main genera¬ 
tors must be controlled so as to maintain 
proper voltage for the battery and the 
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various loads and, at the same time, in¬ 
sure close load division between the gen¬ 
erators when operating in parallel. Close 
load division is important to allow utili¬ 
zation of the complete installed generat¬ 
ing capacity. 

i 

The Importance of Generator 
Voltage Regulators 

Voltage regulators play an extremely 
important part in making a system of 
this type practical. In fact, the system 
cannot be operated without suitable volt¬ 
age regulators, since the variable-speed 
generators operating at low-flux densi¬ 
ties at high speed are unstable to manual 
control. If the problem of parallel opera¬ 
tion with close load division is accom¬ 
plished by the same device, the importance 
of the voltage regulators in the system is 
immediately apparent. 

Previous to the rapid increase in elec¬ 
trical loads on aircraft 12-volt d-c genera¬ 
tors of small capacity had been used under 
the control of vibrating contact voltage 
regulators. Principal sources of trouble 
with the vibrating regulators were con¬ 
tact deterioration, radio interference, and 
failure to provide close load division of 
generators operating in parallel. Regula¬ 
tors of this type are inadequate for the 
larger capacity machines, on account of 
the increased power that must be handled 
in the generator field circuit which ag¬ 
gravates the troubles experienced on the 
small capacity machines. In this respect 
regulators for use in aircraft are closely 
following the history of regulators em¬ 
ployed in stationary installations where 
the vibrating types have been largely dis¬ 
placed by other types. Direct-acting 
regulators have been successfully em¬ 
ployed in stationary installation for sev- 
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eral years both on a-c and d-c generators. 
Their record has been very good from a 
standpoint of reliability, low mainte¬ 
nance, and freedom from excessive radio 
interference. Principles and means of 
providing for parallel operation have been 
worked out, and a great deal of experience 
gained ©n stationary installations. It 
therefore seemed that such regulators 
could be successfully used in aircraft in¬ 
stallation, provided the special problems 
incident to their installation in aircraft 
could be solved. 

Primary requirements for aircraft in¬ 
stallation 

1. A minimum of weight. 

2. Ability to withstand shock and vibra¬ 
tion. 

3. Operation over a wide temperature 


range (from —55 to +65 degrees centi¬ 
grade). 

4. Ability to operate over an atmospheric 
pressure range from sea level to high alti¬ 
tudes. 

Secondary requirements to meet present 
day requirements 

1. Readily adaptable to generators having 
different field characteristics. 

2. Suitable to quantity manufacture. 

3. Simplicity of adjustment. 

A regulator based upon principles 
found satisfactory in stationary installa¬ 
tion has been designed to meet both the 
primary and secondary requirements 
listed above. 

The Type of Regulator Applied 

This regulator is of the direct-acting 


regulated. The force developed by the 
magnetic circuit by virtue of the applied 
voltage is balanced against a spring. At 
the required voltage setting the force of 
the armature overcomes the calibrating 
spring and operates in succession a multi¬ 
plicity of contacts to insert small steps of 
resistance into the field circuit of the gen¬ 
erator to maintain the voltage at which 
the regulator is balanced. It is necessary 
to so design the magnetic circuit that the 
mechanical forces are just balanced by 
the electromagnetic forces for all positions 
of the regulator armature at the same ap¬ 
plied voltage. 

By using a sufficiently large number of 
contacts the operation is made nonvi¬ 
brating in nature, and the power handled 
per contact is kept below the critical arc¬ 
ing limit. 



type and has a magnetic circuit energized 
Figure 2. Plug-in-type regulator and relay for by windings through a diluting resistor 
aircraft installation from the voltage of the generator being 


Regulator in separate case with AN 
corrector 


Figure 3. 
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Means for Accomplishing Parallel 
Operation 

A second winding on the regulator is 
used to accomplish load equalization 
under parallel operation. The eq ualizin g 
coils are connected as in Figure 1 and have 
been found very effective in obtaining 
equal load division of generators. 

This method of equalization requires a 
small voltage drop (0.5 volt at rated load) 
in series with each generator. This drop 
does not cause a drooping voltage char¬ 
acteristic with load, as the voltage is regu¬ 
lated at a point beyond this drop. It 
does, however, cause a flow of current 
in the equalizing coils of the regulators 
when necessary to insure proper load 
equalization. In some instances the 
generators have an internal compensating 
winding which can be used to obtain the 
voltage drop for equalizing purposes. In 
order to obtain uniform drops anrl in 
order to insure interchangeability of gen¬ 
erators of different, manufacture, it has 
been the authors’ recommendation that 
the potential drop required for eq ualizi ng 
purposes be made external to the genera¬ 
tors, and in many instances the drop in 
the negative lead itself is utilized. In ap¬ 
plications where the generator design is 
known, and an internal compensating 
winding is present, it is desirable to utilize 
this drop for equalizing purposes. In 
such instances potential dividers can be 
connected across these compensating 
fields to allow adjustment to compensate 
for differences in voltage drop. 

Tests have been made with this scheme 
of equalization of load, and it has been 
demonstrated that dose load division of 
generators in parallel can easily be ob¬ 
tained whether or not the speeds of the 
generators are equal. 

When one or more generators in a group 
operating in parallel are disconnected, a • 


drooping characteristic with load is ob¬ 
tained on the remaining units, unless the 
equalizing coil of the generator that is 
off the lines is opened. In some cases it 
is desirable to open the equalizer coil, and 
in other instances the drooping charac¬ 
teristic is desirable under these conditions, 
in order to allow the battery to share in 
supplying the higher load peaks. 

In order to illustrate the practicability 
and desirability of the equalizing scheme 
shown in Figure 1, let us consider an ex¬ 
ample. 

Suppose two regulators each having an 
accuracy of +1 per cent are to be oper¬ 
ated in parallel and at a total load of 
twice the rating of one generator, the loads 
are to be divided wi thin ten per cent of 
the rating of one generator. 

Under the worst condition consider one 
regulator to be one per cent high and the 
other one per cent low on the basis of its 
potential winding alone. With the scheme 
using equalizing windings and 0.5-volt 
series drop at rated load, there will be at 
ten per cent difference in load 0.05 volt 
to cause current flow through the equaliz¬ 
ing windings. The equalizing winding is 
designed so that this difference in voltage 
will cause a current to flow in the equaliz¬ 
ing windings to change the ampere turns 
of the regulator one per cent of the total 
ampere turns, on one regulator in a direc¬ 
tion to raise, and on the other in a direc¬ 
tion to lower its voltage. These propor¬ 
tions have been found to be practical. 
There is a loss in the series resistors at 
rated load of approximately 1.75 per cent 
of the generator rating. 

Now consider the same regulators con¬ 
nected without equalizing coils but with 
enough series resistance beyond the point 
of regulation to equalize the loads to the 
same degree. Assume that there is a dif¬ 
ference in regulated voltage of two per 
cent with one regulator one per cent high 


and the other one per cent low. The 
series resistance between the regulated 
points must be such as to allow not over 
five per cent circulating current with two 
f per cent voltage difference or 20 per cent 
resistance per generator circuit to obtain 
the same current equalization as with the 
scheme using equalizing coils. This is of 
course entirely impractical. 

Other Considerations for Regulator 
Application in Aircraft 

While regulators can be made to cover 
a range of field current requirements, it 
must be realized that the design of the 
generator field determines the power to 
be dissipated in the regulator. With 
fields of normal design the power dissi¬ 
pated for 200- and 275-ampere generators 
is about 65 watts. The aircraft manu¬ 
facturer must provide sufficient ventila¬ 
tion for the dissipation of the heat. 

While a regulator can stabilize genera¬ 
tors that would be unstable on manual 
control, there are limits beyond which 
the regulator cannot stabilize the system. 
Generators with rising voltage character¬ 
istics as the load is increased are invari¬ 
ably unstable to a degree that the regula¬ 
tors cannot cope with on battery loads. 
This practically rules out the use of com¬ 
pound-wound variable-speed generators 
for aircraft application. 

Regulators of the type described have 
been successfully applied on 120-volt 
systems. Also they have been applied to 
special purpose separately excited a-c 
generators by exciting the regulator coil 
through a dry-disc-type rectifier. 
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The Magnetic-Drag Tachometer 
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Synopsis: A discussion of a magnetic-drag- 
tachometer equipment designed principally 
for aircraft use. The principle of operation 
makes possible an indicator which may be 
read very accurately under extreme condi¬ 
tions of aircraft use and at the same time 
may be easily adjusted and maintained. 
Because of the extreme reading accuracy 
obtainable, low inherent temperature errors 
and good compensation are essential. A 
method of obtaining these features is pre¬ 
sented. 

M ECHANICALLY operated aircraft 
tachometers include the centrifugal 
and chronometric types; prior to the de¬ 
velopment of the magnetic-drag tachome¬ 
ter, remote indicating electrical types 
included the a-c generator and voltmeter 
combination and the d-c generator and 
voltmeter combination. 

The disadvantage of the mechanically 
operated tachometer rests in the excess 
weight caused by the necessity for a flexi¬ 
ble cable between the engine and the in¬ 
dicator. 

Generator and voltmeter tachometers 
lie in two general classifications, namely: 

1. Voltage-sensitive devices. 

2. Frequency-sensitive devices. 

The voltage sensitive instruments may 
consist of a voltmeter, connected directly 
to a d-c generator or connected through a 
copper-oxide rectifier to an alternating 
generator. It is necessary to maintain a 
fixed lead resistance between the indica¬ 
tor and generator, and any change in 
generator output is immediately reflected 
in the accuracy of indication. 

The problem of overcoming some of the 
objections of the voltage sensitive in¬ 
struments was solved by the development 
of a frequency-sensitive tachometer whose 
indication is proportional only to the fre¬ 
quency of the generator output. This 
tachometer consists of a voltmeter con¬ 
nected to an a-c generator with a copper- 
oxide rectifier and a saturated core trans¬ 
former. The transformer core is satu¬ 
rated throughout the operating range of 
the aircraft engine, and the output of the 
transformer is consequently directly pro- 
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portional to . engine speed. This develop¬ 
ment permitted the exchange of genera¬ 
tors or indicators without calibration ad¬ 
justment, eliminated changes in calibra¬ 
tion due to changes in generator output 
produced by vibration or temperature 
changes, and permitted the installation 
of tachometer equipment without making 
it necessaiy to maintain a fixed lead re¬ 
sistance. 

As the size and speed of aircraft in¬ 
creased, due to the availability of more 
powerful engines, it became necessary to 
control the engine speed more accurately 
in order to obtain the most economical 
engine operation. High altitude opera- 



Figure 1. Tachometer generator 


tion presented the problem of increased 
accuracy of engine speed indication 
throughout the temperature range from 
approximately —40 degrees centigrade to 
+50 degrees centigrade, requiring marked 
improvement in temperature compensa¬ 
tion. Due to the more accurate indica¬ 
tion required, it became necessary to ob¬ 
tain tachometer equipment with a greatly 
increased scale length to providemore ac¬ 
curate readability. 

It is the object of this paper to indicate 
how the problems outlined in the preced¬ 
ing paragraph were solved by the de¬ 
velopment of a tachometer operating on 
x he magnetic-drag principle and to pre¬ 
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sent pertinent details regarding the opera¬ 
tion of representative tachometers. 

Consideration of the application of 
tachometer equipment to aircraft indi¬ 
cated that the wide variation between the 
temperatures of the indicator and the 
generator, in combination with the very 
severe vibration of the generator, made it 
absolutely essential that the indicator be 
entirely frequency responsive. This is 
necessary, due to the changes in genera¬ 
tor-output voltage caused by vibration 
and to temperature changes which vary 
the resistance of the generator circuit. 

The generator-voltmeter tachometer 
with saturated core transformer overcame 
problems due to the effect of vibration 
and temperature changes on the genera¬ 
tor; however, as was true with other 
types of remote electrical indication ta¬ 
chometers, the maximum scale length ob¬ 
tainable was 270 degrees. In order to in¬ 
crease this scale length materially, a 
tachometer operating on the magnetic- 
drag principle was developed. 

The Magnetic-Drag Tachometer 

The magnetic-drag tachometer con¬ 
sists essentially of a three-phase a-c gen¬ 
erator, mounted on the aircraft engine, 
and an indicator, consisting of a syn¬ 
chronous motor operating a magnetic- 
drag assembly. 

The problem of changes in generator 
output voltage was eliminated by the 
adoption of the generator and synchro¬ 
nous motor combinati on, which constitutes 
a frequency-sensitive system for trans¬ 
mitting an indication of engine speed to 
the indicator with absolute.accuracy. 

For many installations it is desirable 
to obtain engine speed indication at two 
different stations in the aircraft. This 
system is ideal for this application, since 
there is no change in indication, due to 
the addition of a second indicator in par¬ 
allel with the first; synchronous motor 
operation in each indicator is only de¬ 
pendent upon the availability of sufficient 
power to operate both motors. 

Generator (Figure 1) 

Primary factors of light weight and 
small size, plus trouble-free operation, 
were problems which had to be met in 
the generator design. 

Light weight was accomplished by the 
use of aluminum alloy for the end shields. 

Light weight and small size were ob¬ 
tained by making use of a permanent 
magnet rotor with high magnetic energy 
content. The physical dimensions of the 
rotor required a magnetic material having 
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high coercive force, due to the short 
magnet length and in order to prevent de¬ 
magnetization. Because of the extreme 
vibration encountered, it is necessary to 
have a material which is not readily af¬ 
fected by vibration. Alnico offered the 
answer to those requirements and is cast 
directly onto the rotor shaft. 

In order to obtain high resistance to 
wear produced by vibration, stainless 
steel inserts were cast into the generator 
end shields. 

As the aircraft-engine accessory drives 
often transmit to a considerable extent 
torsional oscillations originating at the 
crankshaft, the tachometer generator in¬ 
cludes a long slender drive shaft carried 
within the hollow rotor shaft, having suf¬ 
ficient flexibility to prevent failure of the 
drive key as well as to accommodate small 
misalignments between generator and en¬ 
gine pad. 

Two limiting conditions are necessary 
with regard to output of the generator: 

1. With a single indicator connected to the 
generator, the voltage output atnormal cruis¬ 
ing speed must not exceed a certain limit 
in order to prevent excessive temperature 
rise in the indicator. 

2. At the lowest operating speed, with two 
indicators connected to a single generator, 
the output voltage must exceed a certain 
minimum value, so that there will be suffi¬ 
cient power output available to start and 
operate the indicators at any temperature. 

These requirements were met by tak¬ 
ing advantage of the properties of the 
Alnico rotor which permitted shorter— 
hence lower resistance—turns, resulting 
in improved voltage regulation. Ad¬ 
justment of voltage within the limits 
specified is obtained by means of an a-d 
knockdown coil after complete assembly 
of the generator; this adjustment also 
stabilizes the magnet to minimize effects 
of vibration. 

Indicator 

The indicator (Figure 2) as briefly de¬ 
scribed in a previous paragraph, includes 
a synchronous motor and a magnetic- 
drag assembly. 

The requirements for a satisfactory 
motor include the ability to start and to 
run synchronously at any speed through¬ 
out the operating range, when two indica¬ 
tors are connected to a single generator, 
and yet not to overheat when connected 
singly to a generator. Since the generator 
output decreases with a decrease in en¬ 
gine speed, it is necessary that the indica¬ 
tor start with very low input at the lowest 
speeds. It is essential that the motor 
should meet these requirements with mini- 
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mum weight and size and yet be simple 
and rugged for long life and ease of main¬ 
tenance. 

A unique motor assembly in conjunc¬ 
tion with a conventional three-phase 
wound stator offered a solution to these 
requirements. . The rotor assembly as 
shown in Figure 3 consists of a polarized 
rotor, a spring, and a hysteresis disk. The 
starting torque is supplied by the polar¬ 
ized rotor at low engine speeds, where the 
frequenay is too low to produce appreci¬ 
able torque in the hysteresis disk. As the 
generator frequency is increased by in¬ 
creasing engine speeds, a greater share of 
the torque is produced by the hysteresis 
disk, and the polarized rotor assists by 
bringing the motor into synchronism. 

In order for the polarized rotor to per¬ 
form the above functions, it was neces¬ 
sary to design a rotor with an extremely 
low moment of inertia and with high mag¬ 
netic strength; a sintered oxide material 
was used for this application, resulting in 



Figure 2. Magnetic-drag tachometer indicator 


a rotor having approximately four-tenths 
the weight of any other available mag¬ 
netic material. 

The hysteresis disk is produced from an 
alloy of copper, nickel, and iron, heat- 
treated to produce the desired magnetic 
characteristics. 

It was found that there was very defi¬ 
nitely an optimum spacing between the 
polarized rotor and the hysteresis disk to 
obtain the best starting characteristics 
throughout the entire speed range. 

Bearings for the indicator motor pre¬ 
sented a major problem for the following 
reasons: 

Generator output decreases as the generator 
speed is lowered, resulting in a very low in¬ 
dicator input at engine idling speeds, thus re¬ 
quiring low friction in the bearings to permit 
proper starting. 

Bearing lubricant gradually becomes more 
viscous as the temperature is decreased, 
resulting in increased bearing drag. 

Since bearing life is dependent upon amount 
Ballard- 'Magnetic-Drag Tachometer 



Figure 3. Indicator-rotor assembly 


of lubrication it is desirable to supply the 
maximum quantity of lubricant possible. 

In order to properly protect the ball 
bearings until ready for installation in in¬ 
dicators, they are stored completely filled 
with lubricant; when needed for assem¬ 
bly, each bearing is thoroughly washed 
and cleaned to remove all traces of the 
lubricant, the bearing is then dried, and a 
definite quantity of inhibited black fish 
jaw oil is applied to the bearing. Re¬ 
peated laboratory tests have indicated 
the superiority of this oil with regard to 
rate of evaporation, acidity, and change 
with continued evaporation. The quan¬ 
tity of lubrication applied is dependent 
upon minimum operating temperature to 
which the particular instrument is to be 
exposed. 

The magnetic-drag assembly may prop¬ 
erly be divided into two sections, the 
rotating magnet assembly and the arma¬ 
ture assembly. 

Since the rotating magnet assembly 
(Figure 4) is a part of the rotor assembly 
of the synchronous motor, it is necessary 
to obtain a magnetic assembly with as 
low a moment of inertia as possible, which 
will produce the required torque on the 
magnetic-drag disk. To meet these re¬ 
quirements five pairs of Alnico magnets 
are arranged as shown in Figure 4; this 
arrangement concentrates the flux near 
the outside edge of the magnetic-drag 
disk with minimum weight of magnetic 
material. 

The armature assembly includes the 
shaft, springs, and pinion gear illustrated 
in Figure 5, in combination with a drag 
disk and pointer. The magnet assembly 
of Figure 4 and the flat drag disk permit 
ready inspection of the air gap, and by 



Figure 4. Rotating-magnet assembly 
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Table I. Comparison of Disk Materials 


Material 

Temperature 
Coefficient 
(Per Cent Per 
Degree 
Centigrade) 

Con¬ 

ductivity 

Density 

(Grams 

Per 

Cubic 

Centi¬ 

meter) 

Aluminum 

.0.34 .... 

... 60... 

...2.7 

Copper 

.0.385_ 

...100... 

...8.9 

Aluminum- 

manganese.. 

.0.040_ 

... 12... 

...2.8 

Copper- 

manganese.. 

.0.036_ 

.... 15... 

...8.8 


means of adjusting screws, the element 
may be raised or lowered to centralize the 
disk in the magnet gap. 

The spring assembly must permit 3Vs 
revolutions of the pointer, must be rigid 
enough to withstand the effects of vibra¬ 
tion, and must be designed to operate well 
below the elastic limit in order to prevent 
appreciable changes in indication when 
deflected for long periods of time. 

These spring problems were solved by 
the unique spring arrangement illus¬ 
trated in Figure 5. Here two springs are 
effectively connected in series by a spring 
arm joining the outer turns of the two 
springs, the inner turn of one spring is 
fastened to the shaft, and the inner turn 
of the second spring is fastened to an ad¬ 
justing arm mounted on the element plate. 
By this method of construction 3Va revo¬ 
lutions of the pointer result in only'l*/« 
revolutions of each spring, permitting 
shorter and consequently more rigid 
springs. Increased stiffness of the spring 
is also allowed, since the torque per de¬ 
gree deflection of each is double the torque 
of an equivalent single spring. With this 
arrangement no restraining plates are re¬ 
quired, and the spring arm prevents any 
possible entanglement of the two springs. 

The pinion actuates the short pointer 
illustrated in Figure 2 to indicate the 
number of revolutions of the long pointer. 

The magnetic-drag disk is made from 
an aluminum-manganese alloy in order to 
obtain minimum weight with the requisite 
conductivity and temperature coefficient. 
It is essential to obtain a temperature 
coefficient within certain definite limits 
in order to obtain optimum accuracy of 
indication for rapidly changing tempera¬ 
tures. Data for several disk materials 
are indicated in Table I, where the ad- 



Figure 5. Spring assembly 


vantage of the aluminum-manganese al¬ 
loy is evident due to the combination of 
light weight and low temperature coef¬ 
ficient. 

Temperature Compensation 

In order to obtain the required accu¬ 
racy throughout a temperature range from 
—35 to +45 degrees centigrade, it is nec¬ 
essary to.provide compensation for the 
changes in indication due to these tempera¬ 
ture changes. Changes are produced by 

(a) Magnets. 

( b ) Disk. 

(c) Springs. 

( d ) Other very small effects such as those 
caused by expansion and contraction. 

As the temperature decreases, the mag¬ 
net strength increases, tending to produce 
an increase in indication; the disk con¬ 
ductivity increases, also tending to in¬ 
crease the indication, and the torque of 
the springs increases, tending to produce 
a decrease in indication. The tempera¬ 
ture-torque coefficient of the springs is 
approximately 0.04 per cent per degree 
centigrade; by proper heat treatment of 
the disk alloy, it is possible to obtain a 
similar coefficient, thus cancelling the 
errors produced by the disk and springs. 

Both the thin disk and the springs are 
similarly exposed to the air inside the in¬ 
strument case, so that they will quickly 
respond to rapid changes in temperature 
in order to eliminate transient errors. 

The temperature error produced by the 
magnets is indicated by curve A in Figure 
6 for an indicated speed of 3,000 rpm; 
compensation is accomplished by the ad¬ 
dition of temperature-sensitive magnetic 
shunts placed in the magnetic assembly 
of Figure 4. 

As the magnetic flux increases with de¬ 
crease in temperature, it is necessary to 
shunt the extra flux directly across the 
poles of the magnet to maintain constant 
flux in the disk gap. These shunts are 
placed underneath the dips which fasten 
the magnets to the plates in Figure 4. 
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A — Uncompensated indicator 
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The addition of a single type of tem¬ 
perature-sensitive material corrects the 
greater share of the fundamental change; 
this material is a nickeHron alloy with a 
release point of approximately +90 de¬ 
grees centigrade. This rdease point is 
the temperature at which the alloy be¬ 
comes practically nonmagnetic. 

Greater compensation is produced by 
this type of material above room tempera¬ 
ture than below room temperature; to 
correct for this difference a copper-nickel 
alloy, with a release point at or slightly 
above room temperature, is added to pro¬ 
duce the compensated curve B of Figure 
6 for a representative instrument. Close 
contact between the temperature sensi¬ 
tive material and the magnets tends to 
maintain both materials at the same tem¬ 
perature regardless of the rate of change 
of temperature, thus eliminating transient 
temperature errors. 

Calibration 

A good tachometer should include: 

1. Full-scale adjustment. 

2. Zero adjustment. 

3. Method of balancing element assembly. 

Preliminary full-scale adjustment is ob¬ 
tained by the use of an a-c knockdown 
coil to reduce the air-gap flux produced 
by the rotating magnet assembly; by 
this method the magnet strength is re¬ 
duced at least five per cent in order to 
stabilize the magnets and to bring the 
calibration within 0.1 per cent of the cor¬ 
rect indication at full scale. After a cali¬ 
bration check has been completed through¬ 
out the scale range, final adjustment may 
bd made by further application of the 
knockdown coil, or the indication may be 
increased by movement of any one or all 
of the three adjusting screws illustrated 
in Figure 4. These adjusting screws vary 
the air gap to increase or decrease the flux 
and permit ready and positive adjustment 
at any time. 
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Synthetic or Equivalent Load Curves 
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Synopsis: This,paper describes short ap¬ 
proximate methods for the solution of 
several types of intangible problems which 
require load-curve analyses. Laborious 
effort may be expended in compiling results 
from a group of curves without greater pre¬ 
cision than is believed possible to obtain 
from the use of one or a few synthetic curves 
which combine the characteristics under 
investigation, and permit the determination 
of such items as peak loads, losses, and re¬ 
quired capacities of equipment. 


L OAD curves are familiar to engineers. 

The variety of precision instruments 
which have been developed to draw thpm 
automatically, and the ever increasing 
number of uses to which they are ap¬ 
plied would require, for adequate de¬ 
scription, an historical record dating from 
the days of the rocker-beam steam engine. 
Today they are so commonplace that no 
attempt will be made herein to classify 
them, or to review methods generally 
applied. 

There are particular types of problems 
in which the characteristics of a number 
of similar curves, taken in the aggregate, 
are more helpful than those of any single 
curve. For example, in a study made 

Paper 42-36, recommended by the AIEE committees 
on power generation and power-transmission and 
distribution for presentation at the AIEE winter 
convention, New York, N. Y., January 26-30,1942. 
Manuscript submitted September 30, 1940; made 
available for printing December 11, 1941. 

F* Hamilton is a consulting engineer and is 
chief of the plant engineering unit of the Corps of 
Engineers, Washington, D. C. 


recently, including the load curves of 
many large industrial and utility com¬ 
panies, it became evident that laborious 
effort may be expended in compiling re¬ 
sults from a group of curves, such as daily 
curves for a yearly period, with scarcely 
greater precision in the end than is be¬ 
lieved possible to obtain from the use of 
one, or a few synthetic curves which com¬ 
bine the characteristics under investiga¬ 
tion. 

One problem occurs frequently in elec¬ 
trical calculations; that involving losses, 
and consequently a squared function of a 
current or load curve. This can deter¬ 
mine principally the capacity of man y 
kinds of equipment. Consider too the 
losses in transmission-line and cable cir¬ 
cuits. The economical value of these 
conductors is a function of the anmifll 
energy loss, which in turn may depend 
upon several variable factors. Kelvin’s 
law, in its application, presumes “an 
equivalent mean-annual current.” 

Or consider traction motors, rolling- mill 
motors, hoist and crane-equipment, gener¬ 
ators and transformers in the service of 
loads which fluctuate rapidly over wide 
values; about which it may well be said 
that no two load curves are likely to be 
duplicates. It would seem that methods 
are needed for giving quick and reliable 
solutions for the capacities and losses in¬ 
volved. 

The purpose of this paper is to examine 
some features of these problems and to 


present a few methods which have been 
evolved for their solution, with the 
thought that they may be of interest, and 
perhaps stimulate further investigation in 
the field of short solutions to these im¬ 
portant problems. 

Basic Elements 

Load curves, as commonly understood, 
involve the rate of change of some 
physical quantity plotted as ordinates 
versus units of consecutive time as 
abscissae. Examples of ordinates are 
kilowatts, horsepower, amperes, gallons 
per minute, passengers per hour, car load¬ 
ings per day. In utility work the ordi¬ 
nates customarily represent a rate of 
change of energy, which results in the 
area under the curve becoming a measure 
of the energy involved. Such curves may 
be reduced to a common denominator for 
comparison of shapes by making the 
maximum value and total time in each 
case equal to unity, and plotting the 
lesser values as fractions of these maxima. 
This procedure permits direct reading of 
those factors which are also expressed in 
fractions of the maxima, and, being with¬ 
out physical dimensions, the scales on the 
axes of co-ordinates need be numerical 
only. 

The essential elements in the building 
of a synthetic load curve are the follow¬ 
ing: 

1. T, the time or duration of the load; 
herein primarily the time of some definite 
cycle, or the transition period between ex¬ 
treme values; which period could be some 
fraction of a cycle. 

2. N, the minimum value of the load. 

3. M, the maximum value of the load. 


After initial calibration it is often de¬ 
sirable to raise or. lower the complete cali¬ 
bration curve in order to equalize the posi¬ 
tive and negative errors. This is taken 
care of by the application of an adjusting 
arm which rotates the armature assembly; 
this adjustment is made with the instru¬ 
ment operating at any desired indication, 
thus permitting very accurate correction. 

Addition of balance weights to the 
counterweight arms illustrated in Figure 
5 permits adjustment to mechanically bal¬ 
ance the armature assembly so that the in¬ 
strument may be operated in any position. 


Representative Data 


Calibration curves for three representa¬ 
tive tachometer indicators are shown in 


Figure 7; the solid curves are for increas¬ 
ing engine speeds, and the dotted curves 
are for decreasing engine speeds. 

As explained in a previous paragraph, 
curve B of Figure 6 indicates the change 
in calibration for a typical indicator 


Table II 


Operating range.. 

Accuracy (+26 C)... 

Generator weight. 

Indicator weight (each)..., 
Indicator input (2,400 rpm) 

Position error. 

Magnetic effect (5 inches 
from compass needle).... 
Indicator temperature rise 

(2,400 rpm).. 

Generator temperature rise 
(2,400 rpm).. 


f 500-3,600 rpm 
. ■< (250-1,750 rpm 
(. generatorspeed) 
. *10 rpm 
.2.5 pounds 
.1.0 pounds 
. 5 watts 

. 6 rpm 

. 0.5 degree 

. 35 C 

. 20 C 
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throughout the temperature range from 
—35 to +50 degrees centigrade. 

Table II lists pertinent details for a 
representative tachometer installation 
consisting of two indicators and one gen- 
rator. 
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4. W, the energy involved in the period 
considered. 

5. A, the .average value of the load. 

6. *, the load factor; the ratio of the aver¬ 
age load to the maximum load. 

7. 6, the loss factor; the ratio of the aver¬ 
age loss to the maximum loss, or loss at the 
maximum load. 

8. K, the variation factor; the ratio of the 
minimum load to the maximum load. 

9. r, the root-mean-squared value of the 
loads. 

10. u, the capacity factor; the ratio of 
the root-mean-squared value of the loads 
to the average value. 

11. p, the capacity factor squared, or the 
ratio of the average loss to the loss at the 
average load. 

By definition, these elements are con¬ 
nected by the simple relations: 

N—KM, W—AT, A r—uA, r 2 —pA 2 , 

6—p4> 2 

Just as the load factor (*) is a fraction 
denoting the ratio of the average load to 
the maximum load, so the loss factor (0) 
is a fraction expressing the ratio of the 
average loss to the maximum loss, and 
the variation factor (K) is a fraction giv¬ 
ing the ratio of the minimum load to the 
maximum load. 

Capacity factor is a useful ratio, al¬ 
ways greater than unity, for expressing 
r in terms of A. For example, a capacity 
factor of 1.20, as applied to a piece of 
equipment, would mean that its rating for 
the period which may be considered must 
exceed the average load carried by 20 
per- cent, to care for the I 2 R losses under 
variable load. 





TIME 


Figure 1, Curves of f(t) and f(t)+KM 
370 .. 
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Fundamental Equations 

Referring to Figure 1, assume that tn 
is a continuous function of t for curves A 
and B. These curves are identical in 
shape, so that for any value of t the cor¬ 
responding values of m for the respective 
curves differ by KM. 

Let curve A be defined by m-f(t), 
then curve B is defined by m=KM+f(t). 
Then, as shown in appendix A, the load 
factor and loss factor corresponding to 
curve B may be expressed respectively as 

*=£+( 1 - 20*0 ( 1 ) 

and 

6 =* 2 +( po - 1 ) (*- 20 * ( 2 ) 

In the above equations the symbols 
without subscripts refer to curve B, while 
those with the zero subscripts refer to 
curve A. These equations are funda¬ 
mental and apply to all types of continu¬ 
ous functions. ■ Equation 2 expresses the 
loss factor (0) as the load factor squared 
(<j> 2 ) plus some fraction (p 0 —1) of the 
square of the difference between the load 
factor and the variation factor (*—£) 2 . 

The value of the fraction (p 0 —1) de¬ 
pends on the shape of the curve so that 
the factor (po) may be said to identify the 
curve form. By definition 


% 

The function of t/T may take a- 
of forms. One which has proved 
useful is given by ( t/T) n which c 9,11 ^ 
made to cover the parabolic typ e ^ c 
power functions by using real p° sl 
values for n, and the hyperbolic tyi? eS ^ 
rearranging the configuration and 
negative values. 5 

The exponent (n) of {t/T) 11 is a. f^rLc 
tion of the load factor (*) and the 
tion factor (K), the relation being 


_ 1 -* 
n *-A 

Using (t/T) n , the curve B of Fign:r*c 
expressed by 


r . 


m=M\ £+(!-£) 



(3 
1 i 


(4 


from which 


(*-£)*(! r *) 2 
(1—£)*—(!—*)* 


(S 


Thus is given a value for the loss facto 
(6) in terms of the load factor (<£) and tin 
variation factor (K). The path of thi 
curve is determined by the values of 
and *, and the area under the cuLirve i< 
equal to the energy W {W 
For the special case in which. JBC i< 
equal to zero, the lower curve of Figure : 
applies and 



* 

2 -* 


(o; 


and from equation 2 


PO 


0 o fl-* 8 

*o z (*-.£)* 


or 


P0 = l-1 


e-4> 2 
(*- 2<:) 2 


A more suitable way of expressing the 
load as a function of time is in the form: 
m/M=f(t/T). The maximum values of 
m/M and t/T will then be unity or 1.0, 
occurring when m = M and t- T. 


P *( 2 —*) C7 ' 

Derivations of equations 3 to 7 in¬ 
clusive, are shown in appendix B. The 
curves of Figure 2 give values of {t/T}* 
for values of n varying from 0.05 to 20.0 
In Figure 3 are given curves of <£, 0 and f. 
as functions of n for two values of IC 
namely K- 0 and £=0.2. In Figure 4 
are given curves of p and 0 as functions 
of <j> for five values of K. 

There is an endless variety of functions 
to which equation 1 may be applied. A 
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few have been tabulated in Table I. The 
accuracy desired may require that thought 
be given to apply the function best suited 
to the problem in hand, and in this con¬ 
nection it should be kept in mind that the 
lower limit which may be used for the 
load factor (<£) is determined by the load 
factor (</>o) of the basic function. For 
example, for the parabolic type of curve 
represented by equation 4, the load fac¬ 
tor (<£) may have any value from zero to 
unity. When the load factor exceeds the 
value of 0.5, the versine and hyperbolic- 
secant functions often apply. A little 
practice will lead to the proper selection 
upon inspection of the conditions. 

Referring to Table I it will be noted 
that for some of the functions, two expres¬ 
sions are indicated for the loss factor (0), 
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Figure 3. Curves showing variations of <j>, 6 

1 ~<j> 

and p in terms of n, where n — 


one being a function of (<j>—K) and the 
other a function of (1— <£), which permits 
the calculation of two values for the loss 
factor. By taking an average of the two, 
a closer value of the loss factor can be 
obtained. If the curve fits the conditions 
exactly, the two will be equal in value. 

Application to Power-Station Curves 


tudes and corresponding durations remain 
unchanged. For both curves, the maxi¬ 
mum load, the minimum load, the load 
factor, and the loss factor are identical. 

It is entirely possible to construct syn¬ 
thetic curves having the same values of 
W, T, 4 >, p, and 8 as have curves A and J3, 
such as represented by curve C which is 
defined by formula 16 of Table I. How¬ 
ever, this is not ordinarily the problem. 
What is desired are values for 6 and p 
corresponding to the given values of <f> 
and K for curves A and B. The accuracy 
with which the former can be determined 
will be governed by the formula selected 
from Table I to represent curve B of 
Figure 5. For example, using equation 5 
above, which corresponds to formula 2 of 
Table I, a value of 0.344 is obtained for 6 
which is 5.5 per cent lower than the actual 
value of 0.364. It is to be noted that the 
slope of curve B is approximately zero 
at the lower and upper limits. For this 
condition, formula 13 of Table I would 
apply, from which a value of 0.366 is ob¬ 
tained for 8 which is only 0.55 per cent 
above the actual value and therefore 
within acceptable engineering accuracy. 

Along the same line consider curve A 
of Figure 6 which depicts a utility load 
curve of different shape. Again, curve B 
is curve A redrawn. The actual factors 
for these curves are K- 0.150; <£=0.639; 
and 8— 0.478. Using equation 5 above, a 
value of 0.461 is calculated for 8 which is 
3.6 per cent low. Since the value of <£ 
exceeds 0.5, and considering the shape of 
curve B, formulas 14 and 15 of Table I 
are suggested. With the former, the 
value obtained for 8 is 0.484, which is 1.2 
per cent high; with the latter a value of 
0.474 is obtained which is 0.8 per cent 
low. The graph for formula 14 is repre¬ 
sented by curve D. 

In both Figures 5 and 6, the curves B 
have been obtained by tabulating the 
average values of m for small intervals of 
t, and then arranging these values con¬ 
secutively in ascending order. Since the 
area under each curve is f{vri)dl t or 
equally, the same result may be 

obtained by taking average values of 
t for small intervals of m. In either case, 
the resulting curve is the well-known load- 
duration curve, with the scale of abscissae 
reversed in direction. 


Referring to Figure 5, an industrial 
load which covers one day’s output from 
a power station is represented by curve A, 
By rearranging the load values in an in¬ 
creasing series, curve B is obtained. The 
two curves are equivalent for present pur¬ 
poses, for it is immaterial in what order 
the values occur so long as the magni- 

372 


Load-Curve Combinations 

When daily load curves for a, given 
system follow the same general pattern, 
one method of approach for the considera¬ 
tion of a longer period such as a month or 
year, is illustrated in Figure 7. The solid 
shown is obtained by arranging the days, 
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not chronologically, but in tl** 

increasing energy values, so th ; 

of the front face measures the* * 

§ 

the minimum day and that *■ * 
face, the energy of the maxt**'^ 
The volume then measures the * 
the total period. The hours * 8 ‘ t . 
day are represented by T d an* * 
in the period by T y . 

By making use of geomett** 
many relations can be estate f 
tween the daily and yearly * •'*' 
volved, depending upon the m»* *" 
problem under consideration • 
left-hand curves of Figure 8 an* * 
as representing two of the 305 * * 
curves for a period of one year, * 
lying between these two, the** 
energy values can be repr<* - ' 
shown by the right-hand curve. 
under the latter measures 11 * * 
energy. The various formulas ** * 
heretofore been considered 
plied, requiring only the sub;-* * * 
the energy value W for tin* * " 
load value M in the appropriat * 

An able exposition of the w * “ 
seasonal variations in load ***** 




their components, classified u** * : 
day and character of load, has i « > 

by Farley C. Ralston. To th* 
interested in problems having f * »• 
predictions of future demand u ■ 

his paper 3 is particularly ree* »* * . 


The Use of Probable Value** 


Another method for handle >; 
periods, which is perhaps mot * * :.*.•*« 

tory, may be developed from If** 
teristics of a single curve, such * « 

shown in Figure 9. This it»!«* •.*,« , 
total hours during which the 1* *, * t .. f 
the value indicated. 



Figure 4. Curves showing values 

in terms of 0 for various vain* * > 

* a 
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Figure 5. Industrial load curve 

Experience has demonstrated that, 
when a considerable number of days are 
combined in this manner, the curve tends 
to assume the general shape shown. This 
is due to the fact that extremely low and 
high values of load do occur, but less fre¬ 
quently than those nearer to the average 
value. This circumstance leads naturally 
to a comparison with the well-known fre¬ 
quency-curve as given in Figure 10. The 
mode of the latter corresponds to the tii-pp- 
(T). Referring to Figure 9, the prob¬ 
ability, or duration, of a load not less than 
C in value is measured by 7\, correspond¬ 
ing to Pi in Figure 10, and therefore C 
corresponds to Q in value. In other words 
the probability of the load’s being at least 
KM in value is unity; of its being M or 
greater, say or one-half hour each day, 


value is reached for one hour only during 
the year, then the value of p would be 
1/8,760 for T — 1.0. So p may be con¬ 
sidered as a measure of the probability 
that the load will not be less than the 
value corresponding to D. 

The equation for the load-duration 
curve of Figure 9 is 

( 8 ) 

and the loss factor corresponding thereto 
is defined by 

=4-0.27324 (4>~K) a (9) 

where 
4 

po=- 

T 


, = < £ 2 +^ 


Figure 6. Utility load curve 

0=t*+(^-.i- C ±X <f> -. K ) 2 ( 11 ) 

With reference to Figure 9, equation 10 
applies between the limits for t—p and 
t—T. Between the limits for 1=0 and 
t—p it is obvious that m—M or m/M— 
1 . 0 . 

The value of c in equation 11 is a com¬ 
plicated function of p/T. Values of c can 
be had from curve B of Figure 13 for 
values of p/T up to 0.1, which is equiva¬ 
lent to 144 minutes in a 24-hour period. 
The term cp/T is empirical to make equa¬ 
tion 11 similar in character to equation 9, 
the change in the value of 0 being small 
for small values of p/T. 

The derivations of these equations are 
included as appendixes C and D. 


and between these two, .as shown for 
intermediate values. 6 * 7 

The curve of Figure 9 is, in reality, a 
load-duration curve reduced to daily 
values. If a yearly period be covered, 
then by dividing each value of abscissae, 
given in hours, by 365, the curve repre¬ 
sents a daily period, which, however, in¬ 
dudes all values of the load encountered 
throughout the year; and p represents the 
time by which the daily peak is measured. 
Otherwise stated, if a one-hour peak be 
considered, p— 1.0 for T =24 hours or 
p- l /u for T= 1.0. 

Should a maximum be so rare that its 



TIME 

Figure 7. Grouping of daily load curves 
represented by a solid 


This is a most useful form for applica¬ 
tion to utility loads and appears to in¬ 
crease in accuracy of results as the time 
under consideration increases. 

Maximum-demand instruments will 
usually read the peak load as an average 
during the time considered, in which case 
the relations hold as given. Referring to 
Figure 9, the curve is sometimes consid¬ 
ered as having the value (D) for the given 
period (p ). For this condition the equa¬ 
tions for the curve and corresponding loss 
factor are expressed by 



Comparison of Maximum Demands 

The curve of Figure 9 may also be used 
as a basis for converting a peak demand, 
averaged for a given time interval, to some 
other time interval. For example, sup¬ 
pose a peak of M z is metered on a demand 
of ti minutes. Its value metered on a de¬ 
mand of ti minutes could be expressed by 

Mi = N+(M t -N)^ ( 12 ) 

The fraction gi/gz is also a complicated 
function of p/T. Values of gi/gz which 
are commonly used and can be substituted 
in equation 12 are given in Table II. It 
is to be noted that when N— 0, the peaks 


Figure 8. Grouping 
of daily load curves 
. represented by an 
area 
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Figure 9. Load-duration curve reduced to 
daily values 


are in direct ratio to the value of gjgz. 
Relations other than those of Table II 
may be obtained by reading the values of 
gi and | 2 from curve A of Figure 13. The 
derivation of equation 12 is shown in ap¬ 
pendix E. 

Utility Distribution Losses 

The losses attending a diversified dis¬ 
tribution of energy can, as is well-known, 
be classified into two principal groups: 
those remaining practically constant, such 
as transformer-core losses, leakage, dielec¬ 
tric, and corona losses; and those which 
vary as the square of the current at each 
point and are known from experience to 
vary, practically, as the square of the total 
load. 

Over a determined period, the sum of 
these two groups is known'from meter 
readings at the points of generation and 
reception. If it happens in the two se¬ 
lected periods that the load factors and 
the average values of the losses differ suffi¬ 
ciently, then the loss factors determined 
in one of the manners outlined, furnish a 
method for segregating these variable and 
fixed losses. 

Let Zj=average loss corresponding to 6\ 
and Mi 

Li =average loss corresponding to 
and Mi 

Lo=constant loss 

Then as derived in appendix F 



Curves of Demand Versus Energy 

In the study of integrated power sys¬ 
tems, it has been found that peak loads 
increase with added consumption in ac¬ 
cordance with laws which give pro -mi^ of 
analytical expression. Consider the load 
curves of the form shown in Figures 5 and 
6. If each ordinate be increased by the 
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same percentage, the total area, or energy, 
will be increased by an equal percentage, 
and the load factor will remain unchanged. 
Also, if the lower values are increased in 
general a greater percentage than is the 
percentage increase in the peak value, the 
resulting increase in energy will be accom¬ 
panied by an increase in load factor. This 
.latter type of growth is the desideratum of 
all utility men, but unfortunately the op¬ 
posite seems more often to happen, 
namely, the peak increases at a more 
rapid rate than the energy, with a result¬ 
ing decrease in load factor. 

These relations can be analyzed with 
reference to the well-known load-energy 
curve illustrated in Figure 11. Referring 
to the latter, <f> 0 is the load factor for a fixed 
period (T). The variation-factor is K 0 . 
With the maximum value of M 0 and T as 
unity, the distance between C and B will 
be equal to 1—<&,. Some line joining A and 
B will be the locus of the peak loads with 
variation of consumption. 

Experience with growth in California 
lead engineers in that state to the belief 
that the curve from A to B is a parabola, 
tangent to A Cat A and tangent to CB at 
B. Also, they and others feel that all 
load-energy curves can be expressed in 
this parabolic form. 1 ’ 2 

A general equation of the curve of 
Figure 11 derived in appendix G, may be 
given by: 

<*> 

where the exponent /3 can be determined 
for the specific case by obtaining values of 



Figure 11. Peak-load versus energy curve 


M and the associated values of W, other 
than those of the terminal points. 

Some specific applications are illus¬ 
trated in Figure 12. The load-energy 
curves are shown as full lines and the 
corresponding load-factor curves as dotted 
lines. Curve D is a parabola with points 
of tangency at A and B. Curve E indi¬ 
cates the relations for a linear increase of 
peak load with energy. Curve F is ob¬ 
tained for j8= 1.0. It is to be noted that 
the line O-C in Figures 11 and 12 repre¬ 
sents the diagonal of a square of which <j>o 
is one side. 

In the Philadelphia district, it was 
determined a few years ago, that the 
growth in energy output and maximum 
yearly peak could be expressed closely by 
•the same constant percentage increase. 
This condition would mean a constant 
yearly load factor. With reference to 
Figure 12, this condition, which repre¬ 
sents a stabilization of the change in load 
factor, means that the curve E 1 will have 
become horizontal at some point beyond 
C, and the curve E continue beyond the 


Table II. Values ol gj/gg 


Minutes 

5 

10 

15 

20 

30 

45 

50 

90 

120 

5... 
10 ... 

-. 1 . 000 . 

...0.945 
... 1.000 

...0.911.. 

n QAA 

.0,889.. 
n <un 

.0.852.. 

.0.817.. 

.0.788. 

,0.834. 

.0.805. 

,..0.747..- 

...0.791.. 

...0.820.. 

.0.717 

.0.759 

.0.787 

15... 



.. i non 

rt Q*7K 

•U.. . 

.0.804.. 

20 ... 




i nnn 

• u. y«5o. . 

.O.89o«. 

30... 





1 finn 

.u.yiy.. 

. 0 . 886 . 

•«.0♦841.• 

.0.807 

45... 






•u.yOo •• 
i nnn 

•0.924. 

♦. e 0.877.. 

.0.842 

60.., 




. 



.U.900 

... uT»*v •• 

.0.878 

90... 







• I.UUU 

•».0.946 . 4 

.0,910 

120 ... 



.. 

•••••••• 




• • 4 X 4 UUU . 4 

.0,960 

. 1.000 


Multiply when converting from minutes at left to minutes at top. Divide for the reverse operation. 
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Figure 12. Peak-load versus energy and load- 
factor versus energy curves 


point B as a straight line with less slope 
than the curve E has at B. In fact, this 
result would, make curve E slightly con¬ 
cave downward at B . 3 

Combination of Equal Factors 

In this discussion of load factors, it may 
not be amiss to rewrite two formulas 
which have proved most useful in deter¬ 
mining the combined load factors or loss 
factors of a number of loads (Q in number) 
which occur at random and are about 
equal as to load factors, magnitudes, and 
durations. 4 



For a uniform distribution of loads 
throughout the period considered, it would 
seem that the values of a and ^ should 
have a theoretical value of 2, to harmonize 


3J4-/J 



Figure 13. Values of c and g in terms of p/T 
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with the theory of least squares as ap¬ 
plied to deviations. The author has 
found from experience that chiefly due to 
a nonuniform load distribution, over the 
time considered—such as a day—the 
values of a and \f/ will be greater than 2. 
The actual values, once found for specific 
conditions, can be re-employed for others, 
in which the magnitudes involved may be 
quite different. 

These formulas, the derivation of which 
is shown in appendix H, may be applied to 
many problems involving demand factors 
and diversity factors and have been found 
particularly helpful in the design of utility 
distribution systems, whether for elec¬ 
tricity, gas, water, or sewage. 



Conclusions 

The formulas presented in this paper 
may be applied in many ways, and their 
effectiveness enhanced by the addition of 
constants derived from experience in ac¬ 
tual calculations. Here, they demonstrate 
methods only. 

Often comparison between the behavior 
of small loads and large loads is lost sight 
of through the differences in magnitudes 
and scales used. It is felt that a reduction 
to unity values is a first step in arriving at 
a greater simplicity in the visualization of 
essential factors. 

In passing from the specific case to the 
more general, in which the elements of 
probability enter, it is believed that more 
useful and accurate solutions are obtained, 
especially in that field in which the ele¬ 
ments have an economic significance 
which depends on yearly values. 

There are many routes by which one 
may arrive at answers for the intangible 
problems to which these formulas are 
best suited. It is possible even to obtain 
rms values of loads drawn on circular 
charts by weighing the aggregate amount 
of paper included within the graphs; or 
the same results often may be gotten by 
instruments and meters. If this presenta¬ 
tion assists some engineers in reducing the 
detailed labor of plotting; planimeter 


a 



work, apd summations, one of its pur¬ 
poses will have been accomplished. 

To explain more fully direct methods of 
application, the solutions to some simple 
examples are included as appendix I. 


Appendix A 


Referring to Figure 1 of the paper, the 
equation for curve A can be expressed as 

m=f(t) 

then 


Wo 

and 


/ 'T 


0o = 


Wo 


MoT M 0 T 


i r 

urj mi ‘ 


or 


jp 


fm^MT 


for curve B 


(17) 


m=KM+f(t) 

and 


rr 

■v 


W- I \KM+f(t)]dl 


0' 


W 
'MT 

-- K- 


it/.* 


[KM+M)dt 

T 


(18) 


Y 















substituting equation 17 in equation 18 


M 

but 


(19) 


or Mo= {1—K)M and 


therefore 
4>=K + 0 o(l —jST) 
By definition 




( 20 ) 




WWt 


and 


»—— r 

M'Tj a 
from which 

6 


[KM+f(t)]*dt 


( 21 ) 


( 22 ) 




fJmWdt J (23) 


from equation 21 


/■ 


[/(/)] 2 ^=« 0 Mo a r 


substituting equations 17 and 24 in equa¬ 
tion 23 and since 


Mo 

M 


-(1 -JO. 


<?«ii: a +2is:(i-x)^+(i-x)% (25) 

from equation 20 

00=- 

1-K 

and by definition 
06 

Therefore 

5 0 = P o«o 2 =po^^5iy 

substituting in equation 25 
from which 

«-* > +C»»- 1 )(*- 2 C)* (26) 

Appendix B 

By plotting the curves of Figure 1 with 

™=J±) 

Mo \Ty 
and 


m 

■m- k « 
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as shown in Figure 15, then if 

equations for curves A and B become re¬ 
spectively, 

w ’-/(?)X?)-sii (27) 

when 

w = Jfcfo=1.0, i=r 0 =1.0 

Wo 1 

(28) 

Since 

fl*> —Z+(l— K)<f>o (from appendix A) 

<t>=K + 7 — r~ from which « = -—— (29) 


(»+l) 


<f>—K 


Then 

m 
M 

or 


-Z+(l 




(24) m = M^K+(\-K) (30) 


m 

by definition 


-imti-A, 


(31) 


and from appendix A 

0 = 0 2 +(po-l)( 0 -A) a 

also by definition 

0 Q 1 1 
Po =--= 


» a 


<f> o* 2 »-fl (»-|-l) a 2 «-J-l 


+1 


or 


p «—1 = 




2»+l 


so that 
6 


\ 2 »+l/ 


or 


0 =<£ 2 + 


( tf - tf ) 2 


(l-»)«(»-Z)« 


a—io*—a— 0 )* 

Since 
1-0 


(32) 


Appendix C 

A common form for the equation of the 
probability curve shown in Figure 10 is 

y=e- hix ' 

from which 


-#■*;) h 


(35) 


Let 


n 


<t>-K 


X‘ 


m 

"M a 
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and 




ry/* 


(36) 


then equation 35 becomes 

m 1/ ? 

Mo~A\ ° ge i , 

One half of the area under the probability 
curve is 

<w 

which is also the area corresponding to Wo. 
From appendix B 

Wo=<f>o 

and from appendix A 

*°"l -K 
Therefore 

<t>~K "s/ir 


Wo =<j> 0 : 


2 h 


1-K 

from which 

1 _2_ 

h y/ % 

substituting in equation 36 

m 2 rY / * 

Mo 

from appendix B 


Ui=£\ 

'x \i-kJ 

ituting in eq 

2 U-K\/ r\'A 

rv^vr^A ge Tj (38) 


'£-*+(l-Z)-5p 

-M Jlfo 


so that 
M K+ Vt 


(♦“*)(log e yj 71 


or 

w 


“ H/ + ^ ( * _in ( loge t) A ] < 39 > 


For the special case where K*=Q 


for 

| (1 “* )V * 

'l-(W ) 2 2-0 

(33) 

m — Mo 

and 

and 


l—T 

* : 0 1 

0 * ( 2 - 0 ) 0 a 0 ( 2 - 0 ) 

(34) 



dt 
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or 


Appendix D 


and 


(** 7 Kf) 

-s/KXIH 


then 
po 
and 
(po 
and 


flo ^ 1 / Vx \ 8 4 

tfo 4 A 4 \ 2A / "" x 


«=0*H-(po— i)(^— js:)* 
or 


0“^*+ 




(40) 


With the curve of Figure 9 ter minating at 
point D, when 

t—pt m—D—Ma-\-KM 

so that equation 36 becomes 

m Mo 1/ r\ 1 /* 

Mo = Mo 1,0 hy° ee p) (41) 

for the origin at Pi O, KM from which 

substituting in equation 36 


m 

Mo 


( 1 o& i) 


) 


i t 

Iogs 7 

i T 

i°g«- 


v* 


also 


T 

log “7 

logid - 

p 


V» 


(42) 


and. 


7ft m 

—-X+a-X, --K+Q.-K) 


■ T 

l°&r 

P 


from which 


V* 


m—M\ 


2C+(1-Z) 


>M\ 


K+a-K) 



(43) 


between the limits /=£ and t—T. 
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Derivation of values for c and g of equa¬ 
tions 11 and 12 for a peak-load period of 
one hour in 24 hours (£=1/24). From 
appendix C the equation for the probability- 
curve (Figure 16) may be expressed as 


iHY 


(44) 


where y-Mo and x—t/T then 


z> 


CW> 

■( Io& *) / ”( 1 o£ 4 ) / ' 


area B 
let 


dx 


when *=£. Therefore 


„ 2f/ z 3 z 7 z 11 \ 

.rea B=-\ [—|-1- 1 _ , 

AL\3 ^14^264^ * ‘ * 7 

(*+*+*L+ Y] Jl 

\5 ^54^1,560^-/J 


.8 01579 
A 


area (A+B+C)-- 


then 


y7 : _ 0.886227 
' 2h h 

(from appendix C) (46) 


area (A+C) = equation 46 less equation 45 
0.084648 

A 

Defining g as the average load during the 
period p, the value of g is obtained from 


g 


area {A+C ) 24 X0.084648 2.031552 
P " A h 

(47) 

Since the objective is to obtain a ratio for 
two values of g, there is no need to obtain a 
numerical value for A which cancels out, 
or one can use A=1.0. The numerator of 
equation 47 is therefore one point on curve 
A of Figure 13 which has been plotted for 
the value 

£=1/24 or 0.04167 
From equation 44 

y 2=, 7^ lo £e - 
A 4 x 

and the area under this curve corresponding 
to section B = 

£ K'°“*)*’“s[ 1_# ( 1+l0fo >)] 

and for £=1/24 
0.825914 


r B 


2 


A 4 


(48) 


M 0 *= 


3.178062 


From equation 44 


and for £=1/24 
1.782712 


A£o= : 


A 
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k* 

so that the corresponding area under Mo* 
for section A becomes 

3.178062. .1 0.132419 

r<i*=ilfo 4 £=— - X—=—— - (49) 


^ S +fB 4 ' 


A 4 24 A 4 
0.825914 0.132419 0.968333 


A 4 


A 4 


A 4 


by definition 
r i =M s 0 
so that 

rj/+r B * 0.958333 


(50) 


@A+B = &0 = ‘ 

by definition 
W 


Mo* Mo*h* 


(45) *=-£- 


MT 
and for 7=1.0 


<t> ~ M 


then 


Pa+b—Po~ 


W A +W B 

Mo 


rxr . 1.782712_ 1 0.074280 

W A =M 0 p= ---X—---- 

A 24 A 

0.801579 , . 

W B = --- from equation 45 


Therefore 

J /0.074280 0.801579\ 1 
Pa+b—P o=l-:-1-I- 


0.875859 


A 


A /Mo 


Po 


Moh 

0o 0.958333 Mo*h* 


Po* M 0 *h* (0.875859) 4 

= 1.249248 (SI) 


and 


po -1 = 1.249248 -1.0 = 0.249248 

From appendix C (po— 1) = (4 /t— 1) for curve 
without constant value for Mo during period 
£• As a correction for effect of latter condi¬ 
tion, assume 

U-D-g-t)-! 

where cp/T is correction factor. Then 
(po- 1) =0.249 = “l)-Y 

and for P/T- 1/24 

c=0.5758 which represents one point on 
curve B of Figure 13 which has been plotted 
for the value £=1 /24 or 0.042. 
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Appendix E 


Therefore 


also 


Referring to Figure 9, let pi and pi be two 
intervals during which the corresponding 
peak loads Mi and Ms are measured as 
average values. Then from appendix D 


gi = Mi-KM=Mi-N 


and 


gi==Mi-KM=Mi-N 


since 


(1 


—<f>) = (1—0c) 


<(1—0o) 


W-K 0 M 0 T y 
<tx>M Q T-KoM 0 TJ 
B 


w 


M 0 T 


-Ko 


and 


0 = 1 —(1 —<fa) 


<fo—Ko 
W 


• K 0 


MoT 
fa—Ko 


0 20 

- - or 0=- 

2—0 l-|-0 


from appendix B 
substituting in equation 57 


2 0 $ 1 



from which 


(58) 


KM=N 

Therefore 

Mi—N gi 
Mi—N gi 

or 

M^N+Wi-N)- 

g2 

Appendix F 

Total loss=constant loss+variable loss 

or Z,i= Lq -)- CMt^di 
and Li— Lo -f* CM^di 

then 

Li — L\ — C(Mi*di—Mi J 0i) 
where C =constant, from which 


Appendix H 

Referring to Figure 14, it is assumed that 
the average load for one of Q units is the 
same as the average value for a single unit. 
If the average load be taken as unity, the 
maximum load for a single unit becomes 
l/0i and for each of Q units, 1/0$. Some 
curve connecting A and B represents the 
variation of 1 /0 with Q. 

When °o, 0 and l/0:il, the average. 
When 0=1, 0=0i and l/0i is the maximum 
for 1 unit. 

Curve A-B may be expressed in the hy¬ 
perbolic form 

(j-l) XQ=C (52) 

where C— constant. When 
0 = 0] @=1 



Appendix I 


Equipment I*R Losses and Capacities 

1. A 400-ton suburban train is operating 
on a schedule for which the average current 
in the traction motors is 20 per cent of the 
maximum. To find a figure for the increase 
in copper losses in the motors if trailers be 
added to make a total train-weight of 600 
tons: 

(а) The accelerating relays and starting-resistance 
grids are not altered, and the same schedule is kept 
by less coasting. 

(б) The relays are altered to permit 25 per cent 
more accelerating current. 


U-Li 


— Mi^Oi 


and 


( Bj-Ly \ 
\Mi 2 6t — 


or 

Z>o=La' 


U-Li 


_/W—Y 
WvW 


Appendix G 

Referring to Figures 11 and 12, it is seen 
that the load factor varies from a value of 
1.0 at the base load to a value of 0 0 at the 
maximum peak and output for a given time, 
the line OC being the locus of the peaks for 
unity load factor. The curve defining this 
variation may be expressed by 

(1—0) = C(W—KoMoT)P 

where C— constant, when 

0=0o, W=0o.M'oT' 

so that 

(1 -0o) = C(0o M 0 T-K 9 MoT)^ 
from which 

(1—0o) 


C= 


(<hM Q T-K o MoT)0 
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and 
C 


(H 

When 

0=0$ Q=Q 

and 

then 

and 

(54) 


or 




so that 


0$ ! 


r, KH +i 


For the special case when the minimum load 
is zero, so that N-KM =0> equation 56 be¬ 
comes 


0$—• 


Q~'/+ 


(b0 +i 
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(a) Let 

Wi = energy consumption of motors for 
400-ton train 

Wi= energy consumption of motors for 
»600-ton train 

Then 

Wi=0iil4]7\; Wi—<f>iMiTi 

and 

Wi fa 

Wl 01 
(53) Since 

Mi = Mi and Ti = T% 

Since 

Wi=*1.5Wi 02=1.501 

0i = O.2 
Therefore 
02 = 0.3 

From equation 6 
0x 0.2 

0 2 =-^-=—= 0.176 
2-02 1.7 

Per cent increase in copper losses 

, -^xioo-5^±iH xl oo 

(57) Bi 0.111 

=58.6 per cent. Say 59 per cent. 
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(55) 


(56) 



(b) Wi=<fnMiTi and Wi=faM 2 Ti 
But W 2 ~1.5Wi-, Mt—1.25Mi and since 

Ti = T 2 
Therefore 

Wt—faMiTn=*1.5Wi = 1.5<lnMiTi 
or 

<hX1.25M 1 T 2 = l.5<l> l M 1 T l 
or 

1.5<fr 1.5 X 0.2 


- T"* 

1.25 “ 1.25 
Then 

. 0! 0.2 
1 2 -*"l. 8“ 0,111 


= 0.24 


and 


<j>2 0.24 

~2-<t> 2 ~ 1.76 


=0.136 


Let Li=present copper loss 
L 2 ~ new copper loss 

Then 

U CX 0.136 XCftf i)* 0.136 

ii“cxo.inx(Jifi) s “0.111 (1,25)2=1,92 

where C is a constant 
orLj=1.918Li 

Per cent increase in copper loss is 92 per cent. 

« 

2. An induction motor is to be applied to 
a load which is expected to fluctuate be¬ 
tween no load and 500 horsepower momen¬ 
tarily, and it is known that 60 horsepower- 
hours must be delivered at the shaft during 
a 20-minute cycle. To determine the mini¬ 
mum necessary rating of this motor: 
Given: 

Af=500 hp; W= 60 hp-hr; T= y« hr; K=0 
Then 
W 

A=j =60*Va = 180hp 
and 

A 180 

^>=— =—=0.36 
M 500 

From equation 7 
. 1 1 


- = 1.694 


<f>(2~<f>) 0.36X164' 

By definition r-uA and r*=pv4 ! or 

r«4V^=180Vl.694 =234 horsepower 

which is the required rating. The next 
higher standard rating is 250 horsepower, 
and a motor of this capacity will serve, 
provided it has sufficient torque to carry the 
500-horsepower peak. 

3. A motor-generator set supplying a re¬ 
versing rolling-mill motor consumes 150*000 
kilowatt-hours during a 24-hour run. 
Switchboard instruments show that the 
power to this set fluctuates between 400 
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and 12,000 kw with almost constant power 
factor. The cable system to the motor is 
known to have a loss of 50 kw on a 3,000-kw 
load. It is required to find the average loss 
in the cables, and the transformer capacity 
needed for this load only, if a separate bank 
be installed to carry this set and cable 
losses. Power factor 0.83. Given: 

W= 150,000 kwhr; M= 12,000 kw; 

KM=400 kw; T=24 hr 

„ 150,000 6,250 

A =-= 6,250 kw # = - = 0.5208 




24 

400 


12,000 


= 0.0333 


12,000 

Cable Losses 
At, maximum load = 50 X 


/12,000\ 2 
(wF* - 800kw 


At minimum load = 50 X 
« 

say 1.0 kw 


000 / 

/ 400 V 
\3,000/ = °‘ 


.89 kw 


Average cable losses = 0Xloss at maximum 
load=5X800 


From equation 5 

a-Ky-a-t)* 

(0.521—0.033)»(1 -Q.521) 2 
(1—0.033)®—(1—0.521) 2 


6 — 

= (0.521)8+ 


=0.350 

therefore average cable losses*0.350X 
800=280 kw 

For Transformer 

Maximum load* 12,000+800= 12,800 kw 
Average load* 6,250+280 = 6,530 kw 
Minimum load* 400+ 1 * 401 kw ' 

• Then 

\ 

6,530 




K> 


12,800 

401 

"12,800 


= 0.510 


= 0.031 


and 


0ss02-|. 


(*~K) *X (!-</>)* 

(i- a:)*-( 1-^)8 

(0.510-0.031)8(1-0.510)8 


= (0.510)8+ 
* 0.339 


(1—0.031) 2 —(1—0.510)8 


r 2 * M *6 or r = M y/6 * 1.2,800\/<l339 
= 7,450 kw 

and at 83 per cent power factor the trans¬ 
former capacity required *8,980 kva, say 
9,000 kva. 

Extrapolation of Demands 

4. On one of the days of maximum load • 
a utility company had a peak load of 245,000 
kw and an output of 3,118,400 kilowatt- 
hours. On a day of less load the output 
was 2,508,000 kilowatt-hours with a peak 
of 190,000 kw. With this basis, to deter- 
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mine the peak which may be expected when 
the daily output reaches 3,500,000 kw, the 
• base load is 35,000 kw. 

Given: 

Mo =245,000 kw Wo * 3,116,400 kwhr 
Mx = 190.000 kw W, = 2,508,000 kwhr 

KoM 3 * 35,000 kw 
or 

35,000 

K 0 = —- - *0.143 

245,000 

T=24 hr %=3,500,000 kwhr 


<t> 0 = 


W 0 3,116,400 


4>i' 


MoT 245,000 X24 
W, 2,508,000 


*0.53 


MyT 190,000 X24 
From equation 14 

Wi 


= 0.55 


4>i = l—( 1 —<£o) 


K» 


MoT 


K 0 


or 


<t>o~~Ko 

2,608,000 


0.55 = 1-(1-0.53) 


245,000X24 


-0.143 


0.53-0.143 


from which /9=0.140 
Therefore 

<fc=l-(l—0.53)X 

3,500,000 


245,000 X24 
0.53-0.143 


-0.143 


io. 140 


= 0.52 


Mo 


Wi 3,500,000 
°<hT 0.52 X24 ' 


=280,000 kw 


5. To find a value for the increase in de¬ 
mand in an apartment house which may be 
caused by the installation of 125 electric 
refrigerators and 125 electric ranges. Eac h 
refrigerator is reported to consume 240 
watts and about 40 kilowatt-hours monthly. 
Each range has an average peak of 3,500 
watts and consumes about 125 kilowatt- 
hours monthly. 

For the Refrigerators 

Afi =240 watts T =24X30 = 720 hrs per 

month 

W\ =40,000 watt-hours Q = 126 


. 40,000 Ay 

Ai =-_r =66 watts <fo 


56 


720 

From equation 14 
1 


M t 240 


=0.23 


<f>Q =■ 


rv “(H +l 


( 0.231 *) 


=0.60 


fl 


-^125 

where a. assumed to have a value of 3 . 0 . 
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Therefore 


and maximum demand for 450 houses — 


Table A 


maximum coincident demand (Mqi) = 


56X125 

0.60 


= 11,700 watts, say 12 kw 


and 


demand factor= 


11,700 

125X240 


=0.39 


For the Ranges 


.Ms=3,500 watts r=720hr 

Ws =125,000 watt-hours Q = 125 

. 125,000 174 

A 2 = —— ■=174watts <f >2 = ——: < 
720 3,500 


• 0.050 



therefore 


maximum coincident demand (Mqj) = 


174X125 

0.21 


103,600 watts, say 104 kw 


and 

« , , . 103,600 

demand factor=——— - — •=0.24 
125X3,500 


Since the two peaks can be coincident the 
combined maximum demand is 104+12= 

. 116 kw, and the over-all demand factor = 

116 Q2 g 

125(0.24+3.5) ' 


6. Measurements taken at a transformer 
bank which supplies a group of 300 resi¬ 
dences show a peak of 130 kw and an average 
load of 24 kw. The maximum consumption 
rate in these homes is known to be about 
one kilowatt each. To determine the ex¬ 
pected demand in a similar group of 450 
houses; also for one of 1,000 houses. 


For the Group of 450 Houses 

Given for 300 houses 


24 

Mi = lkw 4i=^^=0.08 kw 

0.08 

<fc = —=0.08 
24 

M o =130kw ,do=24kw <£ Q =—=0.185 

130 


Q=300 Demand factor= 


130 


300X1 


=0 433 


From equation 14 


1 



from which a=5.96. For the 450 houses 
Q =450 and 

1 

0<ji^ _ i / i -\-“0.195 

(450) ‘ \ool -1 ) +1 
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demand factor= 


24 

0.195 

185 

450X1 “ 



• 185 kw 


0.41 


For 1,000 houses 


Mini¬ 

mum 

Generated Sold 1-Hr Peak, Load 

Kwhr Kwhr Kw Kw 


86,421,000... 72,080,000. . .242,000.. ,41,ltHi 
146,666,000.. .122,498,000. . .195,300.. 



_1_ 

(1,000)-ra( 0 -^-i)+i 


0.217 


maximum demand for 1,000 houses= 


24 / l,000 \ 

0.217 X \ 300 / 


=369 kw 


and 

, 369 

demand factor= - — ——-=0.37 
1,000X1 

Distribution and Transmission Losses 

7. During two periods within a year, for 
31 days and 59 days respectively, the records 
of a utility company show the results 
given in Table A. 

Required to find the constant losses of 
the distribution system: 


8. A projected transmission line is to 
liver 100 million kilowatt-hours annuuKv 
with a line loss not to exceed five milU,»- ; 
kilowatt-hours. There will be a base 
of 5,000 kw and a peak of 25,000 kw. Th- 
permissible line loss at the maximum lout I»» 
required. 


M=25,000 kw KM =5,000 kw 
W= 100,000,000 kwhr L=5,000,000 kwln 
T= 8,760 hr 


A = 


100 , 000,000 


8,760 


11,420 kw 


* 


11,420 

250,000 


0.457 


5,000 

25,000 



Given: 

242,000 kw 
Ti-31 days 
KiMi-41,000 kw 
^■=86,421,000 kwhr 


Then 

At- 


86,421,000 


31X24 
116,200 _ .. 
««rt = '0.48 


116,200 kw 


Li> 


Ki> 


242,000 
86,421,000-72,080,000 


41,100 

’242,000 


31X24 

*0.17 


19,300 kw 


Mi — 195,300 kw 
Ta-59 days 
KiMi- 35.000 kw 

Wi- 146,566,000 kwhr 


, 146,566,000 _ 

As-— 60 ^ 24 ——103,500 lin 

103,600 _ . 

195,300 " 0<63 

. 146,566,000-122,408,000 . .. 

Lt -69X24- 17,t,WMk * 

„ 35,000 „ 

195,300“ 0,18 


From equation 9 

0«*«+O.273(0-K)* 

Then 

0i — (0.48)*+0.273(0.31)*—0.257 
fc = (0.53)*+0.273(0.36)»-0.314 


From equation 13 

Lt—Li 


U-Lt-- 


_0i/KiV 


17,000- 


17,000-10,300 
0.257 /2 42, 000 V 
0.314'■195,300/ 


- 8,100 kw 


Table B 


Duration of Peak 

Peak Load Kw (Minutes) Production Kwhr (Thousand** 

Company (Mi) (p/T X 1,440) (W) 


A.310,000. 

B .148,200. 

C.407,500. 

D . 204,000. 

E . 55,300. 


.60.1,414.828 

.15. 030,941 

.20. 2,152,529 

.30.1,022.187 

. 5. 221.384 


Company 0 K KMi Mi-KMi gs/gi Mi = KMt+(Mi-KMi3(i 4* 


A . 

..0.521. 

-0.208. 

.. .64,600. 

. ,245,400_ 

...1/0.924. 

.330.200 

B. 

..0.486. 

....0.194. 

.. .28,800. 

. .119,400_ 

...1/0.935. 

.140,400 

C.. 

...0.603. 

-0.241. 

.. .98,300. 

..309,200_ 

...1/0.959. 

.394,800 

D, 

..0.572. 

_0.229. 

.. .46,700. 

.. 157,300- 

...1/1.000. 

.204,000 

E. 

..0.457. 

-0.183. 

...10,100. 

.. 45,200_ 

...1/0.852. 

. 48,600 


K assumed as 0.40 


0 — Ty/8,7601fi 


gt/gi from TaM* It 
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From equation 9 


*=^*+0.273(0- K)* = (0.457) *4-0.273) X 

(0.457—0.2) 2 =0.227 

. , 5.000,000 

Average loss = ——-- = 571 kw 
8,760 


T „„„ . . , , average loss 

Loss at maximum loads--- 

e 


571 

0.227 


2,520 kw 


For the above equation, K is obtained by . and the loss corresponding to the mid-section 
the ratio of Wi to W 2 or load curve is 


K 


105,000 
123,000 = 


0.8537 


0.323 X120 X 



=413 kw 


The average daily energy consumption is 


rrr 40,000,000 

W a =-— - -= 109,600 kwhr 

000 


. The volume of the solid representing the 
losses, to correspond to Figure 7 may be 
considered as that of a prismatoid, the for¬ 
mula for which is 


so that 


V=\h(A +5+40 
6 


9. An isolated feeder circuit supplies a 
manufacturing plant 40 million kilowatt- 
hours annually, metered at the plant. On 
the maximum day the peak was 12,000 kva 
at 0.85 power factor; consumption 123,000 
kilowatt-hours; base load 1,800 kva. On 
the minimum day the peak was 9,000 kva at 
0.90 power factor; consumption 105,000 
kilowatt-hours with a base load of 1,500 
kva. 

At a load of 3,000 kva, the feeder loss is 
120 kw. The annual feeder loss is required 
to determine if additional copper is war¬ 
ranted. 


109,600 

123,000 


0.8910 


then 


n 


1-0.8910 

0.8910 -0.8537 ~ 2922 


and 

W m =[K+(l-K)(0.5)*-n*m 

= [0.8537+(0.1463 X 0.1319) ]123,000 
= 107,400 kwhr 


where 

V =volume 

h = distance between end faces A and B 
A +5=area of end faces 
C —area of mid-section 

then 

A=365 days 
A =602 kwX24 hours 
B =377 kwX24 hours 
C=413 kwX24 hours 

So that 


Given: 

Annually 

TP-40,000.000 kwhr 


Maximum Day 
Wi = 123,000 kwhr 
Mt «12,000 kva -10,200 kw 
KiMi =* 1,800 kva 
1,800 

Ktmm 12,000“ 0,15 
123,000 

0! “24X1O,2OO”°‘ S02 
(02 — Ki) ■= (0.502—0.15) “0.352 

(1-.K2)=.1-0.15=0.85 


Minimum Day 
Wi — 105,000 kwhr 
Mi—9,000 kva = 8,100 kw 
.K 1 M 1 — 1,500 kva 


1,500 

“9^00 “°- 167 
105,000 

* l ”24X8,100 =,0,54 ° 
(0 i - Ki) "(0.540 — 0.167) =* 

0.873 

(!-/£,)-1—0.167 "0.833 


366 

annual kwhr loss = — X 24 [602 +377+ 
6 


(4X413)]=4,133,000 kwhr 


and 

the average loss = 


4,133,000 

24X365 


=472 kw 


Using curve of function 11 of Table I 

«=4> 2 +Vis[3(0-x)*-3(0-a:)(i-a:)+ 

2(1 -jq*] 

01 = (0.540)*+Vi* [3 (0.373) 2 —3 (0.373 X 

0.833) +2(0.833)*] = 0.349 
<?2=(0.502)*+y iS [3(0.352)*-3(0.352X 

0.85)+2(0 85)*] = 0.313 

then 


By direct interpolation 

Af w =8,100+[10,200-8,100]X 
107,400-105,000 
123,000-105,000 “ 8,730 kw 

and 

at the average power factor of 


Comparison of Maximum Demands 

10. Utilities A to F report the peak loads 
and energy generated during a year shown 
in Table B. For comparative purposes, it 
is necessary to express all peaks on a 30- 
minute basis. See formula 12. 
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£, “ 120 x ( l ^) !><0 - 349 =377kw 
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Km _ 0.540 + Q,502 

4m 2 2 
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Acoustics and the Quiet Train Ride 

WILLIAM A. JACK 

NONMEMBER AIEE 


pends on experience with a variety of 
sound sources, and on the relations be¬ 
tween the physical disturbance in the air 
and the hearing reactions of an auditor. 

Decibels 


Synopsis: This paper discusses those funda¬ 
mentals of acoustics which are important in 
attacking practical problems in noise reduc¬ 
tion. A description is given of the instru¬ 
ments suitable for measuring the physical 
quantities involved. The train problem is 
analyzed, and data taken by the author on 
a relatively quiet type of coach are pre¬ 
sented. The various methods of noise con¬ 
trol which may be applied to a coach are 
discussed, and data are presented indicating 
the possibilities of each method. 

I. Some Fundamentals on Sound 
and Hearing 

T HE auditory sensation is subjectively 
simple, and so familiar that the 
average reaction to the acoustical engineer 
and his load of instruments is: “I know 
it’s noisy, why measure it; I don’t see 
why your meter readings jump around; 
you have measured two sounds which are 
certainly different to our ears, and your 
meter gives the same reading; the decibel 
is a silly unit; all I want is a few square 
feet of absorbing material which will soak 
up the sound.” The critical gentleman 
may certainly be forgiven, because his 
viewpoint is understandable. Neverthe¬ 
less, there are very definite reasons for 
the techniques and vocabulary of acous¬ 
tical analysis and for the variety of methr 
ods which may be needed to bring about 
the desired quiet ride. 

Sound in Air 

Sound, considered physically in air at 
a point, is a fluctuation in the barometric 


pressure above and below normal atmos¬ 
pheric pressure. It may be simply a 
sinusoidal pressure variation with time, 
or it may be of the greatest complexity. 
Using a 1,000-cycle-per-second pure tone 
the ear is found to be 

(а) Sensitive—it can hear as sound a pres¬ 
sure variation of 2.96X10 - * pounds per 
square inch. 

(б) Rugged—it can give a hearing sensa¬ 
tion (with some discomfort) for a pressure 
variation of 9.35 X10" 2 pounds per square 
inch. 

These are rms values. This is a remark¬ 
able range, covering a pressure ratio of 
3.16X10 7 to 1. The pressure variation 
is usually spoken of simply as the sound 
pressure. The threshold of hearing varies 
with frequency, the ear being less acute 
at each end of its range. Below 20 
cycles and above 15,000 cycles, the hear¬ 
ing sensation is not stimulated no matter 
how large the sound pressure. 

The ear can tell us something about 
pressure and frequency. It has remark¬ 
able powers in judging the quality of 
complex sounds. It cannot remember 
loudness accurately, however, for even a 
short time. A pressure gage is needed, 
with indicating or recording devices, so 
that a measure of the pressure variation 
with time, at a point, may be taken. We 
may wish to get the instantaneous varia¬ 
tion over the cycle, or we may be satisfied 
with an rms reading. When we have 
these we have all the data the ear ever 
had, and furthermore we have every¬ 
thing the air can tell us at this point. 
What we are able to deduce from it de- 


The pressure units given above are in¬ 
convenient numbers and cover so wide 
a range that logarithmic plots would have 
to be used. The concept of the decibel 
has been adopted, because it reduces the 
above pressure range to 150 steps. This 
is useful, because it is approximately true 
that 150 variations in loudness may be 
detected in passing through this range. 
The difference in decibels between two 
sound pressures, P% and Pi, Pt being the 
larger, is defined as 

P t 

decibel difference =20 logio ~ (1) 

11 

The decibel involves a ratio always. 
When a train noise is said to be 80 deci¬ 
bels, it refers to 80 . decibels above some 
reference pressure. This reference has 
now been standardized at 2.96X10 -9 
pounds per square inch rms.* 

The pressure level of a sound pressure 
P, expressed in pounds per square inch 
rms is 

20 “*'• 2.86X10-; dedbClS <2) 

If desired, sound readings may be given 
in pressure units. Meters are usually 
calibrated to read directly in pressure 
levd, which answers most purposes very 
well. 

The practicing acoustical engineer finds 
the relation between pressure level reduc¬ 
tion in physical units and human reaction 
about as follows. 2 

1 decibel—Barely detectable 
5 decibels—Definite improvement, worth 
some expenditure 

10 decibels—Striking improvement, worth 
considerable cost 

20 decibels—Outstanding improvement 
25 decibels—Almost like “off and on” 

For practical purposes discussed later, 
decibel here can be replaced by the 
closely related loudness level unit, phon. 


Paper 42-56, recommended by the AIBB committee 
on land transportation for presentation at the AIBB 
winter convention, New York, N. Y., January 28-30, 
1942. Manuscript submitted November 12,1941; 
made available for printing January 6, 1942. 

William A. Jack is research engineer, acoustical 
engineering section, Johns-Manville Research 
Laboratories, Manville, N. J. 

The author acknowledges the friendly advice of 
J. S. Parkinson, under whose direction much of the 
data presented in this paper were taken. 

♦Standard nomenclature employs centimeter-gram- 
second units. The rms pressure at the threshold 
of hearing at 1,000 cycles is 0.000204 bar. See 
reference 1. 
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Figure 1. Loudness 
contours, showing 
how the sensation 
of loudness varies 
with frequency and 
pressure level 

Pressure levels are 
in decibels; loud¬ 
ness levels are in 
phons 
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This table is true for initial pressure 
levels of 60 to 90 decibels, the range in 
which most noise-quieting problems lie. 
It is difficult to converse at 100 decibels 
and virtually impossible at 120 decibels. 
In an extremely noisy environment such 
as a ship engine room, acoustically un¬ 
treated, a reduction from 120 decibels to 
110 decibels might not be judged as 
"worth considerable cost.” The level 
would still be unpleasantly high and con¬ 
versation would still require great effort. 


Figure 2. Typical 
transducers 

Dynamic microphone 
(left) and dynamic 
vibration velocity 
unit 



Vibration and Sound 

In addition to the sound pressure af¬ 
fecting his ears, the coach passenger is 
subjected to direct vibration through the 
seat cushions, the floor, and those por¬ 
tions of the wall and window he may lean 
against. Except for outside noise enter¬ 
ing through air leaks and inside sources 
such as fans, the sound pressures in the 
coach are built up by vibrating surfaces. 

The air particles near a vibrating sur¬ 
face which acts as a sound source move 
with the same displacement and fre¬ 
quency as the surface and in phase with 
it. If the vibrating surface moves at 
1,000 cycles per second with an rms 
velocity of 1.92 X10 -6 inches per second, 
the nearby sound pressure will be 2.96X 
10~ # pounds per square inch, which is 
the threshold of hearing. Accordingly we 
may write, when V is expressed as inches 
per second rms 

Vibration velocity level = 

20 log, “ £32X10- decibds (3) 

A velocity gage is needed, with,indicating 
or recording devices so that a measure of 
the velocity variation with time, at a 
point, may be taken. We may wish to 
get the instantaneous variation over the 
cycle, or we may be satisfied with an rms 
reading. When we have these, we have 
more than the ear in air can get, because 
we may explore various surfaces with a 
probe and determine their individual 
vibration characteristics. The ear in air 
can judge merely the pressure charac¬ 
teristics at that point, and the pressure 
at that point may be dictated by several 


sources plus the effect of room acoustics. 
If desired, vibration readings may be 
given in velocity units. It is convenient 
to express them in decibels of vibration 
velocity level. If a surface has a vibra¬ 
tion velocity level of 80 decibels, it will 
generate near it a pressure level of 80 
decibels. 

Displacement, Velocity, Acceleration 

Just because a surface has a large dis¬ 
placement, it must not be thought that a 
loud sound will result, nor is it neces¬ 
sarily true that a small displacement re¬ 
sults in a weak sound. The pressure level 
near the surface depends on the velocity 
of the vibration, which is a function of 
both displacement and frequency. Dis¬ 
placement and acceleration may be of 
interest when stresses, unbalance, metal 
fatigue, and passenger bodily comfort are 
under consideration. They may be 
measured by special instruments, or they 
may be computed from readings of vibra¬ 
tion velocity level and frequency. 

For sinusoidal vibrations we have the 
following relations: 


■B m sin (2irft) 

(4) 

= w=»F to 2x/cos (2t/0 


m B m 2trf sin (2wft+^J 

(S) 

—a=>— BnAv^P sin (2 vft) 


= B m 47r 2 / 2 sin 

(«) 


where 

x, v, a “instantaneous values of displace¬ 
ment, velocity, acceleration 


B m “maximum displacement of particle 
from neutral position 

/“frequency of vibration in cycles per 
second 

t = time in seconds 

Equation 4 describes a particle whose 
displacement varies sinusoidally with 
time, / cycles per second, between the 
limits + B m and —B m . Let us assume 
t —0 is now. The equation shows that 
the particle displacement is now zero, 
about to increase positively. Equation 5 
describes the velocity of this particle. It 
is similar to the displacement but differs 
in amplitude and phase. The equation 
describes a particle whose velocity varies 
sinusoidally with time, / cycles per 
second, between the limits -\-B m 2irf and 
—B m 2-irf. At / cycles per second, one 
cycle is completed in 1/f seconds. When 
t— 0 , the particle velocity is the maximum, 
-\-B m 2irf, about to decrease. At a time 
1/ 4/seconds earlier, (t~— 1/4/), the veloc¬ 
ity was zero about to increase positively. 
This is a sufficient value for t which makes 
sin (2fl/f+7r/2) = 0 and about to increase. 
This is the same state the displacement is 
in now. Thus, the velocity "leads” the 
displacement by 1/4/ seconds, which is 
the time required to execute one-quarter 
cycle. With the convention of represent¬ 
ing a vibration as the projection of a 
vector rotating in a circle, the velocity 
leads the displacement by 90 degrees. 
Equation 6 describes the acceleration of 
this particle. It is similar to the dis¬ 
placement but differs in amplitude and 
phase. The equation describes a particle 
whose acceleration varies sinusoidally 
with time, / cycles per second, between 
the limits +.B m 4ir 2 / 2 and — B m ^Tr 2 p. 


Table I. RMS Displacements, Velocities, and Accelerations Over the Range of Sound Levels and Frequencies 

Units Are Inches, Inches Per Second, Inches Per Second Squared 


Frequency 


Decibel 


80 Decibels 


150 Decibels 


1 .. 
10 .. 
100 .. 
1 , 000 .. 
10 , 000 .. 


.3.06X10-’. 

.3,06X10-®. 

.3.00X10-®. 

.3.08X10-1®. 

.3.00X10-11. 


... 1.92X 10-®.-1.21X10-5......3.00 X10t*.'. 

1,92X10-®.....1.21X10-®. .....3.00X10-*; . 

. .1.92X10-®.. . . .1.21X10-®. __3.06X10-®. . 

,. .1.92X10,-®. ....1.21X10-*.._3.00 X10 . 

. .1.92X10"*. .,..1.21X10-1. .... .3.00X10-*. . 


..1.92X10-*... 
..1.92X10-*.,. 
..1.92X10-*. .. 
..1.92 <10-*. . . 
..1.92X10-*, .. 


. .1.21X10-*.9.67 

..1.21 9.67X10-1 

..1.21X101 .9.67X10-* 

..1.21X10* .9.67X10-® 

..1.21X10* .9.67X10-* 


...00.7. 

...60:7. 

...60.7. 

...60.7. 

...00.7. 


..3.81X10* 
. .3.81X10* 
..3.81X10* 
..3.81X10® 
..3.81X10® 
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When t=0, the particle acceleration is 
zero about to increase negatively. At a 
time 1/2/ seconds earlier (t= - 1/2 /), the 
acceleration was zero about to increase 
positively. This is a sufficient value for 
t which makes sin (2ir/£+ir)=0 and about 
to increase. This is the same state the 
displacement is in now. Thus the ac¬ 
celeration leads the displacement by 1/2 f 
seconds, which is the time required to 
execute one-half cycle, or the acceleration 
lea d s the displacement by 180 degrees. 
The phase differences are indicated 
directly in equations 5 and 6 as vr/2 and 
t respectively. The explanation has been 
given to help visualize the actual time 
differences involved, and what the dif¬ 
ference's mean in terms of the complete 
cycle. 

In Table I are given the rms displace¬ 
ments, velocities, and accelerations as¬ 
sociated with 0, 80, and 150 decibels 
pressure levels. The units are respec¬ 
tively inches, inches per second, and 
inches per second squared. These tabu¬ 
lations represent physical conditions, and 
the decibel is a physical unit. For ex¬ 
ample, a vibration of an air particle at 
one cycle per second having an rms dis¬ 
placement of 3.06X10 -8 inches develops 
an rms velocity of 1.92X10 -2 inches per 
second and is thus 80 decibels pressure 
level. Due to the limitations of the ear, 
this would not evoke the sensation of 
hearing. However, it is perfectly possible 
for a vibrating surface or air particle to 
have this motion. This vibration in a 
surface could be detected by the fingers. 
Sound pressure levels of 150 decibels at 
1,000 cycles have been measured in air¬ 
plane motor test houses. Such levels are 
reachable by generating nonstreamline 
flow in air by propellor blades or causing 
high-speed jets- to impinge on sharp 
edges. They are not reachable generally 
by flat surfaces vibrating normal to their 
plane. Note that the rms acceleration as¬ 
sociated with this level is 3.81 X10 5 inches 



Figure 3. One type of electrical filter 


Heterodyne type passing a narrow band of 
frequencies 
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per second squared. This is approxi¬ 
mately 1,000 times gravity (a ff =386 
inches per second squared). A large 
force would be required to move even 
a lightweight panel at this acceleration, 
and the mass reactions throughout the 
panel would be so high the inherent stiff¬ 
ness would not be great enough to make 
the panel vibrate as a plane. 

So far we have discussed mainly a 
physical way of designating sounds and 
vibrations. Ear sensations have been 
referred to in terms of the threshold of 
hearing at 1,000 cycles, the region of pain 
at 150 decibels, and the reaction of an 
auditor to various decibel steps in noise 
reduction. We will now discuss loudness 
level and its relation to pressure level for 
pine tones. 

Pressure Level and Loudness Level 

The loudness level of a pure tone is 
defined as the pressure level of the equally 
loud 1,000-cycle tone, a matter decided 
by the vote of a sound jury. 1 The unit 
is the phon. Figure 1 shows this relation¬ 
ship in the form of equal loudness con¬ 
tours. The loudness level in phons of a 
1,000-cycle tone is the same as the pres¬ 
sure level in decibels. For any other 
frequency the loudness level varies with 
the pressure level, varying both with fre¬ 
quency and with pressure level. In gen¬ 
eral, the ear lacks acuity at low fre¬ 
quencies and low pressure levels. Typical 
values are given in Table II. The 
tabulated values are decibels pressure 
level. Using the “70 phons” column for 
example, the table shows that 82 decibels 
are required at 50 cycles to evoke the 
hearing sensation of 70 phons loudness 
level, but only 67 decibels are required at 
3,000 cycles to evoke the sensation of 70 
phons. The “0 phons" column gives the 
minimum pressure levels in decibels 
necessary to evoke the sensation of hear¬ 


Tablc II. Pressure Levels in Decibels Re¬ 
quired Over the Frequency Range to Give 
Four Loudness Levels 


Frequency 

Loudness Levels—Phons 

0 

40 

70 

100 

50.... 

... 53... 

...72... 

...82... 

. .100 

100.... 

... 36... 

...62... 

...78... 

. .100 

250..'.. 

... . 18... 

.. .49... 

...72... 

. .100 

500... . 

... 6... 

...42... 

...70... 

..101 

1,000_ 

... 0 ... 

...40... 

...70... 

. .100 

1,500.... 

...-2... 

...40... 

...70... 

.. 98 

2,000_ 

...-4... 

...39... 

...69... 

.. 97 

2,600. . . . 

...-6... 

...38... 

...68... 

.. 95 

3,000.... 

...-7... 

...37... 

...67... 

.. 03 

3,500_ 

...-8... 

...37... 

...67... 

.. 92 

4,000_ 

...-7... 

...38... 

...67... 

.. 92 

5,000. ... 

. . —5... 

...39.., 

...69... 

.. '95 

7^500.... 

... 6... 

...51... 

...81... 

..105 

10,000.... 

... 8... 

...52... 

...82... 

. .105 
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ing. For example, the ear threshold is 
53 decibels higher at 50 cycles and 36 
decibels higher at 100 cycles than it is at 
1,000 cycles. At 3,500 cycles the ear is 
most acute. At high levels the ear has a 
substantially flat response, as shown by 
the “100 phons” column. The response 
at intermediate levels is indicated by the 
“40 phons” and “70 phons” columns. 

Adding Decibels 

If the measured sound pressure in air 
at a point is Pi, the energy E\ flowing 
through a unit area in unit time is given 
by 

Ei=kPi 1 a?) 

where k is a constant of proportionality 
depending on the system of units selected. 
Accordingly, from equations 2 and 7, 
letting P 0 represent the threshold pres¬ 
sure, and £ 0 the threshold energy 

Pi 

Pressure level =20 logio ~ 

Jo 

Pi 2 Ex 

= 10 logio“ = 10 logio — (8) 

iV Ji0 

Suppose that a single source of sound 
causes a measured pressure level L\. The 
energy associated with it is E\. Suppose 
that we stop the first source and sound 



Figure 4. Oscilloscope 


Used in study of wave form of original sound, 
indicating instantaneous variations over the 
cycle 
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a second source, which causes a measured 
pressure level Lz, with an associated 
energy _E 2 . If now we sound both 
sources together, the energy passing 
through the point of measurement will be 
-Ex+^a. For the random phase relation¬ 
ships which occur with multiple wall re¬ 
flections and radiation from complex 
sou rces, th e new pressure will be 

VP^+iY, where P t and P 2 are the 
pressures associated with h and L%. 
Using equation 8 and the fact that associ¬ 
ated energies add arithmetically, it may be 
shown that if A is the difference in decibels 
between L\ and L 2 , L\ being the larger, 
the new pressure level is obtained by 
adding /3 to L x as shown in Table III. 

Handling the Analysis 

Suppose that an analysis of pressure 
level under representative conditions has 
been made. The pressure levels measured 
are given in Table IV, column 1. In 
column 2 are the loudness levels from 
these, obtained from the loudness con¬ 
tours of Figure 1. Single frequencies 
near the mid-points of the bands were 
used to represent the bands: 30, 150, 
300, 600, 1,200, 2,400, 3,600, 6,000 cycles. 

The “total” figures for the decibel 
values of columns 1 and 4 could have been 
obtained by computing the energies in 
the bands, adding the individual energies 
to get the total energy, then converting 
back to pressure level. Actually the 
short-cut method of Table III was used, 
which is entirely satisfactory. Strictly 
Speaking, individual band loudness levels 
in phons do not add as decibels do, but 
the author has found that a total figure 
obtained this way is a practical method of 
assigning a single number having some 
meaning in terms of the sensation of 
hearing. This is not the preferred 
method. Noise-reduction problems 
should be judged by the reduction in each 
band. This is discussed at greater length 
under “multiple sources.” 

Suppose that an outstanding improve¬ 
ment is desired in the total loudness level. 


Table III. Addition Factor for Combining 
Two Decibel Levels Knowing Their Difference 


Difference in 
Two Level—A 


Add to Larger 
Level —e 

0 . 


.....3 0 

1 . 


..2.5 

2 . 


... . . 2.1 

3..... 


....- 1.8 

4. 


. 1 5 

5. 


. 1.2 

0 V . 


.. 1.0 

7. 


. .. 0.8 

8 . 


...........;o.e 

9. 


...0.5 

10 . 


......0.4 
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By our standard, this calls for a 20-phon 
reduction from 88 to 68 phons. Most 
commercial band spectra give a total 
that is 2-5 decibels (or phons) higher 
than the highest single component. In 
this case, we might guess at a design 
objective of 64 phons for the loudest 
band after acoustical correction, with the 
other bands reduced to something under 
64 phons, and write down column 3. 
This desired spectra has been made to 
drop off in the high frequency end, as 
experience has shown the high frequencies 
have a heavy “annoyance weighting.” 
The total turns out to be 69 phons or a 
reduction of 19 phons. We will let this 
trial stand. In column 4 the phons loud¬ 
ness level of column 3 have be en con¬ 
verted to decibels pressure level, using the 
loudness contours of Figure 1. Column 5 
shows the decibel reductions necessary 
in each band to produce the desired 
loudness level projected in each band. It 
may prove impossible to effect an 11- 
decibel reduction for example, in the 50- 
100 band within the price, weight, and 
space limitations imposed upon train 
problems, but by this type of analysis a 
rational method is available for surveying 
and attacking a complicated situation. 

Multiple Sources 

Table IV is a general procedure based 
on measuring the interior level. It is 
usually necessary to investigate further a 
complex structure such as a train to 
determine the contribution of each source 
to the interior pressure level. Sometimes 
controlled experiments can be run, such 
as driving the compressors with the train 
stationary, or checking the floor trans¬ 
mission by an artificial sound source. 
More often the interior must be probed 
for vibration velocity level and an esti¬ 
mate made as to why certain panels 
vibrate and what can be done to reduce 


Table IV. Handling a Pressure Level Analysis 
(See Text) 
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*3 
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Frequency 

Bands 

Measured D 
Pressure Le 
Col. 1. 

Measured P 
Loudness Le 
Col. 2 

Design Phon 
Loudness Le 
Col. 3 

Design Db 
Pressure Lev 
Col. 4 

Decibel Red 
Necessary 
Col. 5 

0-50 

..91... 

..83... 

..63.. 

. ..85... 

. . 6 

50-100 

..87... 

..84... 

. .04.. 

..,76... 

. .11 

100-200 

..81... 

..79... 

.’.62.. 


. .12 

200-400 

• * 78 • •. 

..77... 

. .58.. 

...61... 

. .17 

400-800 

..75... 

..75... 

..56.. 

...55... 

. .20 

800-1,600 

..72... 

..72... 

. .52.. 

...52... 

. .20 

1,600-3,200 

2,400-4,800 

..65. 

..60... 

.. 66 ... 
..62... 

..48.. 

. .43.. 

...46... 
..,41... 

..19 
.. 19 

4,800 + 

..48... 

..43... 

..38.. 

...43... 

. 5 

Total 

..93... 

..88... 

..69.. 

...86 
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their contributions to interior pressure 
level. 

Suppose that near a certain passenger 
position a complete survey of likely 
sources is made. Hypothetical data for 
the 400-800-cycle band are presented in 
Table V. From this tabulation we can 
make certain informed guesses. 

The noise from the air conditioner ap¬ 
pears to come directly through the air to 
the passenger, as no panels have been dis¬ 
covered which can account for 50 decibels. 
The noise when “at speed” appears to.be 
due to (a) sound pressures generated at 
the wheels striking the floor and coming 
through in part, or (5) broadcasting of 
sound energy from the floor surface, or 
both. The floor may be driven strongly 
from the frame, which is subjected to road 
shocks. Table V does not tell us whether 
the other panels vibrate at the levels 
shown, because they are part of the 
strongly vibrating floor system, or be¬ 
cause external sound pressures cause them 
to vibrate at these levels. 

The data suggest that measurement of 
external levels under the coach and at 
window height would throw further light 
on the mechanism of sound transfer. 
As the air-borne pressure level due to the 
compressor is 60 decibels, reducing the 
“at-speed” floor contribution much below 
57 decibels is a waste of time and money, 
unless the compressor is also reduced. 
This is a direct consequence of the decibel 
additive relationship shown in Table III. 
With 60 decibels and 57 decibels, the total 
is 61.8 decibels. If the floor contribution 
were removed entirely, the pressure level 
could drop only 1.8 decibels which is not 
an important amount. 

The noise from the compressor appears 
to come through the floor either by its air¬ 
borne noise striking the underside of the 
floor or by structural vibration or both. 
With a tube-like structure such as a 
coach, an intense source in one portion, 
such as vestibule noise leaking through a 


Table V. Investigation of Probable Sources 
(See Text) 



Train Stationary 

Com- Air Con- 
pressor ditioner 
Only Only 

Train 
at Speed 

Compressor 
and Con¬ 
ditioner 
Operating 

Air-borne pressure 
level. 

,..60_ 

.... 50 

*7K 

Floor vibration ve¬ 
locity level. 

,..03..., 

_35,.. 

*7(\ 

Window vibration 
velocity level.... 

..57..., 

_32... 

7n 

Side panel vibra¬ 
tion velocity level, 

,..56..., 

....30... 

.65 

Ceiling vibration 
velocity level..... 

..50... 

....32... 
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Figure 5. High-speed level recorder 


Makes graphic record which can be read as 
pressure level against time; an rms type of 
instrument 


partly open door, will be distributed as 
air-borne sound. This type of trouble is 
readily detected, however, by exploring 
likely panels and air spaces for intense 
local sources. 

A most practical and important aspect 
of the decibel additive relationship of 
Table III occurs when the contributions 
of each frequency band to the total are 
considered. Usually the total level is 
dictated by the most intense band, which 
in transportation is in the low frequency 
end. • if all the energy above 500 cycles 
were removed, the total level would not 
decrease by an amount sufficient to 
measure. The ear would notice a big 
difference, and it has been the author’s 
experience* that reductions in the higher 
frequencies are useful out of all propor¬ 
tion to their contributions to total level. 
The ear will readily detect the difference 
in a coach when hisses, rattles, squeaks 
and high-pitched whines have been elimi¬ 
nated. It will judge this coach definitely 
quieter than before, even though the low- 
frequency components which dictate total 
level have not been reduced. A band 
analysis will show the higher frequencies 
have been reduced substantially, and 
this portion of the measurement will be 
in good agreement with the ear judgment. 

Sound in a Closed Space 

The pressure level built up inside a 
closed space by air-borne sound striking 
the outside may be computed closely 
enough for practical purposes by a 
formula derived from a simplified mathe¬ 
matical analysis. 

PLi ~ P L 0 — TL —10 logio — (9) 

A 

where 

PLi*= average inside pressure level 
.PZ- 0 =pressure level of the sound outside 
striking the transmitting area A 
TL = transmission loss of the area A 

a=total sabines absorption inside the 
closed space 

A transmitting area in square feet 
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Transmission loss is the decibel drop 
produced on air-borne sound by a sound 
barrier, measured dose to each side, under 
conditions that discount the effect of. 
reflected waves. The sabines absorption 
of a surface is the product of its area in 
square feet by its coeffident of sound ab¬ 
sorption. The coeffident may be thought 
of as the percentage of energy absorbed 
at one inddence when a ray of sound 
strikes the surface at a random angle. 

If a dosed space has few sabines 
initially, PLi can be reduced appredably 
by adding an effident acoustical treat¬ 
ment. Generally speaking, more im¬ 
provement is possible in working with 
TL alone than in working with acoustical 
treatment alone for sources outside the 
space. Adding a treatment is discussed 
further in section III. 


II. Electrical Instruments Suitable 
for Noise-Reduction Problems 

We have seen that 

» The sound pressures and vibration 
velocities of interest to the acoustical engi¬ 
neer are quantities covering an enormous 
range but, even at their largest, small by 
ordinary standards. 

Q}) The ear responds in a complex manner 
depending on both the frequency and in¬ 
tensity of the sound in question. 

(c) It is important to measure, the changes 
in each frequency band. 

Rugged instruments of adequate analyz¬ 
ing power are required. 
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It is safe to say that the developments 
of the vacuum-tube amplifier and the 
high-quality microphone have allowed 
the engineering practice of acoustics to 
reach its present stage. Because proper 
electrical instruments are available, field 
problems can be analyzed in a rational 
manner, numbers can be assigned to 
physical measurements which have mean¬ 
ing in terms of human ear reactions, and 
corrective measures, developed by the 
experimental method in the laboratory, 
can be applied to the field problems. 



Figure 7. Complete analyzing equipment 


Makes graphic record which can be read as 
pressure level against frequency. Analyzer 
passes a narrow band of frequencies, covering 
audible range automatically 
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The displacements associated with fre¬ 
quencies below 20 cycles are sometimes 
large. Because of this, the curve of dis¬ 
placement against time often can be 
traced by the seismic type of instrument 
with mechanical leverage to obtain desired 
amplification. Optical magnification 
types are also available. This region is 
of interest in investigations of riding com¬ 
fort. See, for example, the work by 
Jackhn 4 and his associates. The problems 
of measuring and correcting unbalance 
in rotating machinery have been the 
subject of extensive investigations out¬ 
side the scope of this paper. See, for 
example, publications by Thearle 5 and 
Rushing. 6 

The acoustical engineer in the wide 
regions of the audible spectrum finds in¬ 
dispensable the electrical method of meas¬ 
urement, because frequency analysis is 
desirable, and the displacements associated 
with his problems are very small indeed. 
In general, the instrument assembly con¬ 
sists of four parts: 

Transducer. 

Amplifier. 

Filter. 

Final indicating or recording means. 

A transducer is a device which has an 
electrical output similar to the mechanical 
input to the device. The output energy 
can be amplified by the desired amount 
necessary to give the final reading. Filter 
networks which will give a frequency 
discrimination can be inserted ahead of 
the final reading, enabling the frequencies 
involved in the original vibration to be 
investigated. 

What follows is not intended to be an 
exhaustive catalogue of sound measuring 
equipment. It does describe in general 
terms the types which the author has 
found useful in the field and laboratory. 

(1) Transducers 

(a) Microphones 

1. Dynamic . A diaphragm exposed to 
sound pressure carries a coil moving in a 
permanent magnetic field. A preferred type 
is resistance controlled, having a substan¬ 
tially flat response over the frequency range. 
The velocity of the diaphragm, and hence 
the voltage output of the coil, is propor¬ 
tional to the sound pressure. 

2. Condenser, This microphone con¬ 
sists in its elements of two plates close to¬ 
gether which form a condenser in the 
amplifying circuit. Sound pressure moves 
one of the plates, causing a voltage fluctua¬ 
tion. The natural frequency is high, and 
the damping and polarizing voltages are 
such that the response is substantially flat. 

This type usually requires a built-in stage of 

amplification which may be inconvenient 
in the field. 
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Graph of total pressure level versus speed 
Curve A —Noise underneath 
Curve B — Noise inside at passenger head level 
Circles—Associated loudness levels 

3. Ribbon. A thin metallic ribbon ex¬ 
posed to sound pressure moves in a perma¬ 
nent magnetic field. With the back of therib- 
bon enclosed, this microphone responds to 
the sound pressure on the exposed face and 
is nondirectional. With both sides of the 
ribbon open to the sound field, the micro¬ 
phone responds to the pressure gradient 
and is insensitive in the plane of the ribbon. 
This is often called a velocity microphone. 
The two types are sometimes combined into 
one microphone having a substantially uni¬ 
directional respo ns e. 

4. Crystal. A crystal of Rochelle 
salt exhibits the piezoelectric effect, generat¬ 
ing an electromotive force when deformed. 
Sound pressures cause this deformation and 
the microphone using this principle has a 
substantially flat response. 

(b) Vibration Pickups 

These instruments are, in general, 
similar to microphones but are adapted 
to measure directly vibration in a me¬ 
chanical part, rather than to respond to 
the sound pressure built up by moving air 
particles. The self-contained dynamic 
type carries a stylus fastened to a coil 
moving in a permanent magnetic field. 
The stylus is positioned against the 
vibrating member and partakes of its 
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Figure 9. Train noise 

Graph of a frequency analysis at 60 miles per 
hour. Pressure level versus frequency. Read¬ 
ings were taken with filter band widths of 
one octave centered at points shown 
Curve A — Noise underneath 
Curve B — Noise inside 
Circles—Loudness level underneath 
Crosses—Loudness level inside 
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Table VI. Improvement Due to Double 
Acoustical Floor in Motor Coach 


Con- Acoustical Reduction 
ventional Double in 
Frequency Floor Floor Vibration 

Bands VVL VVL Decibels 


0-04 45.45. 0 

64-258 .70.68. 2 

256-512 .72.67. 5 

512-1,024.72.62.10 

1,024-2,048.69.56.13 

2,048-4,096.64.52.12 

4,096-8,192.42.34. 8 


motion exactly. The case of the instru¬ 
ment, due to its inertia and weak coupling 
spring, remains at rest in space. Voltage 
output is proportional to coil velocity and, 
thus, to the velocity of the investigated 
part. For laboratory work a coil may 
be fastened to the vibrating part and 
made to move in a magnetic field, or a 
plate forming part of a condenser may be 
attached. A crystal pickup is available 
which is light (two ounces) and useful 
where the heavier dynamic type would 
interfere with the free motion of the part. 
The crystal may be mounted with a free 
corner, and the case shaken by the vibrat¬ 
ing part. The output of this crystal type 
increases with frequency, for constant 
velocities of vibration. This may be use¬ 
ful where increased weighting should be 
given to higher frequencies. It is possible 
to use an equalizing circuit which will 
correct for the rising characteristic of this 
type. 


(2) Amplifiers 


The design of amplifiers covers a wide 
range beyond the scope of this paper. In 
general, high gain of the order of 120 
decibels with a flat frequency characteris- 



Graph of difference in pressure level under¬ 
neath and inside versus frequency 
Curve A Train stationary with noise source a 
loudspeaker on track 

Curve B— Train running, producing its own 
noise 

Data averaged from six speeds over the entire 
speed range 


387 















tic is needed. Commercial sound level 
meters are now provided with two fre¬ 
quency weighting networks. Amplifier 
circuits usually include an attenuator 
graduated in decibels. The complete 
reading consists of the attenuator setting 
plus the final meter reading. 

(3) Filters 

For obtaining a single figure represent¬ 
ing pressure level, commercial meters, 
as mentioned in paragraph 2, have pro¬ 
vision for a flat frequency characteristic 
in the 100 phons loudness level range, and 
two weighting networks, related to the 
equal loudness contours of Figure 1, one 
for the 70 phons and the other for the 40 
phons range. The author prefers to 
make frequency analyses with a band 
pass filter, covering the audible range of 
octave steps. The filtering action is ob¬ 
tained with coil and condenser circuits 
controlled by a single tap-switch. Narrow 
pass filters are available with band widths 
as small as five cycles. There is another 
type with a band width of a fixed per¬ 
centage of the frequency to which it is 
tuned. Both the heterodyne method 
with a fixed filter and the selective am¬ 
plifier method operating on the degenera¬ 
tion principle are available. The types 
which permit aural monitoring with a 
telephone receiver are useful, as impor¬ 
tant components in the original noise may 
be identified by ear in a preliminary 
survey. Narrow band filters can be used 
to obtain accurately the frequency of a 
disturbing component. In certain cases 
this can be related to known occurrences 
such as tooth contact frequency in a par¬ 
ticular pair of gears. Sources are some¬ 
times identified this way. 

(4) Pinal Indicating or Recording 
Means 

The useful output of an amplifier is 
a-c. This Can be delivered to an oscil¬ 
lograph or oscilloscope, or it can be recti¬ 
fied and indicated as rms volts on a meter 
graduated in decibels. The oscilloscope 
gives visual evidence of the complexity 
of the original sound wave, but its use is 
normally confined to the laboratory. For 


field work, good results are obtained by 
the rms type of meter in conjunction with 
frequency analysis. Level recorders are 
available for making charts of pressure 
level variation with time. For the par¬ 
ticular problem of measuring reverbera¬ 
tion time in room acoustics, a recorder 
which can follow quick changes in level 
is needed. Decay characteristics as high 
as 200 decibels per second are encoun¬ 
tered in broadcasting studios, for example. 
The level recorder is useful in making fre¬ 
quency analyses in narrow band widths. 
The analyzer and recorder are driven by 
synchronous motors so that the abscissa 
can be read in terms of frequency, and 
the ordinate in pressure level of the 
passed band. 

Figures 2-5 show some of the individual 
units described above. Figure 6 shows 
a sound-level meter ordinarily used with 
a crystal microphone, here used with a 
crystal type of vibration pickup. This 
particular design has a control box with 
integrating circuits which may be set for 
displacement, velocity, or acceleration. 
The photograph shows it set for velocity. 
It will then give a single reading propor¬ 
tional to the velocity of the stylus which 
would turn out, for the average field prob¬ 
lem, to be due to the single most intense 
frequency component of velocity. For 
information regarding less intense com¬ 
ponents, a frequency analyzer can be 
used between the pickup and the sound- 
level meter. Without analyzer equip¬ 
ment, a rough check on frequency dis¬ 
tribution can be obtained by displace¬ 
ment and acceleration readings, and by 
using the weighting networks on the 
sound-level meter. Figure 7 shows a set¬ 
up for making an automatic frequency 
analysis with a graphic recorder. With 
elaborate equipment of this type, data 
can be taken rapidly and in the detailed 
form necessary for the complete handling 
of acoustical problems. 

III. Train Noise and the 
Techniques for Reducing It 

Certain assumed measurements have 
been discussed in the first section of this 
paper for purposes of illustrating 



Figure 11. Sche¬ 
matic diagram of 
noise sources and 
energy paths in 
coach 

Solid arrows—air¬ 
borne path 
Dotted arrows— 

structural path 
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the principles involved. Measurements 
on actual train noise made by the author 
are presented in Figures 8-10. These 
data have been selected as representing 
the over-all aspects of the problem. No 
attempt is made in this paper to compare 
various designs. The data selected, 
however, are from extensive tests on a 
rather quiet type. 

Noise and Vibration Paths 

In Figure 11 are indicated schemati¬ 
cally the various paths that sound energy 
from three representative sources may 
take on its way into the coach to disturb 
the passenger. The noise radiated from 
the wheels and trucks and the shocks 
delivered to the center plate depend upon 
spring design. A discussion of the reduc¬ 
tion of these disturbances by design 
modifications is outside the scope of this 
paper. On the benefits of rubber spring¬ 
ing see, for example, the paper by Hirsh- 
feld and Piron. 7 

The simplest way to control a noisy 
source is to surround it with a barrier 
having an adequately high transmission 
loss (TL). The air-borne noise radiated 
from the compressor surfaces of Figure 
11, for example, could be reduced in this 
way. There may be practical considera- 
. tions such as space limitations or need 
for free air flow for cooling the machine. 
The direct structural path between the 
compressor and the floor may transmit 
vibrations which will reradiate from the 
floor to the air inside the coach. If 
necessary, the compressor may be isolated 
with resilient mountings. Proper isola¬ 
tion provides flexible connections to the 
machine. With due precautions for 
maintaining alignment between driving 
and driven units, mountings of high com¬ 
pliance and, consequently, high isolation 
may be used. 

Direct leakage of air-borne sound 
through openings may nullify the results 
of careful work on other phases. Such 



FREQUENCY in cycles per second 
Figure 12. Transmission loss of coach floor 

Graph of TL versus frequency 
Curve A —Untreated floor 
Curve B —Floor with deafening plate screwed 
to floor members and rock-wool blanket be¬ 
tween floor and plate 
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AMPLIFICATION REDUCTION-1 


openings should be kept at a minimutn 
For example, a good window construction 
having a TL of 30 decibels, if opened two 
inches, is no better than a very ordinary 
construction with a TL of 20 decibels kept 
closed. 

A fan of an air-conditioner system may 
deliver noise along with the air. Large 
reductions are possible by treating a run 
of duct with sound-absorbing material. 

The floor is subjected to an intense 
air-borne noise as indicated in Figures 8 
and 9. It also is vibrated by way of the 
structural path from the wheels. Figure 
10 indicates that the inside pressure level 
at the middle frequencies is due to the 
transmission of air-borne noise. At the 
lower frequencies it appears that struc¬ 
tural vibration contributes importantly 
to the inside pressure level. The TL of 
the floor can be increased by various 
means, and it can be isolated from the 
structure. If the floor must help in 
adding strength to the structure, isolation 
is not feasible. An extra floated floor 
may be a possibility. 

Sound Barriers and Enclosures 

Structures with substantially rigid con¬ 
nections throughout have a transmission 
loss linearly proportional to the logarithm 
of the weight per square foot. See for 
example the work by Knudsen 8 and many 
others. The average TL at the nine 
frequencies commonly used is expressed 
by 

7X =22.4+14.3 logio iv (10) 

The weight w for a typical coach floor 
is ten pounds per square foot. Substi¬ 
tuted in equation 10, this gives an average 
TL of 36.7 decibels. For convenience, 



Figure 13. Theoretical vibration reduction due 
to isolation 


Decibels change from rigid mounting versus 
frequency of the driving force. System has 
natural frequency of 4.95 cycles, showing 
amplification qt all frequencies below seven 
cycles 

Curve A—Zero damping 

Curve B —Commercial amount of damping 


Table VII. Improvement Due to Vibration 
Isolation 

15-Hp Motor on Concrete Slab 


Slab Vibration Velocity 

Levels Reduction— 

-—- Decibels 

Motor Motor Motor - 

Frequency Bolted on on By By 
Bands Directly Springs Rubber Springs Rubber 


0-04 . 

105.. 

. .72.. 

...85.. 

..33.. 

..20 

64-128 . 

83.. 

. .90.. 

..62.. 

..33.. 

..21 

128-250 . 

81.. 

..51.. 

..49.. 

..30.. 

..32 

250-512 

76.. 

..53.. 

..47.. 

..23.. 

..29 

512-1,024. 

65.. 

..45.. 

. .44.. 

..20.. 

..21 

,024-2,048. 

54.. 

..29.. 

..29.. 

..25.. 

..25 

,048-4,096. 

43.. 

.•10.. 

..23.. 

..33... 

..20 


this equation may be thought of as giving 
the TL at 1,024 cycles. Measurements 
on a wide variety of homogeneous struc¬ 
tures show that for a fixed weight the TL 
increases four decibels per octave, and 
for a fixed frequency increases four deci¬ 
bels on doubling the weight These are 
averages for many tests. A single panel 
or wall may deviate five decibels or more 
from these predictions at any one fre¬ 
quency due to resonances. The average 
over the frequency range usually will be 
within two decibels of equation 10. 

If we wish to improve the TL of the 
above floor by ten decibels, a single floor 
weighing 50 pounds per square foot is 
indicated. This would be prohibitive in 
any practical transportation problem. 
Broadcasting-studio construction meth¬ 
ods can be used in a suitable way. The 
TL of a three-pound-per-square-foot 
barrier by equation 10 is 29.2 decibels. 
Using our original figure of 36.7 decibels, 
we might hope that with a three-pound 
extra floor properly applied, the losses 
would add to a total of 65.9 decibels. 
Because the two must be used close to¬ 
gether and joined compliantly to the same 
structure or to each other, the indicated 
high total is not reachable. However, 
by proper structural isolation, and using 
sound-absorbing material between the 
two floors, 48 decibels may be obtained. 

Table VIII. Improvement in Decibels Due to 
Vibration Isolation 

Train Floor on Shear Rubber Isolators Com¬ 
pared to Floor Mounted on Steel Blocks 


Frequency 

Design A 
Vs-Inch 
Thick— 
0.2-Inch 
Deflection 

Design B 
•/s-Inch 
Thick— 
0,4-Inch 
Deflection 

Design C 
V't-Inch 
Thick— 
0.3-Inch 
Deflection 

100 ,.... 

.... 8 .... 


....21 

225. 

.... 8 .... 

.....15.... 

.... 20 

375. 

.... 7.... 

. 21 .... 

....12 

512. 

_ 12 _ 

..... 22 ... 

.. 21 

750.... . 

_ 10 .... 

..... 11 .... 

.... 14 

1.024. 

.... 9.... 

...;.13.... 

....10 

1,500. 

.... 9.... 

.....17.... 

.... 14 

2.048. 

.... 9..... 

. 12 .. ,, 

... .15 
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Thus, we have exceeded the estimated 
performance of a 50-pound homogeneous 
floor by using a special 13-pound com¬ 
posite floor. 

Actual field figures on the vibration 
performance of a double acoustical floor 
in a motor coach in terms of vibration 
velocity level are presented in Table VI. 
The isolated element was only one pound 
per square foot with rock wool between 
the floors. If the base floor had been 
increased homogeneously by this amount, 
the decrease in VVL would have been 
negligible. By adding this light weight 
with proper attention to the acoustical 
principles involved, a substantial de¬ 
crease in VVL of the important radiating 
surface was obtained. 

The addition of sound-absorbing ma¬ 
terial and a deafening plate, screwed to 
the under side of the floor-stiffening 
members, provides a smaller but definite 
improvement. Figure 12 shows trans¬ 
mission loss versus frequency for a typical 
coach floor tested in the laboratory, using 
a large test section 86 inches by 78 inches. 
The walking surface was s / 8 inch Chan- 
arch poured with sufficient magnesite to 
fill in the slots of the Chanarch and extend 
above it one-half inch. Five two-inch 
Z bars provided stiffening. Are movable 
22-gauge deafening plate was screwed to 
the Z bars. 

Vibration Isolation 

A vibrating piece of equipment, such 
as the compressor mentioned above, 
radiates air-borne noise directly from its 
metal surfaces and usually vibrates the 
structure to which it is rigidly bolted. 
The structural vibrations will travel long 
distances with negligible loss, and cause 
trouble by radiating sound inside en¬ 
closures which have sufficient TL to bar 
the air-borne sound striking them directly. 


iS6 *h 
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Figure 14. Transmission loss of coach floor 

Graph of TL versus frequency 
Curve A — Untreated floor 
Curve B— Floor with deafening plate attached 
to floor members by shear rubber isolators 
and rock-wool blanket between floor and 
plate 
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The remedy consists in isolating the 
equipment by rubber or springs. The 
improvement may be striking, and, where 
this step may be taken, it is the most im¬ 
portant single method available. 

Table VII shows the large reductions 
brought about by a commercial type of 
isolator using the controlled spring prin¬ 
ciple in combination with rubber. This 
particular application was to lessen the 
vibration in the concrete slab under a 
15-horsepower motor. Vibration veloc¬ 
ity levels of the slab are given. Data 
on the conventional type of bonded 
rubber isolator used in shear are also 
given. It was less efficient than the con¬ 
trolled spring design, but the reduction 
in vibration b}* its use was large. For 
these tests, the set of isolators, both 
spring type and rubber type, were loaded 
to 0.35-inch deflection. 


Table IX. Theoretical Reductions Due to 
Vibration Isolation for Various Static De¬ 
flections 


Commercial Amount of Damping 




Reduction — Decibels 


Natural 

Driving Frequency— 

Static 

Frequency— 

Cycles Per Second 

Deflection 

Cycles Per 


Inches 

Second 

20 50 100 200 500 

Vis. . .. 

....12.56.... 

. 4..23..35. .44..,54 

*/» • • • • 

.... 8.86.... 

. 9. .29. .39. .48. .58' 

v<.... 

.... 6.28.... 

.18..35..44..52..61 

y*.... 

.... 4.43.... 

.24..39..48..56..64 

i .... 

.... 3.13.... 

.31..44..52..59..67 


commercial installations are less than 
half of the theoretical values. 

Good isolation calls for mountings soft 
enough to deflect one-eighth inch or more 
under the static load of the suspended 
part. The natural frequency /„ in cycles 
per second is 


The same principle may be used in 
isolating the floor from the supporting 
structure. Table VIII gives actual re¬ 
ductions by laboratory tests on such a 
construction using rubber in shear. Ah 
electrical driving unit was attached to the 
structure so that it vibrated the subframe 
at the desired frequency over the entire 
frequency range. The vibration velocity 
level of the floor surface was measured 
at each frequency with a rigid structural 
connection and with three variations of 
shear rubber isolators. 

Data such as these indicate by actual 
tests that best isolation results are ob¬ 
tained with the greatest deflection per¬ 
missible, and, for a given deflection, it is 
advantageous to use the thickest rubber. 

If a motor is to be isolated so that its 
vibrations are to be kept out of the struc¬ 
ture, or a floor is to be mounted so that 
vibrations in the structure will not enter 
the floor, theory calls for suspending the 
motor or floor by compliant means so 
that the natural frequency of the sus¬ 
pended system is well below the disturb¬ 
ing frequency, commonly called the driv¬ 
ing frequency. The theoretical reduction 
in decibel form, 9 for any value of the 
driving frequency, is 


20 log- 


VW«+(fe — ?H« 2 ) 2 
*\/k*+(cu)* 


(ID 


fn~3.13<yj ( 12 ) 

where 5 = static deflection in inches ■ 

Isolator B, for example, of Table VIII 
supported 40 pounds per inch of isolator 
with a deflection of 0.4 inch. This 
means a k value of 1,200 pounds. Using 
an isolator one inch long the damping 
factor c, evaluated by the methods of 
reference 9, was 0.23 per inch of isolator. 
Most commercial materials have damping 
factors similar to this, which are small in 
comparison to the masses and stiffnesses 
involved. 

A plot of equation 11 for c=0.23 and 
c=0 is given in Figure 13, using m— 
40/386 and k= 1,200. This is a plot from 
theoretical considerations. The natural 
frequency is 4.95 cycles per second, and 
for a driving frequency of this value there 
is an amplification of 23 decibels with 
the commercial damping measured, and 
an infinite amplification for no damping. 
The curves cross the 0-decibel line at 
^2X4.95 = 7.0 cycles and show increas¬ 
ing isolation for higher frequencies. 
Above seven cycles the damped curve lies 
below the non-damping curve, but the 
theoretical detrimental effect of a small 
amount of damping is of less practical 
importance than the departure of actual 


where 

f» =*mass of suspended weight (slugs) 
k = pounds to produce one-foot deflection in 
the compliance 

expounds force required to maintain unit 
velocity 

««2u/ where / is, the driving frequency in 
cycles per second 

Experience has indicated that the 
actual decibel reductions obtained in 


Table X. Improvement Due to Ceiling 
Acoustical Treatment in Coach 


Sabines Absorption Reduc- 


Frequency 

Before 

Added 

After 

tion— 
Decibels 

128... 

..140... 

..150,. 

.,.290.. 

.... 3 1 

256... 

..225... 

..336.. 

...561.. 

....4.0 

512... 

..354... 

..594.. 

...948.. 

....4.3 

1,024... 

..354... 

..594.. 

...948.. 

....4.3 

2,048... 

..314... 

..546.. 

...860.. 

....4.4 

4,096... 

..265... 

. .492.. 

...757.. 

....4.6 


systems from the simple one-degree-of- 
freedom system here assumed. 

The theoretical value of using the soft¬ 
est mounting possible, from the isolation 
standpoint, is seen in Table IX. As 
noted above, actual reductions are of 
the order of one-quarter to one-half 
theoretical. Above resonance a useful 
simplified form of the isolation equation, 
corrected so as to give the range of actual 
reduction is 

/ / 

10 logio ~r to 20 logic — (13) 

Jn Jn 

where f n = natural frequency of the sus¬ 
pended system 

/=driving frequency 

Instead of screwing a deafening plate 
directly to the floor members, as in Figure 
12, isolation may be utilized. Figure 14 
shows transmission loss versus frequency 
taken in the laboratory for a typical 
coach floor 86 inches by 41 inches. The 
deafening plate was attached by shear 
rubber isolators, and rock wool was used 
between the plate and the test floor 
The improvement was very marked. 

Panel Damping 

The addition of damping compounds 
to vibrating panels is useful in shortening 
the decay time of transient vibrations, 
and in lessening the response at resonant 
frequencies. Automobile doors, for ex¬ 
ample, when slammed, emit a clanging 
tinny sound, due to exciting segmental 
vibrations in the thin gauge metal by the 
sudden shock. With a damping com¬ 
pound added, the slam noise becomes a 
dull thump, and the improvement is 
remarkable. The usefulness of this 
method for controlling the vibrations of 
forced drive, however, has been greatly 
overrated. If a panel system has pro¬ 
nounced resonances from forced drive, it 
could be controlled by this method, but 
it is so easily done by touching the point 
of maximum amplitude that this type of 
problem does not usually come to the at¬ 
tention of the acoustical engineer. Fig¬ 
ure 15 shows the effect of a good damping 
treatment of the conventional type on a 
circular 18-gauge panel mounted in rigid 
clamping rings 12 inches internal di¬ 
ameter. The panel was driven through 
resonance by ah electromagnet actuated 
by an audio oscillator and the pressure 
level three inches away measured, A 
drop of 20 decibels at the resonant fre¬ 
quency was attained, but away from 
resonance the levels were changed very 
little. The resonant peak for the treated 
panel is at a lower frequency because the 
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treatment increased the effective mass of 
the panel without adding sufficient com¬ 
pensating stiffness. 

Ceiling Acoustical Treatment 

The average energy density built up 
by a source of fixed acoustical power in a 
closed space is inversely proportional to 
the sabines absorption in the space. If 
the space has a\ sabines initially, and the 
total number of sabines is increased to at 
by adding acoustical treatment, the 
decibel reduction in pressure level will be 

10 logxo - (14) 

Equation 14 shows that relatively large 
reductions will be obtained by treating 
a given ceiling area, for example, with a 
material having an 0.85 coefficient if a\ 
is small. If a% is initially large, then 
smaller reductions will be obtained. 

The sound-absorption coefficient varies 
with frequency. The most efficient com¬ 
mercial material having the largest sale 
today has the following coefficients: 

128 256 512 1,024 2,048 4,096 NRC 
0.25 0.56 0.99 0.99 0.91 0.82 0.85 

The last value is the noise reduction 
coefficient, which by current practice is 
the linear average of the coefficients at 
256, 512, 1,024, and 2,048. It is assigned 
in an effort to give a single figure rating 
of a material. The author,. however, 
believes in judging noise reduction by 
the improvement over the frequency 
range. 

Suppose the inside of a coach is 60 feet 
by 10 feet by 9 feet high. Assume 40 
upholstered seats at seven sabines each 
(at 512 cycles) and 2,460 square feet of 



t FREQUENCY IN CYCLES PER SECOND 

Figure 15. Vibration reduction due to 
damping 

Graph of pressure level versus frequency. 

Test panel excited over resonance range by 
electromagnet driven at' various frequencies. 
Pressure level taken three inches away from 
panel center 

Curve A —Bare 18-gauge panel 
Curve B —Panel with */ss-inch commercial 
damping felt cemented to it 
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metal, glass, and floor surface at an 
average coefficient of 0.03 (at 512 cycles). 
The total sabines at 512 cycles are 40 X 
7+2,460X0.03=354. Suppose that the 
600 square feet of the ceiling is to be 
treated with the above material. The 
original steel ceiling surface contributed 
18 sabines at 512, which would then be 
covered. This is not enough to affect the 
final result, and this small correction will 
be neglected here. Making some justifi¬ 
able assumptions on the sabines originally 
present at frequencies other than 512 
cycles, we can prepare Table X, showing 
the sabines before and after acoustical 
treatment and the decibel reductions com¬ 
puted by equation 14. The reductions 
are of the order of 3+> decibels. If we 
had started with a coach having less 
sabines initially, such as the suburban 
motor type with leather seats, the reduc¬ 
tion by adding an acoustical treatment 
would be higher, ranging up to eight 
decibels in the middle and high fre¬ 
quencies. 

The contribution of ceiling acoustical 
treatment to human comfort, particularly 
in making conversation easier, seems to 
be out of all proportion to the decibel 
reductions figured on a sustained tone 
analysis. 3 Reverberation times are cut 
in half by treatments which account for 
a three-decibel reduction in average pres¬ 
sure level. It may be that it is this 
shortening effect on rail clicks and rattling 
dishes and silverware which accounts for 
the substantial improvement in ceiling- 
treated dining cars, for example. These 
die away quickly, and the syllables of 
conversation, maintained for a relatively 
long time, are heard. High frequencies 
which might reflect back on the passenger 
from a hard ceiling are partially absorbed 
with an acoustical ceiling. 

Duct Acoustical Treatment 

Fans and air conditioners sometimes 
cause trouble due to air rush and fan or 
equipment noise delivered with the air. 
If a run of duct is available in which 
acoustical treatment may be placed, the 
noise delivered to the passengers can be 
reduced greatly. Papers by Parkinson 10 
and Sabine 11 deal with the practical 
aspects. 

A rule of thumb for lining ducts is to 
treat a length equal to at least ten times 
the smallest duct dimension. The re¬ 
duction obtained varies of course with 
the efficiency of the absorbing material 
and to some extent with t!he size of the 
duct. For a six-inch square duct lined 
for sixty inches with a material having a 
coefficient of 0.50, Parkinson’s curves 
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show 14 decibels, and Sabine’s formula 
computes to 16 decibels. Fan and air- 
rush noise covers a wide frequency range. 
It has been found fairly satisfactory to 
correct for 256 cycles. The reductions at 
other frequencies which are obtained by 
the usual acoustical duct-lining materials 
are then acceptable for most applications. 

Figure 16 gives results on silencing a 
difficult conditioner problem. The only 
available place for treatment was at the 
air-discharge grille in a space 48 inches by 
76 inches cross section, and it was re¬ 
quired that the treatment be 30 inches 
long. Lining only the sides of such a 
short run of this large section would be 
inadequate. The treatment adopted was 
one-inch rock-wool boards placed five 
inches on centers dividing the space into 
13 flues each 30 inches long and 48 inches 
by 4 inches cross section. Data taken 
with an octave band pass analyzer have 
been plotted at frequencies near the mid¬ 
point of the bands, and a smooth curve 
drawn. The grille was in the ceiling, and 
the readings were taken at head level 
beneath it. Due to the predominance of 
the band centered at 375 cycles, the total 
noise was reduced by the order of four 
decibels, but reductions in the various 
bands ranged up to 20 decibels. By ear 
the improvement was very marked. Be¬ 
fore treatment, the noise generated by air 
rush and water sprays could be heard the 
full length of the corridor beneath the 
grille—about 50 feet. After treatment, 
it was necessary to stand directly under 
the grille to hear the disturbance. 

Conclusion 

Acoustics is a reasonably complex 
science. Good instrumentation is avail¬ 
able for attacking practical problems. 
The quiet train ride is obtainable by a 
rational application of known techniques. 



FREQUENCY IN CYCLES PER SECOND 

Figure 16. Noise reduction by treating air- 
conditioner duct 

Graph of pressure level versus frequency 

Readings were taken with filter band widths 
of one octave centered at points shown 
Curve A — Original noise beneath grille 
Curve 6—Noise after treatment was installed 
Curve C—Background noise with conditioner 
not running 
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developed in the laboratory by careful 
measurement and used in the problem 
as indicated by the proper interpretation 
of the instrument readings. 
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A Turbine-Governor 
Performance Analyzer 

Discussion and author's closure of paper 
•41-158 by W. O. Osbon, presented at the 
AIEE South West District meeting, St. Louis, 
Mo., October 8-10,1941, and at the AIEE 
winter convention. New York, N. Y., January 
26-30, 1942, published in AIEE TRANS¬ 
ACTIONS, 1941, November section, pages 
963-7. »The following discussion was pre¬ 
sented at the 1942 winter convention. 

P. B. Juhnke (Commonwealth Edison Com¬ 
pany, Chicago, Ill.): Concerning Mr. Os- 
bon’s paper many questions come to one’s 
mind. We recently completed a series of 
measurements to determine the sensitive¬ 
ness of the governors of the machines on our 
system, and, curious to say, we found a 
range considerably beyond anything we had 
anticipated, some of the larger and most 
modem units having a regulation ranging 
up to 20 per cent; whereas machines of 
older vintages had a regulation of 10 per 
cent or less. Perhaps the underlying 
reason for the poorer regulation of the latest 
machines is that they were intended for base 
load, and this poorer regulation was 
thought to be an asset in that field. These 
premises for future machines may well be 
reviewed as to their validity, as the sub¬ 
ject of system regulation during the last five 
years has made tremendous strides, and a 
lower per cent of regulation in the future 
should no longer be the liability it was once 
thought to have been. 

3L Sheppard and C. Concordia (General 
Electric Company, Schenectady, N. Y.): 
There has been considerable discussion 
recently of turbine speed-governing charac¬ 
teristics and of their effects on power- 
system operation. Of the many aspects of 
governor response, it has previously been 
indicated 1 ' 8,3 that probably two of the 
most important are the dead or insensitive 
frequency band, within which the governing 
•system as a whole will not respond, and the 
steady-state incremental speed regulation 
•(the ratio of speed change to load change for 
.a small change from normal speed). That 
is for the reasons that on most large power 
•systems, with their accompanying large 
rotary inertias and relatively small load 
•changes, the frequency changes are rather 
slow, and the principal contributing factor 
in delaying the governor response is not the 
dynamic lag, due to governor inertia, oil 
flow, steam, or water storage, and so forth, 
but the frequency dead band, due to back¬ 
lash, friction, valve lap, and so forth. It is 
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evident that the slower is the frequency 
change, the more apparent the effect of dead 
band becomes, and the less the dynamic 
lags appear. Dead band appears inherently 
as a frequency lag (that is, a more or less 
definite small frequency change is required 
before the control mechanism will respond), 
while the dynamic effects appear inherently 
as time lags. Thus with small frequency 
changes and long times involved, the rela¬ 
tive importance of dead band becomes 
obvious. 

Moreover, with the small frequency 
changes usually encountered on large power 
systems, the effective magnitude* of the 
machine response, that is, the effective in¬ 
cremental speed droop, is -greatly affected 
by dead band. This does not imply that 
one can forget the dynamic lags. These 
lags, together with the incremental regula¬ 
tion, on the one hand, affect the degree of 
frequency stability when the machine is not 
connected to the system during synchroniz¬ 
ing, and, otherwise, when the machine is 
connected to the rest of the system, affect 
the system frequency fringe, particularly 
the magnitude of self-excited frequency 
oscillations produced by dead band. 

Because of these considerations, it has 
been concluded that dead band should be 
made as small as possible. 1 ' 2 ' 3 Once such 
a conclusion has been reached, it becomes 
desirable to know what can be done, and 
how far one should go to produce improve¬ 
ment in those systems requiring it. A first 
step is to determine the characteristics of 
governing systems presently in operation. 
The results of a few of such measurements 
of governor response which have been made 
on turbines operating on several power sys¬ 
tems are reported in this discussion. 

Description op Measuring Instrument 

The measuring device which has been 
designed and used to determine the signifi¬ 
cant response characteristics of turbine 
speed-governing systems is similar in prin¬ 
ciple to that developed and recently de¬ 
scribed 4 by Mr. J. E. Allen of The Pennsyl¬ 
vania Water and Power Company. Some 
of its features are: 

1. The instrument shows directly the principal 
characteristics of interest: dead band and incre¬ 
mental speed regulation. No replotting or working 
up of data or complicated interpretation of the re¬ 
sults is necessary, except for multiplication of the 
valve travel record by a factor to take account of 
the lever ratio between valve motion and carriage 
motion, and of the ratio between turbine kilowatt 
input change and valve motion at the point in 
question. 

2. The measurement does not interfere with 
normal operation of the machine and requires little 
time. Shutting down or even any special loading 
schedule is not required, and no restraint is imposed 
on the normal or emergency functioning of the 
governor. 

3. The indications are accurately recorded. 



Figure 2. General Electric photoelectric 
frequency meter with rocking chart carriage 
for turbine-governor tests. 


4. The indications are easily understood and easily 
interpreted in terms of both the effect of governor 
performance on system operation and the effects of 
governor characteristics on governor performance. 

The instrument used in most of these 
measurements is essentially an adaptation 
of the engine-indicator card principle, in 
which system frequency is automatically 
plotted against steam valve motion. Thus, 
referring to Figure 1 of this discussion, as 
the frequency starts to change from, for 
example, an upward swing to a downward 
swing, the turbine valve may not respond 
until a definite change in frequency has been 
attained; then the valve will begin to move 
at a rate depending on the ratio of the rate 
of change of frequency to the incremental 
regulation. The two most important fac¬ 
tors, dead band and incremental regulation, 
are thus shown very simply on a single 
record. Moreover, as there are always 
minor frequency swings occurring on the 
system, no special means for producing the 
motions are required. Experience has 
shown that the changes are usually suf¬ 
ficiently slow so that the dynamic lags do 
not unduly affect the pictures obtained. 
To obtain data on the more rapid transient 
response which may occur with large load 
changes or loss of load, oscillographic meth¬ 
ods have been used. 

In the tests reported here, frequency is 
recorded by means of a General Electric 
photoelectric frequency recorder on a card 
mounted on a carriage mechanically con¬ 
nected by a wire or cord to the steam valve, 
operating piston, governor beam, or to any 
point the motion of which is desired. The 
motion is usually amplified by a lever or 
crank in order to obtain a suitable plotting 
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Figure 1. Examples of governor response 

Discussions 



Figure 3. Turbine-governor response recorder in use 




Figure 4. Examples 
of governor response 


scale. It is thus possible to determine the 
amount of dead band contributed by each 
component of the mechanism. The fre¬ 
quency recorder, with the carriage for re¬ 
cording mechanical motions in place, is 
shown in Figure 2 and in use in Figure 3 of 
this discussion. 

Further Examples of Test Results 

Figure 4 of this discussion shows examples 
of the records obtained on a few of the ma¬ 
chines tested. Machines A and C have 
two-stage hydraulic relays, while machines 
B, D, and E have only one-stage relays. 
The dead band is seen to vary from prac¬ 
tically zero to about 0.1 per cent in these 
machines. However, because of the rela¬ 
tive scarcity of data, it cannot be inferred 
that these values are representative of all 
machines, or even that they indicate prob¬ 
able values of dead band on other machines. 
Parallel, lines have been drawn on some of 
these charts in order to illustrate further 


change in speed, or frequency, divided by 
the change in valve position. 

Conclusion 

In conclusion, it may be remarked that 
this method of governor testing to determine 
dead band and incremental regulation has 
shown itself to be very useful and informa¬ 
tive. Further similar tests can probably be 
made by interested power companies, with 
mutual advantage to these companies and 
to the manufacturers of turbine-governing 
equipment. We take this opportunity to 
acknowledge the co-operation of our as¬ 
sociates and of the many power companies 
that have contributed time and effort to 
make these measurements possible. 
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W. 0. Osbon (In collaboration with A. F. 
Schwendner, nonmenber; Westinghouse 
Electric and Manufacturing Company, East 
Pittsburgh, Pa.): Concerning Mr. Juhnke’s 
remarks we are assuming that he me ans 
over-all steady-state regulation with the 
speed changer in the no-load position when 
he refers to a regulation of 20 per cent. 
Present practice for larger central-station 
units calls for four to six and not more than 
eight per cent over-all steady-state regula-t 
tion. Six per cent regulation should satisfy 
most central-station generating systems. 
Load limiting devices which can be ad¬ 
justed to relieve the governor of control are 
supplied with units intended for use as base 
load units. In any event the instruments 
described in the paper will aid greatly in 
measuring the speed regulation of existing 
machines and in determining the require¬ 
ments for new ones. 

The discussion by Messrs. Sheppard and 
Concordia brings out the fundamental dif¬ 
ferences between the governor analyzer and 
the instrument used by them. The gover¬ 
nor analyzer was developed primarily for 
the purpose of giving information about the 
performance of each of the elements which 
make up the complete governing system. 
It shows not only the over-all response of the 
governor, but reveals also how much each 
individual element contributes to the final 
result. The instrument described by the 
discussers, on the other hand, gives only the 
values of frequency dead band and incre¬ 
mental governor regulation. Other in¬ 
struments must be used to determine the 
elements of the governing system respon¬ 
sible for*the result. It serves well to give 
•a rough quick determination of dead band, 
provided that the rate of frequency change 
is smaller than the rates of response of the 
governor and of the recording instrument. 

If the rate of frequency change is higher, 
the width of the recorded dead band will be 
distorted by the lack of response. The 
photoelectric recorder used by the discussers 
is definitely limited in its rate of response. 
This effect is apparent in Figure 1 of the 
discussion where certain of the loops are 
definitely oval in shape. When such rec¬ 
ords are obtained, there is no way of know¬ 
ing that the lack of response is not due to 
dynamic lags in the governor itself, rather 
than to the limitations of the instrument. 

The governor analyzer, on the other hand, 
is capable of following the most rapid fre¬ 
quency changes likely ever to be encoun¬ 
tered. Consequently not only does the 
running chart obtained with the analyzer 
indicate the dead band, but also, by check¬ 
ing the motion of the valve against fre¬ 
quency changes of different rates, the maxi¬ 
mum rate of frequency change that the 
governing system is able to follow can be 
established. The value of dead band, 
which is a steady-state phenomenon, can 
be separated definitely from the dynamic 
lags. It is admitted that considerable work 
is requited to obtain these, data, but the 
additional information obtained adequately 
compensates for the trouble. 

The statement by Messrs. Sheppard and 
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Concordia that incremental regulation can 
be obtained directly by the use of their 
instrument is somewhat misleading. They 
correctly define incremental regulation of a 
generating unit as "the ratio of speed change 
to load change for a small change from 
normal speed.” Their instrument, how¬ 
ever, gives only the ratio of speed change to 
valve movement. Because of curvature in 
the valve lift characteristic, the ratio of 
load change to valve motion must also be 
carefully measured. The determination of 
the correct value of this ratio for a par¬ 
ticular load point is as important as the 
measurement of the governor regulation 
itself. By recording simultaneously all the 
quantities required for a determination of 
incremental regulation of a generating unit, 
the governor analyzer leaves nothing open to 
question. 

Messrs. Sheppard and Concordia state 
that no special loading schedule is required 
when using their instrument. This state¬ 
ment also is misleading. It is true that 
dead band and regulation can be measured 
at one particular load, but a complete in¬ 
vestigation of governor characteristics re¬ 
quires measurements at a number of dif¬ 
ferent load points. That the discussers 
recognize this fact, in* spite of their state¬ 
ment to the contrary, is indicated by their 
Figure 4 in which measurements on ma¬ 
chine B at two different load points reveal 
different values of incremental governor 
regulation. 


Control of Tie-Line 
Power Swings 


Discussion and authors' closure of paper 42-72 
by C. Concordia, H. S. Shott, and C. N. 
Weygandt, presented at the AIEE winter 
convention. New York, N. Y., January 26-30, 
1942, and published in AIEE TRANSAC¬ 
TIONS, 1942, June section, pages 306-14. 

Earle Wild (Commonwealth Edison Com¬ 
pany, Chicago, Ill.): The paper by Messrs. 
Concordia, Shott, and Weygandt is a valu¬ 
able contribution to the study of supple¬ 
mentary control. The conclusions, however, 
are applicable in but few cases today. The 
optimum regulation is seldom needed, and 
most tie-line controllers are probably not 
used at over ten per cent of this rate. It is 
possible; that there are some cases where 
limited tie-line facilities and large highly 
variable loads could use the principles de¬ 
veloped. The Chicago experience does not 
indicate any trend in this direction, but 
•does indicate that a reasonable, orderly and 
fairly slow correction is satisfactory, per¬ 
mitting the large momentary power swings 
to be absorbed, by the inertia of the large 
interconnection, but—all important—hav¬ 
ing a continuous correction of the tie-line 
load trends of longer duration. 


J. E. McCormack (Consolidated Edison 
Company of New York, Inc., New York, 
N. Y.): The operating companies are in¬ 
terested in the characteristics of governors, 
frequency controllers, and other regulating 
devices to the extent that these equipments 
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function with each other and with the other 
electric and steam equipments in the gener¬ 
ating station. The rate of response of a 
governor or a frequency controller is only 
one of a series that includes the rate of re¬ 
sponse of the boiler control equipment, 
stokers,, coal pulverizers, and the like. In 
general, the maximum available rate of 
response of the present electrical equipment 
in the frequency or load-control schemes is 
faster than the rate of response of the steam 
plant. If faster response of the supplemen¬ 
tary control system is required, attention 
must be turned to the steam plant in order 
to obtain the faster rate. 

Two types of controllers are discussed: 

1. The proportional type which operates on ac¬ 
cumulated time error. 

2. The floating type which operates on instantane¬ 
ous frequency. 

Once again, the operating companies are 
not interested in their fundamental differ¬ 
ences but are concerned in the results of 
these controllers operating on the system. 
Either type will do a good job as long as the 
system frequency, time error, or tie line, and 
station loads are not permitted to drift be¬ 
yond the allowable limits of the operating 
company. If these limits are exceeded, the 
controller will have distinct disadvantages. 
The operation of a controller outside of the 
limits set up by the operating company is 
academic, because during this period the 
operator removes the automatic cpntrol 
from service and uses manual control to 
restore conditions to normal. 

The installation of the correct type of 
automatic control, on an interconnected 
system consisting of generating stations and 
tie lines of varying capacities, will result in 
a narrower frequency variation, a smaller 
time error, a better utilization of the tie- 
feeder capacity, a reduction in the load 
swings on a station, and a lower mainte¬ 
nance cost in the boiler plant. 


C. Concordia, H. S. Shott, and C. N. Wey¬ 
gandt: The object of our paper was to de¬ 
termine the possibilities and limitations of 
tie-line controllers when an attempt is made 
to get the most out of them, on the assump¬ 
tion that the tie-line controller is the limiting 
factor, that is, that boiler equipments and 
so on, are more than adequate. However, 
we are in entire agreement with Mr. Wild 
that the rates of response thus found to be 
optimum are in general much higher than 
would be necessary or desirable on the more 
usual large interconnected system, and with 
Mr. McCormack that, if such high rates of 
response are actually used, it may be found 
that the response of the boiler and its equip¬ 
ment will be the limiting factor. This paper 
represents a second step in the complete 
analysis of a controlled power system, the 
first step being the analysis of speed govern¬ 
ors 1 presented a short time ago, and the third 
step possibly being a more detailed consider¬ 
ation of boiler performance. . The boiler 
and turbine performance have already been 
discussed in the companion paper.? 
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Supplementary Control of 
Prime-Mover Speed 
Governors 

Discussion and authors' closure of paper 
42-73 by S. B. Crary and J. B. McClure, pre¬ 
sented at the AIEE winter convention. New 
York, N. Y., January 26-30,1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
April section, pages 209-14. 

P. B. Juhnke (Commonwealth Edison 
Company, Chicago, Ill.): The paper pre¬ 
sented at this session by Messrs. Crary 
and McClure is evidence of decided prog¬ 
ress in a field in which, until compara¬ 
tively recently, wrong notions and concepts 
were rampant, because thorough scientific 
analysis had not touched it before. I and 
many other operating men concerned with 
this subject were victims of conclusions only 
partly founded in the facts observed. We 
made observations and misinterpreted them. 
Observations were frequently made in con¬ 
nection with the loss of generating capacity, 
with effects expressed only in frequency 
variations in a downward direction, and con¬ 
tained in the formula: one per cent loss in 
generating capacity carries with it a drop in 
frequency of x /io cycle, and vice versa. In 
reality, there was another effect, completely 
lost sight of for some time, presumably due 
to the all-absorbing interest 4 which had at¬ 
tached itself to frequency and its mainte¬ 
nance as a principal factor in the operation of 
interconnected systems. Repeated incon¬ 
sistencies in our observations and the results 
reported by New York in the preceding 
winter convention prevailed on us to make 
further investigations. And then We began 
a series of tests to definitely determine the 
merits of our previous conclusions. We iso¬ 
lated certain sections of our system to sim¬ 
plify the tests, the sections ranging between 
60,000 and 100,000 kw. The load on them 
was totalized on one meter, the voltage was 
held constant, and then the effects of the 
variability of the load with frequency, 
through a range of four cycles, was observed. 
In this manner we obtained evidence that our 
previous conclusions were 600 per cent high, 
or only about 20 per cent right. The conclu¬ 
sions drawn from these tests may be laid 
down in the formula: 1 /io per cent variation 
in frequency is attended by not more than 
0.2 per cent variation in system load. How 
could we harmonize with this the observa¬ 
tion, made over and over, that Vio-cycle 
variation in frequency was accompanied by 
one per cent variation in load? We searched 
and found that every such loss in generating 
capacity was attended by voltage reduction 
—not large, but enough so that 80 per cent of 
the change in generation, which took place 
whenever the entire interconnected system 
lost one of its large units, had to be allo¬ 
cated to this cause. 

To more definitely corroborate this, we 
very recently conducted voltage tests to de¬ 
termine the precise dimension of the effect of 
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voltage variation on the system load. Dur¬ 
ing these tests all automatic circuit regula¬ 
tors were taken out of service and the system 
voltage varied approximately five per cent. 
We then found that on a system load of 
1,720,000 kw this variation in voltage pro¬ 
duced a load change of approximately 70,000 
kw, or four per cent, giving a ratio of 0.8 per 
cent load change for one per cent of voltage 
change. 

Messrs. Crary and McClure’s paper may 
evoke some difference of opinion as to 
methods and detail, whether the governor 
should be depended upon in conjunction 
with controllers equipped with time bias 
only for speed regulation, or with frequency 
and time bias. It is one of those subjects on 
which a difference of opinion may be war¬ 
ranted. We of the Chicago group lean to 
the belief that a controller based on tie line 
with frequency and time bias is the ne plus 
ultra, as a time bias alone is somewhat slow 
of response, whereas frequency bias is prac¬ 
tically instantaneous in restorative efforts. 


Henxy Kreisinger (Combustion Engineer¬ 
ing Company, New York, N. Y.): In the de¬ 
sign of steam generating equipment for 
rapidly changing load the following factors 
should be given consideration: 

The response of combustion control in supplying 
fuel and air to the furnace in proportion to the steam 
demand. This includes the response, of the pressure 
fan supplying air to the furnace, and the induced 
draft fan moving the products of combustion 
through the steam generating unit. 

The availability of fuel supply for immediate use 
with large and rapid increase in load. With gas and 
fuel oil response is obtained in 5 to 15 seconds, with 
pulverized coal 15 seconds to two minutes depend¬ 
ing on the magnitude of the load increase. 

The repeating mechanical stresses imposed on the 
fan structure with large and rapid changes in load. 
The repeating temperature stresses to which the 
metal of the heat absorbing surfaces is subjected. 

The combustion control might be made so 
responsive that the fuel and air supplied to 
the furnace could be doubled in five sec¬ 
onds. The fans would have to handle twice 
the weight of air and gases against much 
higher pressure, and severe mechanical 
stresses would be imposed on the fans and 
the motors. The speed of the rotating parts 
could not be stabilized in such a short 
period of time; the speed would slow down 
and then speed up, and these changes in 
speed would be reflected in the draft in the 
furnace and puffy fire. The burning of 
twice the amount of fuel would result in 
twice the rate of heat transfer by the heat¬ 
ing surfaces, which would require twice the 
temperature difference between the water in 
the boiler and the furnace side layers of 
metal forming the heat-absorbing surfaces. 
For high steam pressures the metal of the 
heating surfaces must be made thick, and 
this increased thickness results in propor¬ 
tionately higher temperature of the furnace 
side layers of the metal. Doubling the tem¬ 
perature difference causes large changes in 
the temperature of'the furnace side layers of 
the metal which imposes severe temperature 
stresses in the metal. Such Stresses when 
periodically repeated result in leaky joints, 
cracking, and corrosion of the tubes. Thin¬ 
ner tube walls would reduce these tempera¬ 
ture stresses, but thinner tube walls would 
require small diameter tubes which in turn 
would require forced circulation. 

With pulverized coal firing small load in¬ 
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creases of about 15 per cent can be taken 
within about 10 seconds by drawing on the 
pulverized coal already in suspension within 
the mill by increasing the air flow through 
the mill. Most mills are provided with coal 
classifier which classifies the pulverized coal, 
allowing the liner coal to pass through to the 
burners and returning the coarser coal to the 
mill. Normally the amount of coal circulat¬ 
ing through the classifier is five to six times 
the amount that passes through to the. 
burners. When air flow through the mill is 
increased, the proportion of coal passing 
through is increased, and less is returned to 
the mill. The fineness of the coal going to 
the burners is only slightly decreased. In¬ 
creased air flow through the mill also tends 
to put more coal in suspension, thereby re¬ 
ducing the amount of fines in the coal be¬ 
tween the milling surfaces. Inasmuch as the 
fines have cushioning effect on the process of 
pulverization, the reduction of the fines in 
the coal between the milling surfaces tends 
to increase the rate of pulverization. 

At the same time, when the air flow 
through the mill is increased, the coal feed to 


the mill is also increased. The rapidity of 
the response of the coal flow out of the mill 
to the increase of the coal feed is delayed, be¬ 
cause the coal fed to the mill must be dried 
and pulverized. 

The drying of the coal fed to the mill is 
facilitated by the greater flow of heated air 
through the mill. The delay in the response 
of the coal flow out of the mill to the in¬ 
creased feed of coal to the mill varies with 
the percentage of moisture in the coal. 
When very wet coal is fed to the mill, the re¬ 
sponse is apt to be slow, because the wet coal 
blankets the coal already in the mill, so that 
the fines are not readily picked up by the air 
flow. In plants where the coal is apt to be 
very wet, provision should be made for sup¬ 
plying hotter air to the mill to speed up the 
drying process. It is the coal already in sus¬ 
pension in the mill air that is immediately 
available for picking up and holding the load 
until the increased coal feed raises the rate of 
pulverization. 

With a small drop in load the procedure is 
reversed, the air flow through the mill and 
the coal feed is reduced, and this reduction in 
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turn decreases the amount of coal delivered 
to the burners. 

Small changes in load put moderate duty 
on steam generating and steam temperature 
regulation. However, large changes in load 
impose a severe duty on the equipment and 
present difficult problems in steam pressure 
and temperature control. 

With large and quick variation of load, it 
is difficult to follow the demand for steam 
with fuel and air supply to the furnace, and 
to vary the draft to move the varying weight 
of products of combustion through the 
steam generating unit. Even if such varia¬ 
tion in fuel and air supply to the fur nace 
could be obtained, there would be too quick 
and large variation in furnace temperature, 
which would cause severe temperature 
stresses in the metal of the heat-absorbing 
surfaces. Such stresses would be particu¬ 
larly severe with high pressures, because of 
the thick metal walls of tubes required for 
high pressures. 

With the conventional natural circulation 
boiler fired with pulverized coal, the load 
could be raised from half to full load in about 
three ijiinutes by doubling the fuel and air 
supply to the furnace, but this is not usually 
quick enough for most steel plants. In such 
plants the large and quick variation in the 
demand for steam is satisfied partly by vary¬ 
ing the fuel and air supply to the furnace, 
and partly by drawing on the heat storage in 
the water and the steam space of the boiler. 
This stored heat is made available for im¬ 
mediate use by a small steam-pressure drop. 
The steam storage space includes the drums, 
the superheater, and the pipe line. When 
more steam is taken out of this steam space 
than is made by the combustion of the fuel, 
the pressure drops, and this drop in pressure 
causes part of the boiler water to flash into 
steam. The steam formation occurs 
throughout the body of the boiler water, and 
inasmuch as the steam has a much greater 
specific volume than the water, the water 
level in the steam drum rises. The rise in 
water level reduces feed water supply, there¬ 
by causing the flashing of the water into 
steam to be accomplished with smaller pres¬ 
sure drop. By the time the water level in the 
drum is lowered by the evaporation to a 
point when the feed water regulator would 
increase the feed to the boiler, the increased 
combustion rate is catching up with the 
steam demand or the peak load interval may 
be over. When the load drops, the pressure 
starts to rise, and the rise of pressure re¬ 
duces the ebullition, thus causing further 
drop of the water level and increase of feed 
water supply. This increased water supply 
requires more heat to bring the water to 
steaming temperature, and this heat re¬ 
quirement gives the combustion control 
time to reduce the fuel supply to the furnace. 

The steam-pressure drop during a large 
and rapid increase in load depends on the 
water content in the boiler and the steam 
space in the steam drums, superheater, and 
the pipe line. The larger the water content 
and the steam space, the smaller the steam 
pressure drop. A bent tube boiler with 
multiple steam drums of large diameter is 
best suited for such large and rapid changes 
in load, because it has large water content 
and steam space. Each tube is directly con¬ 
nected to one of the steam drums, so that the 
tubes can be quickly relieved of the excess 
steam during the peak. 

In addition to the pressure drop in the 



Figure 2. Steam pressure and temperature 
variation with rapidly changing load 


A Excess steam 432 pounds, six pounds from 
superheater, six pounds from steam drums, and 
420 pounds from heat stored in water and 
metal 

Water volume=2,200 cubic feet=weight of 
water=107,300 pounds 
Steam volume in drums = 512 cubic feet 
Steam volume in superheater=230 cubic feet 
Weight of metal in boiler=442,000 pounds 
Weight of superheater=64,000 pounds 
Water equivalent of boiler metal = 51,350 
pounds 

Total water equivalent=107,300+51,350 
=158,650 pounds 

steam drum; due to using stored heat in the 
boiler water for making steam, there is a 
pressure drop through the superheater and 
the pipe line. This pressure drop is neces¬ 
sary to make the steam flow and increases 
approximately as the square of the steam 
flow. That is, when the steam flow is 
doubled, the pressure drop is nearly quad¬ 
rupled. The increase of this pressure drop 
may be two or three times the pressure drop, 
due to taking stored heat out of the boiler 
water. 

The residual heat in the furnace is stored 
heat which works against good pressure and 
steam temperature control. The heat is 
stored during the peak load when it should 
be used for producing steam and is released 
during the low load period when no extra 
steam is needed. Therefore, the residual 
heat should be reduced to minimum by 
proper furnace design. Refractories and slag 
accumulations in the furnace should be 
avoided. The furnace should be completely 
water-cooled with dry bottom. 

The steam generated at the peak loads 
with the heat stored in the boiler must be 
superheated with the heat stored in the 
metal of the superheater. Increased flow of 
steam through the superheater' tubes in¬ 
creases the rate of heat transfer from the 
superheater metal to the steam, with the re¬ 
sult that the temperature of the metal drops. 
The heat released by this drop of metal tem¬ 
perature is available for superheating the 
steam made with the heat stored in the 
boiler. When the load is dropped, heat is 
again stored in the boiler and the super¬ 
heater. Superheaters of large weight of 
metal give more nearly constant temperature 
of steam with variable load. 

When the high and low load periods are 
of comparatively long duration, the storage 
of heat in the boiler and superheater gives 
the combustion control time to catch up with 
the steam demands. When the periods are 
of short duration, the stored heat may t ake 
care of the load variation, and the fuel may 


be burned at constant rate. The latter case 
can be illustrated by the following specific 
example: 

A steam-generating unit is to supply steam for 
rapidly varying load. The steam demand rises 
from 150,000 pounds in five seconds to 300,000 
pounds per hour; it stays at this peak for 16 
seconds and then drops in five seconds to 150,000 
pounds where it stays for 21 seconds. This load 
cycle is repeated every 47 seconds. The unit is 
to be fired’ with blast-furnace gas, with pulverised 
coal as supplementary fuel. 

It is obvious that combustion control 
could not follow such large and quick varia¬ 
tion. Even if it were possible to supply fuel 
and air to the furnace at such varying rate, it 
would not be good engineering to operate the 
unit in such a manner, because of the severe 
temperature add mechanical stresses im¬ 
posed on the furnace and boiler heating sur¬ 
faces and the fan equipment. 

The unit selected for this load is shown in 
Figure 1 of this discussion. It consists of a 
three-drum bent-tube boiler with an addi¬ 
tional small drum for distribution of water 
to the furnace walls. The two top drums are 
54 and 60 inches in diameter; the water 
drum is 48 inches, and the distributing drum 
27 inches in diameter. The furnace is com¬ 
pletely water-cooled. The following are the 
principal data bearing on the pressure and 
temperature regulation: 

Operating drum pressure. 700 psi 

Steam temperature. 760 Fahrenheit 

Boiler water volume. 2,200 cubic feet 

Weight of boiler water at operat¬ 
ing pressure.107,300 pounds 

Steam volume in drums and 

steam tubes. 512 cubic feet 

Weight of metal in boiler.442,000 pounds 

Water equivalent of metal in 

boiler. 51,350 pounds 

Total water equivalent..*.. 158,650 pounds 

Weight of superheater. 65,000 pounds 

The operation of the unit is illustrated in 
Figure 2 of this discussion, which is a chart 
showing load, steam temperature, and pres¬ 
sure variation with time. The abscissae is 
time in seconds. The ordinates are steam 
flow (the zigzag line), the steam tempera¬ 
ture (the top curve), drum pressure (sec¬ 
ond curve from top), and steam main pres¬ 
sure (the lowest curve). 

Fuel is supplied to the furnace at constant 
rate to* generate 217,000 pounds of steam per 
hour, or 60.25 pounds per second, as shown 
by the horizontal line passing through this 
flow point on the scale. The area above this 
horizontal line and below the zigzag line of 
the peak load represents the quantity of 
steam made with the stored heat in the 
boiler, which is 432 pounds. It is also equal 
to the area below the constant-heat supply 
line and above steam-flow line during the low 
load period which represents the heat put in 
storage. The variation in steam tempera¬ 
ture is nine degrees and is likely to be two 
or three degrees less, because of the in¬ 
creased rate of heat transfer from the metal 
of the superheater to the steam which has 
not been included in its determination. 

The drum pressure drop is 10 pounds and 
is likely to be smaller, because the feed water 
supply will be reduced during the peak load 
and increased during the low load period. 
The effect of this variation of feed water sup¬ 
ply has not been included in the determina¬ 
tion of the pressure drop. 

The variation of the pressure drop through 
the superheater and the steam main is the 
largest and is difficult to reduce. If the re¬ 
sistance through the superheater is made too 
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low, the distribution of steam over the super¬ 
heater may be uneven at low loads. 


Earle Wild (Commonwealth Edison Com¬ 
pany, Chicago, Ill.): The authors’ conclu¬ 
sions in the first paper, excepting conclusion 
2, confirm the opinions now held by the ma¬ 
jority of operators in the largest interconnec¬ 
tion in the country. Governors have been 
found by test to be the essential device for 
controlling the speed. In most of the tur¬ 
bines they were found to be active and sensi¬ 
tive, although the per cent regulation left 
considerable to be desired, especially in some 
of the newer and larger turbines. The 
governors very definitely determine the 
width of the frequency band. Changes in 
load demand with frequency and changes 
with voltage were found to be real, but of so 
much smaller magnitude that the effect of 
governor action is the only major factor in 
instantaneous speed control. As pointed out 
in the first conclusion, with good governors 
the rate of response of the frequency con¬ 
trolling stations can be much slower, since 
the error will integrate at a slower rate and 
correction can also be made at the source of 
the frequency error. 

After recognizing the merits of the gover¬ 
nor and the need for improvement in gover¬ 
nors, its limitations must also be recognized. 
The three things that a governor will not do 
are: 

Restore frequency to the tolerance band. 

Correct time errors. 

Allocate loads in the most economical manner. 

These functions must be left to the supple¬ 
mentary controllers. This leads to another 
aspect of the problem, which has hardly 
been touched upon in any of the governor or 
related papers written in the last two years. 
In the large interconnection there is a load- 
control problem, which is entirely separate 
from the speed-control problem, and the im¬ 
portance of which has not been fully appreci¬ 
ated. In any local region of this large inter¬ 
connection there will be dozens and per¬ 
haps hundreds of load changes in which there 
are no corresponding frequency changes, as 
contrasted with an occasional load change 
which is accompanied by a corresponding 
frequency change. Theoretically, if tie lines 
are unlimited in capacity, these hundred 
load changes could be ignored, and only the 
•one which is accompanied by a frequency 
change corrected, but the fact remains that 
tie lines are limited in capacity, and no 
•economical justification exists in the ma¬ 
jority of cases for increasing their capacity 
or transferring load to other stations. The 
load-control problem must, therefore, be 
met, and this is best done through tie line 
controllers supplementing the governor ac¬ 
tion and using the tie-line bias principle, as 
correctly recognized by Messrs. Crary and 
McClure. 

The periods of abnormal frequency in the 
large interconnection are caused by a num¬ 
ber of local regions neglecting their load con¬ 
trol problems at the same time. They are 
■caused by such factors as system operators 
incorrectly prognosticating the system load, 
turbines or boilers being brought in too late 
for the load, the human element ignoring 
•obvious indications of incorrect generation, 
inadequate telemeters with which to guide 
the operators. When a series of these mal- 
operations cascade together, a grad ual fre- 
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quency change results, several times the 
width of the normal frequency departures, 
and considerably beyond the range of the fre¬ 
quency controlling stations. These occur¬ 
rences are most severe during periods of 
rapid load change, when probably 90 per 
cent of the governors are being reset every 
few minutes to meet local load changes. 
Ordinary concepts of governor regulation 
during these periods are meaningless, be¬ 
cause of this frequent resetting of the gover¬ 
nors. In other words, if a governor calls for 
a three per cent load increase due to low fre¬ 
quency, while the operator is making a six 
per cent increase to meet local load demands, 
it is hardly expected that the operator would 
know he should make a nine per cent load 
increase in order to satisfy the governor. 
■When the frequency was corrected finally, 
the operator would have to make an addi¬ 
tional three per cent increase, in the interim 
not satisfying the low frequency require¬ 
ments and increasing after the frequency is 
normal. This example of inadequacy of 
governors could be ideally handled with a 
supplementary tie-line controller. The 
major problem, then, is not what is the per 
cent regulation and the sensitivity of the 
governors, but why were so many turbines 
and boilers incorrectly loaded at the same 
time in widely scattered regions of the inter¬ 
connection? The conclusion which has 
been reached, after each study of this prob¬ 
lem, is that a wider application of supple¬ 
mentary controllers in local regions is 
needed, and it is very gratifying that the 
summary of Messrs. Crary and McClure 
bears out this opinion. 

The major contribution of the Chicago 
area to this problem the past year has been 
the utilization of the tie-line controller im¬ 
pulses to vary the load of the three large 
variable load stations simultaneously. The 
burden of regulation on each one has become 
almost insignificant, while the deviations of 
the tie line from schedule are extremely rare, 
except in response to governor action during 
frequency changes. This confirms an earlier 
conclusion that a large part of the difficulty 
in regulating load and frequency comes from 
cross regulation between stations within any 
one group, and that the meeting of one per 
cent load change per minute is relatively 
easy. This experience is being extended to 
two other groups in this interconnection. 


G. B. Warren (General Electric Company, 
Schenectady, N. Y.): The general question 
of what rate of change in temperature or 
what rate of change in load a turbine can 
stand is one of great complexity depending 
upon the conditions for which the turbine 
was designed, its capacity, its revolutions 
per minute, and the initial pressure and 
. temperature at which the machine is operat¬ 
ing. The change in initial temperature and 
change in load are related, since, even at 
constant initial temperature, changes in load 
bring about changes in internal temperature 
in the turbine, which may be exaggerated by 
the changes in initial temperature occurring 
simultaneously as a result of boiler condi¬ 
tions. 

In a machine such as a turbine, through 
which steam is passing, the cross section of 
all parts cannot of necessity be made the 
same in relation to their surfaces in contact 
with the steam, and, hence, some parts are 
heated or cooled faster than others. This 
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gives rise to changes in clearances and sets 
up strains and stresses, the magnitudes of 
which are a function of both the amount and 
the rapidity of the temperature change. 
This, in turn, may be a function of the rate 
and magnitude of the load change as well 
as the initial temperature change. 

While exact data on the detrimental 
effect of these factors on turbines are not 
available, we have made careful efforts to 
ascertain from the operating people whether 
turbines subjected to varying loads require 
more maintenance than turbines subjected 
to more constant loads. There does not 
seem to be any great evidence to indicate 
that this is so, but in a few isolated cases 
turbines subjected to great changes in 
temperature and many washings without 
careful control of the temperature have ap¬ 
peared to require increased maintenance. 

As a result of a careful survey recently 
made by a group of turbine designers in the 
General Electric Company, the following 
conclusions were reached: 

A plus or minus 75-degree-Fahrenheit change in 
internal temperature, either sudden or cyclical 
around a mean temperature, will not cause serious 
strains or clearance changes. These variations in 
internal temperature may be caused by variation 
in load or initial temperature or both. However, 
the maximum temperature reached must not exceed 
the contract limits both as to duration and intensity. 
With constant initial temperature, a 75-degree- 
Fahrenheit change in internal temperature gen¬ 
erally corresponds to a change of load of approxi¬ 
mately plus or minus 25 per cent of the load at which 
the turbine is operating. 

When Messrs. Crary and McClure asked 
us for a statement of this situation, our pre¬ 
liminary investigation indicated that the 
75-degree-Fahrenheit change corresponded 
to a change of about 15 per cent of rated 
flow. A more careful study indicates that a 
more accurate statement would be 25 per 
cent of the load or flow at which the turbine 
is operating. For two-thirds load this is not 
far from the statement in the paper. 

The question of whether greater rates of 
change in temperature or load can be taken 
without increased maintenance is not so 
easily determined. The answer depends 
upon the size of the machine, the pressure 
for which it is designed and, hence, the 
thickness of the parts, whether the mac hine 
is an 1,800-rpm machine with a large di¬ 
ameter or a 3,600-rpm machine with a smaller 
diameter, and whether it is of single- or 
double-shell construction, and also whether 
or not it is a fixed back-pressure machine or 
a condensing machine. In general, the sensi¬ 
tivity of a machine to such changes in in¬ 
ternal temperature decreases in the following 
order: 

■* 

1. 1,800-rpm single-shell machines. 

2. 3,600-rpm single-shell machines. 

3. 1,800-rpm double-shell machines. 

4. 3,600-rpm double-shell machines. 

Condensing machines have a greater in¬ 
ternal temperature variation for a given 
load change than noncondensing ma chines 
operating at a fixed and fairly high back 
pressure, and smaller turbines can probably 
stand a greater rate of temperature change 
than larger turbines, other conditions being 
comparable. 

An effort is made to design all turbines so 
that in cases of necessity they can drop all 
load instantaneously without damage, or 
pick up full load from no load as fast as dry 
steam can be supplied. 
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Except when special circumstances alter 
the situation, we know that the most sensi¬ 
tive of the above machines have safely with¬ 
stood the temperature changes incident to a 
sudden increase from zero to full load or of a 
sudden loss of full load. We do not know 
how many times in the life of a machine it 
can be safely put through such drastic 
changes in temperature without increased 
maintenance being required. In the case of 
temperature changes in excess of 75 degrees 
Fahrenheit, it would appear desirable to 
allow some time for the change to take place. 
Except under emergency conditions internal 
temperature changes should probably not 
exceed 75 degrees Fahrenheit suddenly plus 
five degrees Fahrenheit per minute for class 
1 machines above, and for all other classes 
should not exceed 75 degrees Fahrenheit 
suddenly plus 10 degrees Fahrenheit per 
minute. Thus, an internal temperature 
change of 200 degrees Fahrenheit (whether 
from a load change or initial temperature 
change or a combination of both) should not 
take place, in class 1 machines above in less 
than (200-75)/5 degrees=25 minutes. 200 
degrees Fahrenheit internal temperature 
change corresponds to a change in load from 
about 50 per cent to full rated load, and 
twice this change will correspond to a swing 
throughout the full rated load. The con¬ 
clusions which one would reach with respect 
to large changes of load from the above 
principles and simple calculations are not far 
from the 30 to 60 minutes suggested in the 
paper for a 100 per cent change in flow. 

The above rules are intended to cover 
general cases. Some machines are particu¬ 
larly sensitive to temperature or load 
changes, in so far as temporary increases in 
vibration are concerned, and must, until 
such conditions are rectified, be accorded 
special consideration. Specific mfl^Tiinp« s for 
especially high initial pressures or other 
peculiar operating conditions may also be 
exceptions. 

These rules do not apply to changes in 
temperature, incidental to washing solids 
from the internal parts of turbines where 
water may be present in the steam with re¬ 
sulting increased heat content and conduc¬ 
tivity of the steam, and resultant need for 
slower temperature changes and for which 
special instructions have been issued. 


F. G. Sandstrom (Consolidated Edison 
Company of New York, Inc., New York, 

N. Y.): The morning rate of load growth of 
the entire Consolidated Edison Company 
load averages approximately 0.4 per cent per 
minute. On some stations this rate averages 

O. 5 per cent per minute. However, for short 
periods of about 10 minutes this rate may be 
as high as 2.0 per cent per minute at a sta¬ 
tion. 

When our supplementary controllers were 
first installed, the rate of load change of the 
controller was high enough to take care of 
the short-time load changes. The steam 
group soon objected to this high rate,of 
pickup because of the increased mainte¬ 
nance costs, objections to smoke and fly, has 
possibility of blowing a hole in the fuel bed, 
inability of maintaining steam pressure and 
so forth. The supplementary controllers are 
now adjusted for a rate of load change of 
approximately l l / 2 per cent pef minute 
which the steam group feel is allowable on * 
stoker-fired boilers. 
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As a result of our experience, we feel that 
the present supplementary controllers are 
fast enough. If they are used with too fast a 
rate of load change, the frequency and load¬ 
swing problems are not solved, and an addi¬ 
tional problem may be created for the steam 
men. 

The over-all governor response on our sys¬ 
tem is from 11 to 17 per cent, or several 
times the optimum rate quoted in the paper 
by S. B. Crary and J. B. McClure. There is 
nothing wrong with their theory that the 
smaller the regulation rate, the smaller will 
be the frequency swings. However, we are 
not concerned with frequency swings but are 
. concerned by the load swings accompanying 
the frequency swings. These load swings are 
usually caused by the governors on the gen¬ 
erators making up a deficit or an excess of 
generation on the system. If the system 
suddenly becomes short 50 megawatts, the 
load swings on the tie feeders and generating 
stations will be about the same, whether all 
the generators have 12 per cent regulation or 
6 per cent regulation. 

We have found that the cause of the load 
swings is usually incorrect anticipation of the 
change in the actual consumed load, or 
manual adjustments on turbine governors 
that tend to force the frequency away from 
60 cycles. On the Consolidated Edison sys¬ 
tem load swings have been reduced consider¬ 
ably by furnishing the station operators with 
a synchroscope connected between a stand¬ 
ard frequency and the system frequency. 
The standard frequency at each station is the 
Bell Telephone standard. The station 
operators pick up load when the frequency is 
low and drop load when the frequency is 
high. 

On our system the stations are connected 
by relatively low capacity ties. An auto¬ 
matic supplementary controller that works 
on instantaneous frequency or time error 
would have to be constantly supervised by 
the operators in order to prevent overload¬ 
ing the tie lines and maintain the economy 
load schedule. Consequently, on a system 
similar to ours we feel that the tie-line bias 
control appears to be most suitable, because 
it supervises the tie-line loads and allows all 
stations so controlled to contribute to any 
large load changes that might occur. Then 
the station where the load change occurred 
can slowly at a controlled rate pick up the 
total load change in the area. 


J. E. McCormack (Consolidated Edison 
Company of New York, Inc., New York, 
N. Y.): The conclusion of Messrs. Crary and 
McClure that absolutely flat frequency, zero 
time error and flat tie-line load are unneces¬ 
sarily severe limitations may lead to the be¬ 
lief that a close approach to these conditions 
is desirable. I would like to point out that 
to approximate these aims, the controlling 
station or stations would have to withstand 
rapid load changes of a very high percentage 
of the station capacity. It appears to me 
that it is more desirable to let the frequency, 
time, or tie load drift in order to spread the 
load change over the entire system, so that 
the change on any station would be a small 
percentage of its capacity. 

Automatic controllers cannot be expected 
to do all of the regulating, as the operator 
must make many manual adjustments. Ma¬ 
chines must be started and loaded quickly to 
their minimum load, the regulating range on 
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the regulating machine must be maintained, 
and the load has to be distributed between 
machines for economy reasons. The phase 
angle between bus sections must be main¬ 
tained within allowable limits in stations 
supplying network load. To make these 
manual changes intelligently, the operator 
should have a knowledge of the response of 
the system and be provided with suitable 
instruments. 

We have found a common frequency refer¬ 
ence in all major stations to be useful when 
making manual load changes. A standard 
frequency is wired to the major stations 
where a synchroscope is connected between 
the standard and the system frequency. 
The synchroscope, being a very sensitive 
indicator of system frequency, is used by the 
operator as a guide in making manual load 
changes only at a time when they tend to re¬ 
store system frequency to 60 cycles. Load 
increases are made when the frequency is 
low, and load decreases are made when the 
frequency is high. 

Experiments have been made using a fre¬ 
quency standard transmitted by radio for 
comparing the system frequency by means of 
a stroboscopic image at each station. This 
method will be an economical way of obtain¬ 
ing a common frequency standard at the 
generating stations on a widespread system. 

The trend toward larger interconnections 
made it imperative to have a thorough un¬ 
derstanding of the effect of changes in load, 
voltage, and frequency on our system, in 
order to obtain the most advantages from 
the interconnection. The first considera¬ 
tion should be to obtain data for each sys¬ 
tem, which would require making tests 
allowing one of these three variables to 
depart from normal, while the other two are 
maintained normal. The carefully controlled 
departures of the system conditions from 
normal to obtain this vital information will 
result in a better understanding of system 
operation. The information will aid in ob¬ 
taining the maximum utilization of the gen¬ 
eration and tie lines, as well as aid in restor¬ 
ing conditions to normal in times of an 
emergency. 

When this information is available, the 
next and most important job is to place the 
information into the hands of the operating 
force in the individual plants. Any steps 
taken to give the operators a better under¬ 
standing of the importance of performing 
their operations correctly will produce sur¬ 
prising results in the improvement of system 
operation. 

As an example, I discussed with our sys¬ 
tem operators the possibilities of a strobo¬ 
scope using a radio signal for a common fre¬ 
quency standard. Two weeks later one of 
these men produced a working model of the 
idea. More important than obtaining this 
working model, the system operating group 
have become very interested in obtaining a 
better understanding of the frequency con¬ 
trol problem. The operating men want to 
do a good job but are often prevented, be¬ 
cause the problem has not been presented to 
them properly. 

S. B. Crary and J. B. McClure: The authors 
wish to express their appreciation for the 
discussion on this paper. This subject is an 
important one to both operators and manu¬ 
facturers, and their combined viewpoints 
should broaden their understanding of it. 
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Mr. Juhnke has cited an interesting series 
of tests on sections of his system to deter¬ 
mine the relative effects of voltage and fre¬ 
quency variations on system load. His re¬ 
sults check those previously obtained by 
Mr. J. E. McCormack, namely, that the 
system, load is much more sensitive to volt¬ 
age variations than it is to frequency varia¬ 
tions. It is recognized that these results are 
peculiar to their respective systems and can¬ 
not be generally applied to all systems. Mr. 
Juhnke’s point regarding the use of supple¬ 
mentary time bias in addition to frequency 
bias is well taken. We did not mention 
time bias in pur paper, since it is ordinarily 
applied at such a slow rate that it may be 
added without difficulty. However, it is a 
valuable addition to automatic frequency 
and tie-line bias control. 

Mr. Kreisinger’s discussion of the factors 
involved in the design and performance of 
steam-generating equipment will be of par¬ 
ticular interest to many electrical engineers 
who are not so familiar with the mechanical 
engineers’ problems associated with gover¬ 
nor performance and supplementary con¬ 
trol on a system. We also appreciate his 
description of a boiler which is so designed 
as to be able to handle rapidly fluctuating 
loads. However, from our discussions with 
the operating groups, the older steam-gen¬ 
erating equipments, in many cases, have dis¬ 
tinct limitations in this respect. 

Mr. McCormack’s emphasis on allowing 
some leeway in the control of frequency, 
time error, and tie-line load is very much to 
the point. We had hoped that our conclu¬ 
sions were clear in this respect, particularly 
for the benefit of groups just embarking on 
this area of control. Other groups have been 
through the experience of attempting to 
force the control of frequency, time, and tie¬ 
lines to the limit of perfection and have in¬ 
variably concluded that the intelligent solu¬ 
tion is necessarily a compromise among the 
several requirements which must be con¬ 
sidered in the complete operation of an inter¬ 
connected system. His reference to the 
possibility of using a radio-transmitted com¬ 
mon master frequency over the entire sys¬ 
tem indicates that manually controlled sta¬ 
tions soon will be able to make their adjust¬ 
ment so as to always help rather than ag¬ 
gravate the over-all picture. 

Mr. Sandstrom has cited rates of transfer 
on their automatic stations which are inter- 
esting, and.to some who have not had ex¬ 
perience with automatic control, and to 
others whose systems are relatively rough, 
these rates will appear surprisingly low 1 . 
Again, this cannot be taken as a general 
answer, apd every system will have indi¬ 
vidual characteristics in this respect. We 
concur with his conclusion that relative 
generator and tie-line loadings will be prac¬ 
tically the same for a system equipped with 
12 per cent governors as for one with 6 per 
cent governors. As soon as the operating 
philosophy recognizes that frequency de¬ 
parture is not important, then it is not so 
important to have the composite governor 
regulation at the optimum value. We 
merely tried to point out that governor as 
well as supplementary controller character¬ 
istics are important factors in determining 
the regulated frequency characteristic. We 
emphasized the optimum governor regula¬ 
tion, hoping that that viewpoint would be 
helpful to some who are advocating opera¬ 
tion of their systems with governors having 


appreciably narrower regulation than at 
present, in establishing a lower limit of 
regulation below which no net gain would be 
obtained. 

Mr. Wild mentioned their recent practice 
of extending the tie-line controller impulses 
to several stations simultaneously. The 
benefits of distributed control are so appar¬ 
ent that we can expect the number of regu¬ 
lating units to increase steadily. 

The comments of Messrs. McCormack, 
Sandstrom and Wild on the importance of 
proper co-ordination of all manual control 
and the benefits to be derived from educa¬ 
tional effort will be of particular interest to 
other operating companies. Manual con¬ 
trol will always be present to some degree, 
and thorough appreciation of the problem 
and the objectives is essential to those as¬ 
sisting on manual control. Proper instru¬ 
ments are also essential, and, as the needs 
are recognized, improved instruments will 
be made available. 

Mr. Warren and his associates assisted us 
in arriving at the statements made in the 
paper regarding rates of load transfer on the 
newer higher-temperature high-pressure 
steam turbines. We are pleased to have Mr. 
Warren outline in more detail the factors 
which influence the performance of a turbine 
under fluctuating load conditions. 

PCC Car Operating 
Results in Pittsburgh 

Discussion of paper 42-52 by W. J. Clardy, 
presented at the AIEE winter convention, 
New York, N. Y., January 26-30, 1942, and 
published in AIEE TRANSACTIONS, 1942, 
April section, pages 214-17. 


H. G. Moore (General Electric Company, 
Erie, Pa.): Mr. Clardy, in his paper, has 
shown in great detail the economic advan¬ 
tages of modernization of street railway serv¬ 
ice by the use of PCC cars in Pittsburgh. 
This confirms by data, and adds to the list 
of universally favorable reports on the suc¬ 
cessful operation of really modern street 
cars in other cities. 

For example, the first PCC car installation 
was in Brooklyn. Four lines equipped in¬ 
creased their revenue by 15, 24, 26, and 33 
per cent in a period when other lines had de¬ 
creasing revenues of one to five per cent. 
Schedule speeds were also increased 13 and 
14 per cent on two lines where PCC cars are 
used exclusively. 

Other figures, at random, may also be 
cited. In Chicago, riding increased approxi¬ 
mately 12 per cent over the balance of the 
system, and schedule speeds were increased 
eight to ten per cent. In Baltimore, reve¬ 
nue increased eight per cent, and main¬ 
tenance was reduced. In Los Angeles it 
has been estimated that the increased pa¬ 
tronage provides increased receipts of $3,000 
per car annually on one line, and $4,000 per 
car annually on another line. Washington 
reported somewhat increased schedule 
speeds in spite of operating on lines with 
older cars, 22 to 37 per cent decrease in 
platform expenses; 15 to 30 per cent de¬ 
crease in accidents and 30 to 49 per cent 
reduction in maintenance costs. Philadel¬ 


phia increased revenue 16 per cent and 
schedule speed 15 per cent. 

While all of these figures compare opera¬ 
tion of modern PCC cars with older types 
of cars, it should also be kept in mind that 
PCC cars compare even more favorably 
with other types of vehicles sometimes pro¬ 
posed for handling heavy-density surface 
traffic. I would refer to a paper 1 presented 
at the winter convention four years ago by 
Mr. C. M. Davis outlining, the particular 
fields of public transit served best by one or 
another type of vehicle. 

The principal governing factor is the 
traffic density, or the number of passengers 
to be carried per unit time in the direction 
of maximum movement. For the heaviest 
type of service, the rapid-transit system 
operating over private right of way under 
ground or overhead has no competition in 
handling 100,000 to 180,000 passengers per 
hour on two tracks, one express and one 
local. On the surface, the street car cannot 
be excelled in the range of 6,000 to 12,000 
passengers per hour. 

In low-density traffic such as that per¬ 
mitting the use of 40 passenger vehicles 
with headways of 15 minutes or more (ap¬ 
proximately 240 passengers per hour) an 
advantage can probably be shown for the 
use of gas busses. But even here, electric 
transmission with either a gas or Diesel 
engine may be economically desirable, par¬ 
ticularly in frequent stop service. 

Between the fields best served by gas 
busses on one hand and street cars on the 
other, there is a large field in the vicinity of 
2,500 passengers per hour which usually can 
be best served by trolley coaches. 

We may conclude, therefore, that where 
such facts as Mr. Clardy presents relative 
to the PCC car are obtained and fairly used 
in the selection of transit vehicles, the in¬ 
evitable decision must be in favor of some 
form of electric drive for transporting more 
than three quarters of the millions of pe pie 
who daily use public transportation services. 

Reference 

1. Application op Modern Electric Vehicles 
to Urban Transportation, C. M. Davis. AIEE 
Transactions, volume 57, 1938, January section, 
pages 57-60. 

Modern Electrical Equipment 
for Industrial Diesel- 
Electric Locomotives 

Discussion and author’s closure of paper 42-50 
by Lanier Greer, presented at the AIEE 
winter convention; New York, N. Y., January 
26-30,1942, and published in AIEE TRANS¬ 
ACTIONS, 1942, April Section, pages 
229-32. 


Robert W. Barrell (General Electric Com¬ 
pany, Erie, Pa.): Here are some facts illus¬ 
trating exactly how the modern electrical 
equipment described by Mr. Greer’s paper 
together with the modern engine very 
greatly affected the industrial Diesel-electric 
locomotiye within a short period of time. 

In 1935 a 65-ton locomotive power plant 
consisted of a single 300-horsepower 550- 
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rpm Diesel engine and generator with auxil¬ 
iary generator. In 1940 there became avail¬ 
able for such a locomotive a power-plant 
unit consisting of a 190-horsepower 1,800- 
rpm Diesel engine and a generator devel¬ 
oped especially for the purpose. This new 
engine-generator set was exactly one such 
as described in this paper. Two of the new 
sets were used in place of the former single 
set. 

The interesting facts in comparing the new 
locomotive with the old are shown in Table 
I. 


Table I 


Per 

Cent 


Increase in net horsepower at the wheels.19 

Decrease in total engine cost. 71 

Decrease in total generator cost.38 

Decrease in total cost of power plant alone...... 65 

Net decrease in power plant cost when 
applied to locomotive.61 


The net decrease when applied to loco¬ 
motive is less than the decrease in the total 
cost of power plant alone, because it was 
necessary to maintain the locomotive weight 
at 65 tons. Hence, steel ballast was added 
to offset the decrease in power plant weight, 
and the ballast cost has been deducted from 
the saving. 

Now the power plant cost in the old loco¬ 
motive represented 43 per cent of the total 
locomotive cost. Hence, it is to be noted 
that modernization of just the power plant 
alone brought about a cost reduction of 26 
per cent in the over-all locomotive cost. 
And this was accomplished while improving 
performance by an increase of 19 per cent 
in the net power. 

The paper mentions several advantages 
of the modem traction motor with double 
reduction gearing. From a locomotive 
builder’s viewpoint, one great advantage of 
such a motor is its flexibility in adapting it 
to several sizes of locomotives. This is well- 
illustrated by a motor now in use which is 
actually being applied to as many as six 
sizes of locomotives, ranging from 25 to 70 
tons. One, two, or four motors are used on a 
locomotive, depending on the weight. Also, 
any one of several gear ratios may be se¬ 
lected. 

It is very apparent, therefore, that such a 
motor makes possible a high degree of stand¬ 
ardization resulting in many benefits. Not 
only is there a standardization of the motor 
and items of control equipment, but also 
many mechanical parts, such as wheels, 
axles, and motor suspensions, can be stand¬ 
ardized to a large degree. 

Apropos to the subject of this paper, 
some mention can be made of the generator 
and motor-control equipment for modern 
industrial Diesel-electric locomotives.* Such 
equipment, while a much smaller portion of 
the locomotive, nevertheless has played its 
part in bringing about cost reduction, sim 
plification, and standardization. 


One control item, the reverser, can be 
cited specifically as an illustration. There 
has been developed a direct-operated type of 
motor reverser, radically different in design, 
much simpler and lower in cost than former 
conventional types of reversers, which has 
proved to be a complete success for single¬ 
motor and two-motor industrial locomo¬ 
tives. An appreciable saving, simplifica¬ 
tion, and standardization were thus realized 
over the conventional electropneumatically 
operated reverser with its master controller. 

As stated in this paper concerning the 
propulsion equipment, it can likewise be 
said of the control equipment that new ma¬ 
terials and methods have been developed 
and adopted, which have made it possible to 
reduce weight and cost and, at the same time 
improve the quality of the product. 

An interesting improvement recently in¬ 
corporated in this type of modern generator, 
briefly referred to in Mr. Greer’s paper, is 
the engine cranking feature. It is still a 
common practice to use separate automo¬ 
tive-type geared starting motors with high¬ 
speed Diesel engines, but it now has been 
proved that a cranking winding can be 
added to the generator with the important 
three-fold result of reduction in over-all 
cost, increase in reliability, and simplifica¬ 
tion. 

The idea of using the generator as a crank¬ 
ing, motor is old and formerly commonplace. 
Its application to the modem high-speed 
equipment is a splendid example of the ef¬ 
forts to produce for industrial Diesel-electric 
locomotives machinery of the simplest and 
most rugged design. 

Along this same line of thought concern¬ 
ing the development of simple and rugged 
Diesel-electric equipment for industrial loco¬ 
motives, it here seems in order to amplify 
.the description of and give facts about the 
generator • excitation and engine control 
scheme. 

A Diesel engine is inherently a constant- 
speed, constant-power machine. The com¬ 
bination of traction generators and traction 
motors on a locomotive is not. Thus, the 
fundamental problem concerning the elec¬ 
trical equipment on a Diesel-electric loco¬ 
motive is to devise for this combination of 
dissimilar machines the most suitable 
scheme for utilizing the power of the engine. 

On slow-speed industrial switching loco¬ 
motives it is obvious that perfect utiliza¬ 
tion of the engine can be sacrified in favor of 
simplicity, ruggedness, and good acceler¬ 
ating characteristics. The excitation scheme 
described by Mr. Greer does exactly this. 
Without the use of complicated rotating 
devices, speed or torque-control schemes, or 
special windings or separate exciters, a prac¬ 
tical method of engine utilization and good 
locomotive acceleration is accomplished. 

This method employs the inherent speed- 
torque characteristics of a Diesel engine 
together with the inherent characteristics of 
a simple shunt generator with but the minor 
modification of a small amount of separate 
excitation from the standard cranking 
battery. The price paid for this extremely 
simple scheme is very small in terms of lpss 
of power utilization. 


Actually the figures on the two common¬ 
est industrial locomotive engine sizes are as 
follows: 

At normal operating generator temperature the 
maximum reduction in engine speed when operating 
on the full-throttle torque curve results in 10 per 
cent reduction in power on one engine and 7 l /s per 
cent reduction on the other. However, this maxi¬ 
mum power reduction occurs at but one point in 
the full power utilization range. The actual inte¬ 
grated power reduction realized over only the utili¬ 
zation range is less than 5 per cent for the one 
and 3 per cent for the other. Since it is not neces¬ 
sary for the utilization to cover the entire speed-, 
tractive effort range of these locomotives, the true 
integrated power reduction values realized at the 
wheels are found to be less than 4 per cent and 2'/s 
per cent respectively. 

Therefore, it can be said for these indus¬ 
trial Diesel-electric locomotives that the 
maximum power available at the wheels is 
but 272 to 4 per cent less than it would be 
were a perfect power utilization scheme em¬ 
ployed. But it should be observed that this 
reduction applies only to the possible maxi¬ 
mum power obtainable at full throttle. 
Now in the usual industrial switching serv¬ 
ice, full throttle is used for but a small frac¬ 
tion of the work, hence the net result of this 
power reduction when measured in terms of 
work done is negligible. Surely, this simple 
and rugged design of modem electrical 
equipment for industrial Diesel-electric lo¬ 
comotives is well justified. 


Lanier Greer: Mr. Barren’s discussion has 
brought out the fact that the modern elec¬ 
trical equipment for industrial Diesel-elec¬ 
tric locomotives has reduced greatly the cost 
of equipment for these locomotives. Also 
the mention of ballast being added implies 
that the weight of the equipment has been 
reduced. This is a fact and can best be illus¬ 
trated by comparing the new high-speed 
equipment with the old low-speed equip¬ 
ment. 

In the traction generator this weight¬ 
saving can be measured in total pounds of 
material used per engine horsepower. The 
modern high-speed generator weighs only 
8 to 10 pounds per horsepower against 20 
to 21 pounds per horsepower for the old low- 
speed generator. 

For industrial switching, tractive effort 
is of prime importance. Therefore the con¬ 
tinuous tractive effort rating per pound of 
material used is a measure of weight saving 
in the traction motor and gearing. The 
modern high-speed traction motor with 
double-reduction gearing has a continuous 
rating of 2.2 pounds tractive effort per 
pound of material used in the combined 
motor and gear unit. The older type of 
traction motor with single-reduction gear¬ 
ing had a continuous rating of only 0.9 
pound tractive effort per pound of material 
used in the combined motor and gearing. 

These figures show weight savings of 
more than two to one when measured by 
actual ability to do work. Savings of ma¬ 
terial are always important and are espe¬ 
cially so at this time, as all materials used in 
this equipment are of strategic value to our 
national security. 
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Facilities for the Supply of 
Kilowatts and Kilovars 


Discussion and author's closure of paper 42-53 
by H. K. Sels and Theodore Seely, presented 
at the AIEE winter convention, New York, 
N. Y., January 26-30, 1942, and published 
in AIEE TRANSACTIONS, 1942, May sec¬ 
tion, pages 249-55. 


for the same stability margins. On the 
other hand, if steady-state stability is the 
limi ting factor, the use of generator voltage 
regulators will materially increase this type 
of stability, allowing again more unswitched 
capacitors to be used for the same stability 
margins. 

Thus, it is seen that with modern relay¬ 
ing and breaker times, and with intelligent 
generator voltage regulators, this base, or 


J. W. Butler (General Electric Company, 
Schenectady, N. Y.): The authors have 
called particular attention, in conclusion 1, 
to the effect that the data, on which the 
study was made, should not form the basis 
of a generalization, but apply only to the 
Public Service System. In order that this 
be further emphasized, and in an attempt 
to speculate in the general case to allow a 
generalization, I offer this discussion. 

In Figure 3 of the paper the authors give 
data indicating the annual kilovar load 
duration requirements of their system. A 
curve of this general shape can be taken as 
typical of most systems. With such a kilo¬ 
var requirement, one may ask: “What is 
the most economical way of supplying this 
requirement consistent with good operating 
practice?” 

For purposes of discussion this kilovar 
requirement will be divided into three sec¬ 
tions, as given in Figure 1. 

Unregulated Reactive 

The major portion of the system base 
reactive requirement can be supplied by 
unswitched capacitors. The mavimnm 
amount of this type of reactive source that 
can be used depends primarily on: 

1. -The light-load voltage conditions in load areas. 

2. The system-stability margins during light load. 

The light-load voltage problem in the 
load areas can be sufficiently controlled by 
judiciously locating capacitors so that this 
limitation can be sufficiently far removed 
to the background to bring the other factor 
to the front. For instance, the closer to the 
generation the capacitors are placed, the 
lower will be the voltage rise, and if this 
problem presents itself, unswitched banks 
can even be placed on substation busses of 
four kilovolts or higher for supplying base 
kilovar requirements. 

The nfext important consideration is, 
therefore, one of stability. One can readily 
visualize that if unswitched capacitors are 
installed in sufficient quantities to require 
generators to run underexcited during cer¬ 
tain periods, instability may arise. There¬ 
fore, it is not generally considered good prac¬ 
tice to so operate unless intelligent genera¬ 
tor voltage regulators are employed. We 
can, therefore, tentatively set as an upper 
limit that value of unswitched capacitors 
which allows the generators to operate at 
1.0 power factor during light-load periods. 
Whether this value can be practically ob¬ 
tained depends upon two factors: transient 
and steady-state stability. 

Transient stability can be very critical 
to fault-clearing times, for a given kilowatt 
load and excitation on the generators, and 
so it follows that if transient stability is a 
limiting factor, faster switching times al¬ 
low more unswitched capacitors to be used 



Figure 1. Representative annual kilovar-load 
duration curve 


firm system reactive requirement can for all 
practical puposes be completely supplied by 
unswitched capacitors. In fact, it may 
under certain conditions be economical to 
more than supply this requirement, but this 
discussion will not go into that refined phase 
of the problem. 

Kilovars Supplied by Generators 

At high-operating power factors it is 
generally accepted that generators can carry 
reactive economically. The actual amount 
that can be carried by the generators in a 
particular case depends upon the particular 
generator design and the value and amount 
of reserve kilowatt capacity, and so, for 
the sake of discussion, the line of demarca¬ 
tion between the reactive supplied by genera¬ 
tors and the regulated reactive will be 
only approximately located. 

Regulated Kilovar Supply 

It is in this center region—the regulated 
reactive requirement—that all engineers are 
particularly interested, and this is the region 
in which they will be more so in the future. 

I quote from the last paragraph of the 
section of the paper labeled "Kilovar 
Supply.” 

“.... After the limit of static capacitors is reached, 
if -additional reactive capacity cannot be provided 
economically in new generators or maintained in 
existing generators because of the value of their 
kilowatt output, synchronous condensers offer a 
quickand economic way in which kilowatt generation 
can be obtained to meet unexpected demands. The 
higher over-all cost of large synchronous condensers 
may be partly offset by the convenience of their 
operation and their stabilizing effects . . . 

I am concerned as to how the so-called 
“limit of static capacitors”—as apparently 
defined in this paper—was arrived at. It is 
appreciated that the authors’ reasoning— 
and hence their conclusion—in respect to 


the static capacitor, was made on the basis 
of the unswitched capacitor. But it is not 
known what factors were responsible in this 
instance for ruling out the switched capaci¬ 
tor, and so my general findings in this re¬ 
spect will be outlined with the thought that 
possibly I have overlooked pertinent factors 
obtaining in the actual operating system, 
which oversight may be responsible for my 
arriving at a conclusion somewhat different 
from the authors. 

Let us first consider the economic picture. 
I have made an economic analysis of the 
switched capacitor versus the synchronous 
condenser, based on known factors that can 
be reasonably evaluated in dollars and cents. 
Other intangible operating factors will also 
be discussed. In this analysis, the annual 
charge for each equipment was determined, 
and the type of equipment “proving in” 
was obviously the one having the lower an¬ 
nual charge. 

, As the equipment losses are the most im¬ 
portant factor in such a comparison— 
where either the condenser or capacitor can 
fulfill the system requirements—they will 
be given careful consideration. The fixed, 
or no-load losses of a synchronous con¬ 
denser are about 60 per cent of its full-load 
losses, the remaining loss varying approxi¬ 
mately as the square of the load, with full¬ 
load losses being from two to three per cent. 
The losses in a capacitor are a constant, 
being one third of one per cent of the con¬ 
nected capacity. From this one can see that 
the total kilowatt-hour loss consumed by 
the condenser for a given kilovolt-ampere- 
hour requirement, is a function of the load 
pattern, while in a capacitor it is inde¬ 
pendent of the load pattern. Therefore, to 
make a fair comparison, this must be taken 
into consideration. So the data in Figure 2 
were prepared from standard listed infor¬ 
mation. 

In calculating which equipment would 
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tave the lowest annual charge, the following 
>asic assumptions were made: 

• Per-unit annual carrying charge on equipment 
ivestment taken as 0.125. 

. Annual energy charges on losses figured for 
ata given in Figure 2, for various load factors. 

. Demand charge—per-unit annual carrying 
harge for use of system investment taken as 0.125. 

. Maintenance and operating charges are taken 
s equal for each. 

)n this basis were calculated the data 
lotted in Figure 3, which show the eco- 
omic dividing line between 5,000-kva syn- 
hronous condensers and capacitors as a 
unction of energy charge in mils per 
ilowatt-hour, kilovar load factor, and in- 
tailed cost difference, for two conditions, 
amely: 

No evaluation on demand. 

Capitalized demand charge of $100 per kilo- 
att. 

In equipments of 5,000-kw capacity, a 
beral cost differential can be taken as 
2 per kilovolt-ampere. On this basis, these 
alculations show that capacitors prove in, 
no demand charge is levied against the 
eak losses, and only 2.5 mils per kilowatt- 
our is made for energy losses, providing .the 
ilovar load factor is not less than 0.3. 
ince 2.5 mils for energy—and a 0.30 load 
ictor—are conservative figures, it indicates 
lat capacitors in large banks switched for 
roviding regulated reactive are relatively 
•w-priced reactive generators. This, of 
>urse, is in substantial agreement with the 
Jthors’ first conclusion listed under the 
jction "Kilovar Supply,” except I believe 
ley were speaking of the unswitched 
ipadtor, close to the load. 

Now to consider the differences in system 
aeration obtaining when using switched 
ipacitors or condensers for the regulated 
active supply. 

1. System Stability. If a system is designed 
id operated in accordance with well-established 
inciples utilizing modern relaying and switching 
;uipments, the transient-stability problem can be 
sentially narrowed down and isolated to those 
ses involving electrically long lines and hydrogen¬ 
ating stations. (This excludes the developments 
sociated with high-speed, three-phase and one- 
lase reclosing for single-circuit lines.) The instal- 
tion of 5,000-kva synchronous condensers is made 
by and large—in subtransmission and distribution 
eas which are electrically remote from hydro- 
nerators and long lines. Even adjacent to long 
les and hydrogenerators, the character of the con- 
nser in having electrical and mechanical inertia, 
suits in only a second order effect on stability. 

2. Voltage Stabilisation. I feel that the field 
the smaller synchronous condenser is practically 
sited to those cases imposing a difficult regulating 

such as found in substations feeding shovel 
ads, arc furnaces, and so forth. Under these 
nditions, the capacitor aggravates the voltage 
3turbance, if unswitched, and if switched, its 
itching equipment cannot follow the voltage 
anges anyway, so for this use it is ruled out. 
id the synchrqnous condenser in providing voltage 
ibilization in this instance holds a strong position 
system design. 

Summarizing—I feel the use of the 
itched capacitor as a regulated reactive 
lirce will be used more and more in the 
ture, when engineers have accurately 
idied their system requirements as have 
ese authors, and when more experience 
s.been obtained with the switched ca- 
citor. And as indicated in the paper, as 
41 as in my discussion, each system needs 
be studied as a complete unit, making it 
cessary that the distribution engineers, 
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Figure 3. Curves showing economic dividing 
line between the application of synchronous 
condensers and capacitors rated 5,000 kva 


Capacitors are more economical in regions 
above each line. Cost difference is capacitors 
minus condensers 


Curve 

Cost 

Demand 

Difference 

Evaluation 

1. 

. i... $4 per kva. 

. 0 

2....... 

..... $2 per kva. 

. 0 

3. 

.$4 per kva. 



who have been the large user of capacitors 
so far, fully co-operate with the generation 
and transmission engineers in designing a 
system to meet its requirements, namely 
that of supplyring the two commodities, 
kilowatts and kilovars. 


G. S. Lunge (General Electric Company, 
Schenectady, N. Y.): It is interesting to 
note the increasing attention that is being 
given to reactive power (kilovar) dispatch¬ 
ing. Although kilowatt load dispatching is 
taken for granted in modern utility systems, 
it is only in relatively recent years that re¬ 
active power has been similarly treated from 
an operating standpoint. 1 

From the manufacturers’ standpoint an 
interesting by-product of this trend is the 
increasing use of varmeters (reactive kilo¬ 
volt-ampere meters) for indicating and re¬ 
cording the flow of reactive power. A var- 
meter gives complete information regarding 
the reactive power’ flow, without resorting 
to any calculations, whereas a power-factor 
meter reading is of little significance unless 
considered in combination with the as¬ 
sociated wattmeter reading. From an 
instrument-accuracy standpoint, the use of 
varmeters is worthy of encouragement. 
The varmeter is essentially built like a watt¬ 
meter and measures the quantity with a 
high degree .of precision, regardless of the 
load, On the other hand, the power-factor 
meter, which measures the angle between 
current and potential, has a high degree of 
precision only when the load is above one 
fifth of its current rating. Except for ap¬ 
plication to synchronous motors, it appears 
that, in the future, power-factor meters will 
be used only rarely. 

Although the use of telemetered readings 
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of kilowatts has become quite common as 
an aid to power dispatching, such installa¬ 
tions seldom include provision for tele¬ 
metered readings of reactive power (kilo¬ 
vars). Nevertheless, this paper shows that 
for maximum utilization of the system facili¬ 
ties, it is essential that the reactive power 
dispatching be handled as thoroughly as the 
active power dispatching. The simplest 
and most effective means for giving the 
dispatcher a continuous picture of the re¬ 
active power flow in the system is to pro¬ 
vide telemeter recording receivers in front 
of him to show: 

1. The reactive power output of each major sta¬ 
tion or substation containing sources of reactive 
power. 

2. The grand total of such readings. 

3. The reactive power flow in each tie line inter¬ 
connecting with neighboring systems. 

In certain cases, a few additional kilovar 
readings from key transmission circuits in¬ 
side the' system itself will be helpful in 
making maximum utilization of the carrying 
capacity of those circuits. 

When wire line channels are used for 
telemetering purposes, provision of a re¬ 
active power reading in addition to an active 
power (kilowatt) reading ordinarily doubles 
the expense of providing such facilities. 
However, when audio-frequency-modulated 
carrier channels are used, it is possible to 
use the same carrier channel for two simul¬ 
taneous readings, so that the principal ad¬ 
ditional expense involved in adding the 
kilovar reading is merely that of the 
telemeter transmitter and receiver for re¬ 
active power (kilovars). 

When the carrier channel is of such a na¬ 
ture that it cannot be used without further 
expense for the transmission of more than 
one telemeter reading at a time, it is en- ’ 
tirely possible to change the telemeter- 
transmitter potential connections at regular 
intervals, say, every ten minutes, from watt¬ 
meter connection to varmeter connection 
and vice versa. When the associated 
(single) receiving instrument is of recording 
type, there is no difficulty in distinguishing 
the two records from each other on the same 
chart, except in the case of tie lines, in which 
case the use of separate kilowatt- and 
kilovar-recording instruments is highly de¬ 
sirable because of possible overlapping of 
the record. 

Reference 

1. Operating Aspects of Reactive Power, J. 
Allan Johnson. AIEE Transactions, volume 52, 
1933, pages 762-7. 


S. B. Crary (General Electric Company, 
Schenectady, N. Y.): The recommenda¬ 
tions listed in the paper by Messrs. Sels and 
Seely for the improvement in system protec¬ 
tion will be recognized as being generally 
consistent with results obtained from 
studies made of other systems. 

There is a question in regard to the 
stability calculations on which a little more 
detailed explanation would be appreciated. 
The statement is made: "The studies show 
that the phase-angle displacement is much 
more dependent on the turbine power out¬ 
put than on the generator power factor.” 
This statement would seem to apply for 
stable transient operation through a severe 
fault but would not apply for the case of 
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steady-state pull-out under the condition of 
carrying a high kilowatt load or a suddenly 
increased kilowatt load with low excitation. 
This latter condition 1ms been considered 
an equally important consideration as a 
possible limitation for the application of 
unswitched shunt capacitors to a power 
system as the transient stability. In fact, 
this is a more important limitation than the 
transient case when quick relaying and 
switching are used. Accordingly, if quick 
switching and relaying are used with genera¬ 
tor voltage regulators, it becomes possible to 
increase further the stability limitation 
toward the steady-state case and therefore 
to allow for a greater ratio between fixed 
and variable corrective reactive kilovolt¬ 
ampere from a stability standpoint. In this 
connection, also, I would like to ask the 
authors what is meant in the same para¬ 
graph by “pull-out angle.” Is this steady- 
state pull-out angle or transient fictitious 
pull-out angle, and how is it determined? 


E. F. Dissmeyer (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
Mr. Sels and Mr. Seely have clearly outlined 
the more important factors which should be 
considered in connection with determining 
the ability of a power supply system. An 
accurate knowledge of the operating limi¬ 
tations of kilowatt- and kilovar-producing 
equipment is of course essential. 

The increasing of power-factor and kilo¬ 
watt ratings of generators will, of course, 
result in a reduction in their ability to pro¬ 
vide reactive kilovolt-ampere load. It will 
be found, however, that although many 
machines are operated at kilowatt loads 
considerably in excess of their name-plate 
ratings, they can still provide substantial 
quantities of reactive kilovolt-amperes. 

The excitation requirements at kilowatt 
loads in excess of the generator rating and at 
high power factor are usually considerably 
less than those for namerplate kilowatts 
and power factor. Therefore, from the 
standpoint of rotor heating, appreciable re¬ 
active kilovolt-amperes is available from a 
machine which is already carrying a kilowatt 
load, equal to its kilovolt-ampere rating. 
For many machines, especially those oper¬ 
ated at 3,600 rpm, the temperature rise of 
the stator will be increased only slightly. 

For example, a 3,600-rpm, 20,000-kilo¬ 
watt, 25,000-kva, 0.8 power-factor generator 
can be operated at 25,000 kilowatts and at 
0.9 power factor without increasing the 
temperature rise of the rotor and with only 
110 per cent rated amperes in the stator. 
Since generators are designed so that they 
may be operated at 95 per cent rated volt¬ 
age without excessive heating, the’10 per 
cent increase in stator current actually repre¬ 
sents a five per cent increase in what might 
be considered a normal operating current. 
In a 3,600-rpm generator the stator PR loss 
is extremely small compared to the total 
losses in the machine, and it will be found 
that this increase in stator amperes will 
affect the temperature rise of the stator 
only a slight amount. 

In view of the fact that overload opera¬ 
tion of machines may be required only during 
peak load periods or under emergency con¬ 
ditions when other generating units are out 
of service, it would appear that this type of 
operation should not cause any noticeable 
effect upon the life of a generator. In fact, 
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there may be many cases where the rotor as 
well as the stator might be operated at 
overloads for rather long lengths of time 
without seriously affecting the reliability 
or the life of the unit. 


H. K. Sels: With respect to Mr. Lunge's 
suggestions on the desirability of using tele¬ 
metering for both kilowatts and kilovars, 
consideration must be given to the fact that 
summation of distributed switchable and 
nonswitchable static capacitors installed 
throughout the system is impossible, and, 
therefore, the net kilovar load is indeter¬ 
minable to a considerable extent. Likewise, 
where a considerable number of small 
generating plants feed into a system, the 
net kilowatt load is not simultaneously 
available. 

In attempting to reach the upper limit of 
unswitched capacitors which allows the 
generators to operate at unity power factor 
during light load as suggested by Mr. 
Butler, the total generator load power factor 
probably cannot exceed 95 per cent without 
certain generators having to operate at 
unity or leading power factors. However, in 
general, it is agreed that faster switching 
times and the use of generator voltage regu¬ 
lators will allow a greater use of unswitched 
capacitors at light load. With respect to the 
selection of synchronous condensers in pref¬ 
erence to switched capacitors, this question 
has not been exhausted. The low installa¬ 
tion cost of this first group of synchronous 
condensers in existing buil din gs was com¬ 
petitive with the cost of switched capacitors 
located at substations. A portion of the 
cost of the greater losses in synchronous 
condensers could be credited to b uilding 
heating. The voltage-stabilizing character¬ 
istics of a synchronous condenser, as com¬ 
pared to a capacitor, came in for some con¬ 
sideration. The initial installation of syn¬ 
chronous condensers offered the possibility 
of later using the lagging capacity of the 
machines to regulate the installation of 
additional unswitched capacitors near their 
terminals. Some of these may be pertinent 
factors which Mr. Butler has overlooked. 
Nevertheless his contribution of a criterion 
on which to determine the proper propor¬ 
tion of different forms of kilovar supply is 
welcomed. 

The proper proportion of switchable and 
nonswitchable static condensers, synchro¬ 
nous condensers, and kilovar loading on 
generators is largely an economic problem, 
including all factors of capital, operating, 
and maintenance costs. However, the prob¬ 
lem of unstable voltage regulation which 
may be obtained under all conditions with 
the use of too much switchable and non¬ 
switchable static condenser capacity must 
not be overlooked. 

In regard to the relative importance of 
transient and steady-state stability dis¬ 
cussed by Mr. Crary, all of the stability 
studies made to determine the proper kilo¬ 
watt and kilovar loading of individual gen¬ 
erators were based on the transient pull-out 
angle calculated from a regular a-c network 
analyzer set up since the steady-state pull¬ 
out of the closely coupled Public Service 
system has not appeared to be a prob¬ 
lem. However, it is possible that steady- 
state conditions should be considered further 
in the light of Mr. Crary’s comments. 

As Mr. Dissmeyer points out, there is 

Discussions 


some temporary overload capacity in most 
generating units and these so-called short- 
time proved overload ratings are known, but 
to use them some sacrifice must be made in 
stability margins. Undoubtedly, these 
ratings will be used in extraordinary emer¬ 
gencies, but somewhere the last straw that 
breaks the camel’s back, such as broken 
blading, is reached, and these ratings can¬ 
not be considered as determining the normal 
system capacity. The use of autotrans¬ 
formers and higher generated voltage firms 
up these ratings to a considerable extent 
from the standpoint of thermal and sta¬ 
bility limitations. It is believed that full 
account has been taken of these overloads 
by planning for only 10 per cent reserve 
capacity, the lowest in the country, and if 
these emergency ratings were included in 
the balance sheet of load and capacity, 
reserves would probably need to be boosted 
to as much as 15 per cent. Therefore, no 
over-all net gain would be effected. 

Progress in Design of Elec¬ 
trical Equipment for Large 
Diesel-Electric Locomo¬ 
tives 

Discussion and author's closure of paper 42-23 
by G. F. Smith, presented at the AIEE winter 
convention. New York, N. Y., January 26- 
30, 1942, and published in AIEE TRANS¬ 
ACTIONS, 1942, March section, pages 
130-1. 


R. Tom Sawyer (American Locomotive 
Company, New York, N. Y.): Mr. Gerald 
Smith’s paper was an excellent paper. We 
have needed such a paper for some time to 
sum up the progress in the design of elec¬ 
trical equipment used on Diesel locomo¬ 
tives. 

In the early days when the first Diesel- 
electric locomotives were built, traction 
motors designed for street cars or other 
uses were placed under the Diesel-electric 
locomotive. The insulation was poor, and 
the ratings very low. Today the traction 
motor is especially designed for Diesel- 
electric locomotive service and especially 
designed for the particular class of service 
utilized. Today, practically every piece of 
electrical equipment of the Diesel-electric 
locomotive is especially designed for its 
particular service—certainly a very marked 
step in the advancement of the Diesel- 
electric locomotive. 

I should like to elaborate on Mr. Smith’s 
paragraph on overloading capacity. We 
must agree that the traction motor of the 
Diesel-electric locomotive is still the vulner¬ 
able spot when it comes to overloading the 
locomotive. Tonnage ratings are based 
upon two factors. 

1. The rating should be of the proper size In order 
to maintain the schedule. 

2. The rating should stay within the limitations 
of the traction motors to prevent them from over¬ 
heating. 

For example, the American Locomotive 
Company and the General Electric Com- 
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pany have one survey department which 
calculates the performance of their Diesel- 
electric locomotives and thereby sets a 
tonnage rating of these locomotives for any 
given profile. Frequently these calcula¬ 
tions have been checked with actual service 
conditions and have been found to be ex¬ 
tremely close. When it is possible to calcu¬ 
late so closely, we find it advisable to not 
leave any leeway; that is, we expect the 
railroads to operate the locomotives at the 
tonnage rating given. 

In Mr. Gerald Smith's conclusion he 
states that a freight locomotive may have 
twice as many traction motors as a passenger 
locomotive. This, of course, is generally 
the case; however, a passenger locomotive 
geared for 120 miles an hour can be con¬ 
verted into a freight locomotive and made to 
handle twice the tonnage simply by chang¬ 
ing the gearing to 60 miles an hour. The 
New Haven Railroad is a good example; in 
this case the locomotives are geared for 80 
miles per hour and handle both passenger 
and high-speed freight service. 


G. F. Smith: It may be desirable to explain 
in detail why more motors are sometimes 
used on freight locomotives than on pas¬ 
senger locomotives. A 4,600-engine-horse¬ 
power locomotive geared for maximum of 80 
miles per hour, with worn wheels, for opera¬ 
tion on roads with 0.4 per cent (compen¬ 
sated) prevailing upgrades could haul 750- 
ton trailing load of light passenger cars at 
balancing speed of approximately 70 to 75 
miles per hour, or 1,200 tons of heavy pas¬ 
senger cars at between 60 and 65 miles per 
hour, or 4,000 tons of freight trains at 
approximately 25 miles per hour. Such a 
locomotive would be very useful for pas¬ 
senger and freight service in rolling country 
with light grades. 

If the number of motors is doubled, the 
locomotive weight would be increased by 
approximately 40 to 50 tons, and it could 
also haul freight trains of 4,000 tons on one 
per cent grades and 2,000 tons on 2.2 per 
cent grades at approximately half speed. 

Doubling the number of motors without 
change in gear ratio permits operation of 
passenger and freight trains over a wider 
range of grades with corresponding reduced 
speeds on the heavy grades. 


A Fast Circuit Breaker 


Discussion and author's closure of paper 42-38 
by D. I. Bohn and Otto Jensen, presented at 
the AIEE winter convention, New York, 

N. y., January 26-30, 1942, and published 
in AIEE TRANSACTIONS, March section, 
pages 165-8. 

O. K. Marti (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis.): As a rectifier 
engineer, I feel greatly indebted to the two 
authors who were instrumental in develop¬ 
ing a new breaker device for protecting mer¬ 
cury-arc rectifier systems. 

In 1938 the Allis-Chalmers Manufacturing 
Company put into operation, at the Alcoa 
plant of the Aluminum Company of Amer¬ 
ica, ten mercury-arc rectifier units, consist- 
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ing of twenty 12-anode, 4,680-ampere tanks. 
These units were protected by standard oil 
circuit breakers on the primary side, and 
by high-speed d-c cathode breakers. After a 
few months of operation extensive tests were 
. carried out to verify the computed charac¬ 
teristics of the circuit and the estimated 
currents obtained during possible short cir¬ 
cuits and backfires. The tests confirmed our 
computations and also the fact, which was 
pointed out in the paper, that the increase 
in current takes place at the rate of over 
5,000,000 amperes per second. In spite of 
the fact that the cathode breakers were 
able to limit the current in about half a 
cycle, the current during disturbances 
would sometimes exceed 50,000 amperes, 
and, in consequence, greatly stressing all the 
equipment connected to the system. Shortly 
after these tests, were completed, the cus¬ 
tomer decided to enlarge this station to 
double capacity, but it was felt after analyz¬ 
ing the test data, that this high concentration 
of power should make it necessary to improve 
the protective means still further. 

An investigation was started by our com¬ 
pany, along the line of using grid blocking 
for further protection, and at the same time 
by Mr. Bohn of the Aluminum Company of 
America, to develop an anode breaker to be 
connected between the transformer and the 
rectifier. It was found that by means of 
grid protection, the internal short-circuit 
current in the rectifier, flowing during a 
backfire (see Figure 2 of the paper) could be 
interrupted in about one-sixth of a cycle. 
However, it was found difficult to increase 
the speed of the large-capacity cathode 
* breaker, which during a backfire has to in¬ 
terrupt the current feeding from the parallel 
connected units into the faulty anode. In 
spite of the fact that at that time no suitable 
d-c breaker was available which could be 
used as an element of the anode breaker it 
was decided to develop such a breaker and 
introduce it into the anode circuits. 

Furthermore, it was deemed advisable to 
equip the rectifier units for this new ex¬ 
pansion with high-speed blocking by means 
of grids, and, in order to reduce the number 
of breaker elements, to use anode reactors 
in connection with a six-phase rectifier 
transformer. The application of anode 
breakers, and grid-blocking devices as used 
in this new station, designated as number 4, 
can be best seen from the paper entitled 
"Alcoa Rectifier Installations" by Mr. J. E. 
Housley and Mr. H. Winograd presented at 
the AIEE Southern District meeting in New 
Orleans, December 3,1941. 

It can be seen from Figure 2 that as each 
element of the breaker opens, the anodes 
are prevented one by one from firing and 
from feeding into the faulty anode. The 
protective action of this breaker is, there¬ 
fore, similar to that action of the grid¬ 
blocking device by means of which, as in 
the first scheme, the anodes are prevented 
one by one from firing as soon as the grid is 
made negative. It can, therefore, be seen 
that both protective devices support each 
other in the clearing of disturbances which 
may be very advisable for some installations. 

I would like briefly to enumerate some of 
the points which had to be taken into ac¬ 
count when designing this new type of 
breaker and which are based on experiments 
made in the first installation referred to 
above. This will show that we do not here 
have a 600-volt d-c breaker, as superficial 
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consideration may lead us to believe. From 
Figure 2 it can be seen that during operation 
between some of the anodes, a potential 
double the secondary phase voltage ap¬ 
pears, and, therefore, the insulation be¬ 
tween poles had to be designed for a voltage 
of 2,300 volts peak in order to take care of 
the increase in voltage in the interphase 
transformer during operation with grid volt¬ 
age control. 

Furthermore, when designing this breaker 
it had to be taken into account that during 
normal operation, the current may reach a 
maximum value of 2,500 amperes in about 
one fifteenth of a cycle and will drop to 
zero approximately at the same rate after 
one third of a cycle. During disturbances, 
the breaker was supposed to interrupt in 
about one cycle so that the current could not 
exceed 50,000 amperes, although it was es¬ 
timated that the inductance of the circuit 
would be about one quarter of a millihenry. 
The tests also showed that such a breaker 
had to be able to interrupt the above cur¬ 
rent following a forward current of the mag¬ 
nitude of 25,000 amperes, and that during 
such interruptions a voltage of 3,000 volts 
was sometimes exceeded. This voltage had 
to be taken into account when the breaker 
was being designed, the reignition of the arc 
being borne in mind. The maximum in¬ 
terrupting time was set not to exceed one 
cycle, and it will be seen from Figure 11 that 
this value was reduced to 0.64 cycle, after 
further improvements were incorporated by 
the authors. 

We feel, therefore, that a great step for¬ 
ward was made not only in the art of circuit 
interruption, but still more so in perfecting 
the protection of rectification systems for 
large blocks of power. 

C. H. Black (General Electric Company, 
Philadelphia, Pa.) and Lysle W. Morton 
(General Electric Company, Schenectady, 
N. Y.): This paper is particularly signifi¬ 
cant to operators of rectifiers and to rectifier 
application and design engineers. The 
authors are to be complimented on the paper 
which treats of the development and design 
details of an ultrahigh-speed air circuit 
breaker. 

As the rectifier art progressed dining the 
past twenty years, the need for high-speed 
interrupting devices in the anode circuits 
gradually became apparent to many of the 
engineers interested in rectifiers. Desul¬ 
tory attempts were made to solve the prob¬ 
lem from time to time, using then available 
medium-speed or semihigh-speed circuit 
breakers. However, these did not meet the 
requirements fully, and it became evident 
that what was needed was a high-speed 
multipole breaker equipment designed es¬ 
pecially for use with mercury-arc rectifiers. 

Some of the general specifications that 
such a breaker should meet may be listed as 
follows: 

1. The individual poles must be trip- 
free. 

2. Tripping action should be essentially 
for reverse current. The first and only al¬ 
ways completely reliable evidence of occur¬ 
rence of arc back in the circuit of a rectifier 
equipment is the reversal of current in the 
anode connections. Hence a polarized form 
of reverse-current trip is necessary to dis¬ 
tinguish arc-back current from forward 
overcurrent. 
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3. High-speed current - interruption 
should be provided both from the standpoint 
of time required to start reducing the over¬ 
current and time required to extinguish the 
arc. This requirement is dictated by several 
factors. When rectifiers are connected to 
the same d-c bus with other rectifiers or 
conversion apparatus, not only do other 
anodes of the affected rectifier feed reverse 
current into the faulted anode, but all of 
the other equipment connected to the bus 
may contribute current of high magnitude. 
The value of this current is limi ted only by 
the copper resistances of the circuits and 
the short-circuit impedances of the con¬ 
tributing equipment. For this reason, the 
rapidly increasing current must be inter¬ 
rupted before damage occurs to apparatus, 
and before it gets out of hand in magnitude. 

In order to provide continuity of opera¬ 
tion in larger installations, where several 
conversion units operate in parallel, the in¬ 
terrupting action should be fast enough to 
prevent associated equipment from going 
out of service due to overcurrent, and also 
prevent "sympathetic” or "simultaneous” 
arc backs on other rectifiers due to the short- 
circuit imposed. In many cases, two rectifiers 
are fed from a single transformer, and the 
anode circuit breaker, if its action is fast 
enough, may eliminate the faulty rectifier 
so quickly that the other rectifier may re¬ 
main in service. These operational ad¬ 
vantages may be obtained if high-speed 
anode breakers are used, by adjusting over¬ 
current devices associated with the a-c and 
d-c switchgear to obtain the proper selec¬ 
tivity. 

4. Adequate insulation must be provided 
between the individual poles of the multi¬ 
pole circuit breakers to take care of the well- 
known voltages which occur in rectifier 
transformer circuits. 

5. The complete multipole circuit- 
breaker equipment with its operating 
mechanism should be simple in construction 
and require minimum space. It should be so 
reliable in operation that it does not compli¬ 
cate or increase maintenance of the over-all 
rectifier installation. 

The company with which we are asso¬ 
ciated is so thoroughly convinced of the 
real need for and advantages of high-speed 
anode circuit breakers that we have made 
available apparatus of this sort. Particu¬ 
larly, for rectifiers whose voltages are above 
30(5, we regularly advocate and apply this 
type of high-speed switchgear. 

One important fact, which we believe 
should be kept in mind, should be stated 
here. That is, high-speed switchgear in the 
anode circuits must not be considered a sub¬ 
stitute for adequate a-c switchgear or other 
protective d-c switchgear. Arc backs are 
not the only faults which may be encoun¬ 
tered with these equipments. In common 
with all other electrical apparatus, high- 
quality full-capacity a-c switches are still 
just as necessary to protect for such thing s 
as transformer ground faults, as ever. It is 
also just as necessary to provide d-c switch- 
gear to protect for overloads and d-c syst em 
faults as ever. 


Bohn: Mr. Morton’s comments, in 
which he gave very complete specifications 
of the requirements of this type of device, 
need no further enlargement. 

With reference to the last paragraph of 
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his comment regarding the desirability of 
installing a full capacity a-c switch ahead 
of the rectifier transformer, this is largely a 
matter of opinion involving type of load, 
seriousness of infrequent short-time inter¬ 
ruptions, and other angles which are essen¬ 
tially economic. 

It, therefore, presents a problem apart 
from the rectifier and associated equipment, 
this protection being complete with the 
anode and cathode breakers themselves. 

The particular scheme outlined in this 
paper furnishes adequate protection against 
transformer ground faults as well as over¬ 
loads on the d-c system. 

High-Capacity Circuit- 
Breaker Testing Station 

Discussion and author's closure of paper 42-26 
by J. B. MacNeill and W. B. Batten/ pre¬ 
sented at the AIEE winter convention. New 
York, N. y. 7 January 26-30,1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
February section, pages 49-53. 


J. R. North (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
We agree wholeheartedly with the authors 
that methods of testing which merely ap¬ 
proximate the breaker rating have very 
definite limitations. Our experience also 
has indicated that it is not always satis¬ 
factory to extrapolate interrupting data « 
taken at less than rating to determine the 
full rating. 

Circuit breakers may be considered es¬ 
sentially as current-interrupting devices, and 
it seems particularly important that inter¬ 
rupting devices be tested up to at least their 
full rating, especially interrupting devices 
which have a high-ampere interrupting 
rating. We feel very strongly that the selec¬ 
tion and application of circuit-interrupting 
devices should be made only on the basis 
of authentic interrupting test data, which 
cleairly demonstrate the ability of the devices 
to interrupt the duty expected at the actual 
operating service voltage. 

We have been privileged to witness inter¬ 
rupting tests which demonstrated that the 
interrupting devices as designed and built 
easily met their rating, and this was subse¬ 
quently substantiated by actual operating 
experience. On the other hand, several seri¬ 
ous cases of trouble have resulted with de¬ 
vices which had not been adequately tested. 
For example, it was planned to modernize 
a group of breakers, and the design of the 
modernized parts was based on extrapolated 
data. Interrupting tests on a sample 
breaker at the proposed service voltage 
showed the. performance to be unsatis¬ 
factory and prompted several important 
design changes. These tests thus proved 
very advantageous to both the manufacturer 
and the purchaser. 

In another case, breakers which were to be 
used on service voltage considerably below 
their rated voltage were found on test to be 
inadequate to interrupt the higher short- 
circuit currents at the lower service voltage, 
although tests at the breaker ra ting had 
indicated satisfactory performance. Design 
changes were made which resulted in satis- 
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factory operation at the lower service volt¬ 
age and improved operation over the entire 
application range. 

Comprehensive field tests and operating 
experience are invaluable supplements to 
factory tests; however, the number of 
tests which can be made in the field is 
generally very limited as compared to the 
number of tests which can be made in a 
factory test laboratory. Furthermore, in 
analyzing operating experience it must be 
remembered that circuit-interrupting de¬ 
vices are generally applied on the basis of 
short-circuit duty which it is expected will 
exist in the future, with adequate allowance 
for system development and growth. Thus 
for several years after installation a circuit 
breaker may not be called upon to interrupt 
currents anywhere near its rating, and the 
experience indication may therefore be of 
little value. 


J. D. Wood (Roller-Smith Company, 
Bethlehem, Pa.): I wish to discuss the 
paper presented by Messrs. MacNeill and 
Batten describing the additions to their 
short-circuit testing station making possible 
the testing of high-capacity circuit inter¬ 
rupters. 

Many of us can remember the time when 
manufacturers had no testing facilities, and 
design data were accumulated from ex¬ 
perience on devices which were installed or 
an occasional short-circuit test conducted by 
a utility. These data were sketchy and 
conflicting, because they werecollectedunder 
uncontrolled conditions, and the progress of 
* the art was necessarily slow. 

With the advent of permanent short-cir¬ 
cuit testing facilities by manufacturers 
has come a period of rapid development. 
The advance in design and construction of 
modern circuit breakers is progress of which 
the engineers of this country can justly be 
proud. 

The high-capacity station described in 
this paper will be found very useful, not 
only when testing larger breakers, but also 
in testing small breakers under conditions 
comparable with large concentrations of 
power, as found in present-day utility prac¬ 
tice. It should be expected that these test¬ 
ing facilities will result in still further im¬ 
provements in the apparatus offered for sale. 

I would like to take just a moment to 
describe to you another type of testing sta¬ 
tion which has been built by one of the 
smaller manufacturing companies—Roller- 
Smith. It differs from previous practice in 
that it is designed to use power directly 
from a high-capacity bus on a utility 
property and is adapted for the testing of 
medium-size circuit interrupters. It is a 
permanent installation, entirely owned by 
the manufacturer and operated entirely 
under his supervision (Figure 1). As will be 
seen from Figure 1, the station takes power 
at 66,000 volts over a line approximately a 
quarter of a mile long, from a high-powered 
bus in a centralized switching station. With 
this arrangement voltage is maintained at a 
'high value on the primary of the test trans¬ 
former. Transformers are provided to step 
the voltage down to the desired test voltage. 

A backup breaker is provided to clear all 
faults, should any trouble develop in the 
device under test. Reactors with taps are 
provided to limit the short-circuit current to 
the desired value. Each of these is in a 
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separate room, and a third room is provided 
as a test compartment. A separate building 
is provided for the oscillograph and other 
important recording and control devices 
sufficiently removed to provide safety for 
all operating personnel. 

This station provides testing facilities 
from 300 volts to 23,000 volts, and up to 
250,000 kva. A detailed description has 
been published in Electrical World (January 
3,1942). 

I think the advantages of this testing 
station, located as. it is, to subject breakers 
to the conditions usually found in an actual 
installation and to do it with a very eco¬ 
nomical setup, will be apparent to all of 
you. This station has just recently been 
completed, and something over 100 short- 
circuit tests have been made. The equip¬ 
ment for measuring transient voltage con¬ 
ditions is not yet completed. It can be ex¬ 
pected that the station, operated in the 
future, will provide much interesting, useful 
data. 


W. F. Skeats (General Electric Company, 
Philadelphia, Pa.): Messrs. MacNeill and 
Batten have done an excellent job of pro¬ 
viding in somewhat limited space for a large 
number and variety of the tests associated 
with the development of circuit breakers. 

Most important among these is the short- 
circuit testing of circuit breakers approxi¬ 
mately to full interrupting capacity. It is 
unquestionably desirable to be able to deter¬ 
mine in the laboratory the interrupting 
capacity both of conventional circuit 
breakers and of breakers of new types. This 
can be done, as Messrs. MacNeill and Bat¬ 


ten have done it, by providing sufficient 
generating capacity to make the test on a 
conventional circuit. It can also be done 
with somewhat less generating capacity by 
the use of a dual power supply, one part of 
which supplies high current for application 
during the arcing period, while the other 
part supplies the recovery transient and the 
sustained normal frequency voltage. This 
procedure has been described before the 
Institute in two previous papers, the dis¬ 
cussion of which is quoted as a reference by 
Messrs. MacNeill and Batten, and further 
experience with it is mentioned in one of the 
papers presented earlier this morning. 

These papers have shown that the circuits 
can be switched with sufficient speed and ac¬ 
curacy to realize a transient-recovery volt¬ 
age rate of several thousand volts per micro¬ 
second. Such recovery rates have been read 
from the oscillogram on both oil and air-blast 
circuit breakers: 

Theoretically, there is some modification 
of the current wave form as it approaches 
final zero. But, practically, with most 
modem breakers, an effective increase of 
several fold in the capacity of the testing 
plant can be obtained with a modification 
which is hardly perceptible. Furthermore, 
the tests’ results may be read from the oscil¬ 
logram in such a way that any error lies on 
the side of extra severity of the test, so that 
the net result is an increase in the breaker’s 
margin of safety. Confirmation of this is 
given in the three comparisons cited in this 
morning’s paper, which show the synthetic 
test to be at least as severe as the conven¬ 
tional circuit. 

The performance of this circuit is il¬ 
lustrated by the oscillogram shown in Figure 



Figure 2. Oscillo¬ 
gram 6f a synthetic 
test 

6,000/12,000 volts 
33,000 amperes 
A— Trip-coil current 
B —Alternator volt¬ 
age 

C—Oil pressure be¬ 
low baffle 
D—Recoveryvoltage 
£—Breaker current 
f—Piston travel 
G-^Contact travel 


2 of this discussion. In the early part of the 
film a rather low voltage is shown on the 
voltage trace, corresponding to the open- 
circuit voltage of the .high-current circuit. 
This drops to zero when the short circuit is 
initiated, but, upon interruption, it rises to 
approximately double its initial value, cor¬ 
responding to the voltage of the high-voltage 
circuit, and superimposed upon this is a 
recovery transient which rises almost to 
double the instantaneous normal frequency 
recovery voltage at the time of interruption. 
It will be observed also that the current 
wave is not perceptibly distorted. 

This circuit has been employed to good 
advantage in a number of important. de¬ 
velopments, and it's use is expected to con¬ 
tinue on the increase. 


H. A. P. Langstafi (West Penn Power Com¬ 
pany, Philadelphia, Pa.): The authors’ 
description of the high-capacity circuit- 
breaker testing station at East Pittsburgh 
seems quite brief and limited to one who has 
seen the equipment in actual operation. 
Comparing this with the facilities and sur¬ 
roundings of the Wilmerding tests certainly 
shows the progress of the Westinghouse 
organization. Everything pertaining to this 
testing station seems to be about the last 
word and this removes practically all of the 
doubt in an operating man’s mind as to 
the present-day ratings. In discussing this 
installation with members of our organiza¬ 
tion, none of us seems to have any suggestions 
or additional ideas which should be em¬ 
bodied in such a station. The results ob¬ 
tained give the operating men a great deal 
more confidence in the equipment; in fact, 
we believe that breakers today are gradually 
approaching the rating as I outlined at the 
time of the Wilmerding tests; namely, the 
standby rating or one such that the opera¬ 
tor, may stand by the breaker when operat¬ 
ing at maximum rating. 


W. S. Edsall (Allis-Chalmers Manufactur¬ 
ing Company, Boston, Mass.): In reference 
to the paper by Messrs. Strang and Skeats 
on field tests on high-capacity air-blast 
station-type circuit breakers, and also that 
by MacNeill and Batten on high-capacity 
circuit-breaker test stations, it is my opinion 
that the industry is now faced with the need 
of a more precise defihition of circuit-inter¬ 
rupting factors and conditions, such as it 
faced almost 25 years ago. Then the famous 
Hewlett, Mahoney, and Burnham paper de¬ 
livered here in February 1918, set up the 
methods of calculating short circuits to 
enable proper application of circuit breakers 
for interrupting duty. It pointed out, how¬ 
ever, that there were many variables such 
as transient-recovery voltages and system 
conditions which could not be taken into 
account by a general formula, without mak¬ 
ing all designs so costly as to be economically 
prohibitive for general use. 

Now we have interrupting-capacity test¬ 
ing stations and have a better grasp of 
these same variables of transient-recovery 
voltages and system conditions than we had 
25 years ago, but the probability of adverse 
effects from these conditions is greater to¬ 
day, because of the much higher concentra¬ 
tion of power to be handled. 

The paper by Messrs. Strang and Skeats 
advocates the single-phase synthetic method 
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of interrupting tests on circuit breakers, 
while MacNeill and Batten are satisfied 
with nothing less than a three-phase full- 
capacity test. Actually, the one great dif¬ 
ference between these methods is a question 
as to the severity of circuit conditions such 
as transient-recovery voltage. Up to date 
there is no exact definition or yardstick of 
transient-recovery voltage against which a 
commercial circuit breaker must perform 
on interrupting tests. 

In considering plans for extension of our 
own interrupting testing laboratory, we feel 
the need of a specification to tell just what 
we must test for, so far as rate of recovery 
voltage rise is concerned. It seems that a 
common basis of test standards and methods 
must be arrived at. Perhaps as a prelimi¬ 
nary step, the best thing to do would be for 
the General Electric engineers to take their 
air-blast circuit breaker and test it in the 
Westinghouse company’s laboratory, with 
the Westinghouse standards of measure¬ 
ment, and for the Westinghouse Company to 
do the same with their breaker, with the 
General Electric Company’s standards of 
measurements. I might also add that we 
might also contribute to such an exchange of 
breaker and laboratories. The results, I am 
sure, would make a most fascinating Insti¬ 
tute paper, and would give data to establish 
a sound basis of circuit-breaker testing and 
application. 


J. B. MacNeill: The writers of this paper 
wish to thank those who have discussed the 
project, several of whom have visited the 
laboratory and witnessed tests therein. 

A high-power laboratory such as described 
in this paper requires, in addition to a large 
first cost, a considerable maintenance and 
operating expense and occupies space that 
would be valuable for other purposes. The 
Westinghouse Company in providing these 
facilities believes that the investment is 
justified by improved switchgear and similar 
electrical equipment resulting from the 
laboratory operation. 

Until the industry grew to a point where 
this expensive equipment could be absorbed 
in reasonable costs, it was necessary to rely 
on occasional tests on operating syst ems 
This was not a satisfactory arrangement for 
several reasons: 

Tests could only be made in small numbers and 
when system conditions provided a minimum of 
hazard to connected machinery and personnel. 

2. The design of circuit-interrupting devices was 
incomplete, and development tests in large numbers 
rather than proving tests were required. 

3. Available short-circuit concentrations were 
below the requirements of a growing industry. 

The most comprehensive set of field tests 
ever made on an operating system were 
those on the Consolidated Gas, Electric 
Light, and Power Company lines at Balti¬ 
more during 1920 and 1921. A total of 200 
short circuits in capacities up to 500,000 
kva was made on approximately ten differ¬ 
ent types and sizes of circuit breakers. The 
cost to manufacturers and operating com¬ 
panies of running the tests probably was not 
less than $150,000, and the results in im¬ 
proved apparatus were considerable. 

Looking back at these tests we realize 
that the results were in some cases extra¬ 
polated incorrectly to meet other conditions 
for which data were not available. Toillus- 
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trate: These field tests were all at 25 cycles, 
and certain conclusions were drawn regard¬ 
ing 60-cycle operation, which were inaccu¬ 
rate. Again, the tests were at 13,000 volts, 
and subsequent work extrapolated the re¬ 
sults to 25 kv with rather disastrous conse¬ 
quences. Again, restored voltage transients 
were in most cases relatively low ind re¬ 
sulted in inaccurate findings. 

However, these tests marked a great ad¬ 
vance over previous data and the 1,500,000- 
kva breakers at Hell Gate and other large 
stations supplied during the 1920’s were a 
result of this work. They have given satis¬ 
factory service, and the Hell Gate breakers 
today are operating without essential change 
from the time they were installed in 1921. 

In contrast today we can under some con¬ 
ditions make 100 tests in an eight-hour 
shift. Large numbers of tests are necessary, 
since the variety of conditions which arise 
with transient troubles on a power system is 
very great, and the switches must be good 
for all. On one difficult design we made 
3,000 short-circuit tests. This took a 
period of months, but we were analyzing 
what went on during l 1 / s cycles while the 
breaker operated. The total elapsed time 
we were studying then for the whole 3,000 
tests was only a minute and a quarter. 

This explains why the laboratory de¬ 
scribed in this paper has already been sub¬ 
jected to over 100,000 tests. On the other 
hand, all the high-power switchgear tests 
made on all the operating systems in the 
country over the 20-year period from 1920 
to 1940 probably did not exceed 1,500. We 
see.then that the development of modern 
switchgear is quite impossible without this 
expensive and rugged tool called "a high- 
power laboratory.” 

But you may say: “Even if you have a 
Laboratory, why does it need to be so 
large ?” The answer is found in the require¬ 
ments actually being placed before us today 
for switchgear performance. One customer 
is changing existing breakers to 3,500,000 
kva. Another has just split his system in 
two to keep within a limitation of 2,500,000 
kva.; shortly, he will need larger capacity. 

A third is now operating with bad voltage 
regulation, because his switching capacity 
will not permit adding ties to his system 
which would increase the interrupting duty. 
In the not too distant future 3,500,000 kva 
will be necessary at our more important 
transmission voltages rather, generally. 
The laboratory here described is the most 
adequate one in the world to meet these 
requirements. 

Field Tests on High-Capacity 
Station Circuit Breakers 

Discussion of paper 42-12 by H. D. Braley, 
presented at the AIEE winter convention, New 
York, N. y., January 26-30,1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
January section, pages 31-5. 

J. B. MacNeill (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): We are all impressed, I am sure, 
with the magnitude of the undertaking re¬ 
lated by Mr. Braley in shorting the Hellgate 
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Bus with 294,000 kva on the test stub and 
tied in with the rest of Hellgate through 
Waterside and Niagara-Hudson. This is by 
far the greatest concentration of power for 
such purpose ever put together at 13 kv for 
a field test. 

Previous circuit-breaker tests at station 
voltage have given 25,000 to 30,000 am¬ 
peres. New York got 65,000 amperes in the 
arc on one shot. However, the Baltimore 
tests in 1920, giving 25,000 amperes, resulted 
in the circuit-breaker design now in use at 
Hellgate, and these breakers have been 
satisfactory. It seems reasonable then to as¬ 
sume that these later tests should provide 
data on which adequate designs for the 
future can be based. 

The paper itself makes clear the precau¬ 
tions taken before the tests and relates cer¬ 
tain incidents which show the necessity for 
care in such a project. 

The phraseology is excellent in places and 
carries plenty of meaning to those of us 
who have witnessed field tests over a period 
of years—“The psychological effect of the 
flash and the accompanying sound effect, 
in connection with the are in the test 
breaker, undoubtedly lent some emphasis to 
the need for more caution.” This could 
hardly be improved upon. As to the ad¬ 
visability of field tests on circuit breakers, 
there may be a difference of opinion in some 
cases. Practically all such tests so far have 
been worth-while in the development of the 
art, certainly the Hellgate tests described 
by Mr. Braley resulted in desirable improve¬ 
ment which, otherwise, might not have been 
so promptly made. However, as currents in¬ 
crease, the stresses between bus runs, and 
so on, go up at the current square, and the 
possibility of damage also increases. Per¬ 
haps then it is not reasonable to expect 
tests on utility systems much beyond those 
here related. 

A particularly valuable type of field test¬ 
ing during the last two or three years has 
been the work done at 220 kv, some of which 
has been described to the Institute. There 
are certain phenomena connected with ex¬ 
tremely high-voltage switching such as arc 
prestriking, restriking tendencies, and char¬ 
acteristics of charging current opening, which 
are not present in lower-voltage work, and 
some of which cannot be simulated exactly 
in laboratories at this time. The knowledge 
of these factors gained recently in field tests 
at 220 kv has been a most valuable con¬ 
tribution of that close co-operation between 
designer and user which is so much in 
evidence in these papers you are here con¬ 
sidering. 


W. R. Brownlee (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The thorough advance planning by those 
familiar with the details of design, applica¬ 
tion, construction, and operation, unques¬ 
tionably played a major part in the success 
of the short-circuit tests described by the 
author. Aside from the principal objective 
of the tests, the discovery of weak points in 
the system protection, which had unques¬ 
tionably escaped detection after adequate 
low-voltage tests, was probably of sufficient 
value to justify making them. 

Careful planning of short-circuit tests 1 re¬ 
duces the risk of damage to sound equip¬ 
ment to a negligible value. Unforeseen 
defects disclosed during short-circuit tests 
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are not likely to cause serious system trouble, 
since a high concentration of specially 
trained personnel will be on guard at many 
points. The same unforeseen difficulty, if 
allowed to persist until an accidental system 
fault occurs, may result in serious service 
and equipment troubles. 

Material gains are usually associated with 
appreciable risks, but the very low ratio of 
risk and benefit which is obtained with 
short-circuit tests is not so widely appreci¬ 
ated as it deserves. The results of many 
short-circuit tests made in the past were not 
published, probably for reasons other than 
those concerned with the technique and 
value of the test procedure. It is suggested 
that the appropriate AIEE subcommittee 
might wish to compile an informal list (from 
the information which may be readily col¬ 
lected) of short-circuit tests performed dur¬ 
ing the past few years, giving names of 
companies, dates, and a brief statement of 
the nature of the tests. 

Reference 

1. Testing of High-Speed Distance Relays, 
E. E. George. AIEE Transactions, volume 52, 
1933, page 802. 


R. L. Webb (Consolidated Edison Company 
of New York, Inc., New York, N. Y.): 
With reference to the paper by Mr. Braley 
describing the setup for field tests on a 15-kv 
indoor air-blast circuit breaker, it may be of 
interest to know what recovery voltages 
were maintained. 

Mr. Braley has described the circuit con¬ 
nections in detail. It will be noted that the 
breaker test house had to be located at a 
position where it was necessary to use two 
three-conductor lead-covered cables in 
parallel for the main test circuit. Each 
cable was approximately 600 feet long. 
Also, this connection contained no lumped 
reactance near the test breaker, since it 
was desired to obtain the highest short-cir¬ 
cuit current that could be provided with the 
available capacity. 

The circuit constants, particularly the 
cable capacitance, were such that only low 
recovery-voltage rates could be expected. 

Table I of this discussion shows the cur¬ 
rent in the first phase to open, the approxi¬ 
mate short-circuit kilvolt-amperes on a 
three-phase basis, the calculated recovery- 
voltage rate and the recovery-voltage rate 


Table I. Field Tests on High-Capacity Sta¬ 
tion Circuit Breakers Calculated and Actual 
Test Recovery-Voltage Results 


Rate of Rise 
Recovery Voltage 
Volts Per Micro- 
Approximate second 

3-Phase ---— 

Current Short Cir- Calcu- Actual 

Test Amperes* cuit-Kva lated Test 


l-A. 

.24,000. 

. 600,000 . 

.270... 

...230 

2-A. 

.22,000. 

. 580,000 . 

.270... 

...250 

3-B. 

.47,000. 

.1,200,000 . 

.360... 

...310 

4-B. 

.47,000. 

.1,180,000 . 

.360... 

...390 

5-C. 

.62,000, 

.1,560,000 . 

.330... 

...290 

6-C. 

.58,000. 

.1,480,000 . 

.330... 

...250 

7-D. 

..26,000. 

. 615,000**. 

.210... 

...160 


*Initial arc current in first phase to open, 

**Line to ground test—kva is equivalent three- 
phase value. 


« 

obtained during the tests with the cathode- 
ray oscillograph.' These are given for the 
1941 tests only, though the values obtained 
in 1940 were of the same order of magnitude. 
The recovery voltages on all the tests were 
lower than those expected in an application 
of these breakers at Sherman Creek sta¬ 
tion. At this location the feeder breaker re¬ 
covery-voltage rate has been calculated to 
have a maximum value of 2,400 volts per 
microsecond, on 600 megavolt-ampere 
breakers. 

The maximum recovery-voltage rate ex¬ 
pected on 1,500-megavolt-ampere and 2,500- 
megavolt-ampere main bus and bus-tie 
breakers, in the same station, is indicated by 
calculation to be 4,600 volts per micro¬ 
second. We, of course, expect that the 
breakers will handle these recovery rates. 

The main test circuits were set up a 
second time, with no voltage applied, to 
permit the General Electric Company to 
apply low voltage tests with their recovery 
voltage analyzer. 1 

We are informed the results agree sub¬ 
stantially with the cathode-ray oscillograph 
records obtained on the actual tests. 

Reference 

1. The Recovery-Voltage Analyzer for De¬ 
termination of Circuit Recovery Character¬ 
istics, G. W. Dunlap. AIEE Transactions. 
volume 60, 1941, November section, pages 958-62- 

Field Tests on High-Capacity 
Air-Blast Station-Type 
Circuit Breakers 

Discussion and authors' closure of paper 42-30 
by H. E. Strang and W. F. Skeats, presented at 
the AIEE winter convention. New York, N. Y., 
January 26-30, 1942, and published in 
AIEE TRANSACTIONS, 1942, February 
section, pages 100-04. 


J. B. MacNeill (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Messrs. Strang and Skeats outline 
very well the actual development in the 
factory and field of a large compressed-air 
breaker. The design is neat and compact 
and lends itself well to station layout. The 
tests referred to are up to the rating of 
1,500,000 kva under discussion. 

Since breakers of the same type of 2,500,- 
000 kva are being installed shortly in New 
York, a statement of the bearing of this 
work on the higher rating would be of inter¬ 
est to designers and users. 

The authors discuss the synthetic method 
at some length as corroborating the results 
of field tests. Since this method was made 
public several years ago, I assume it was 
available before the first series of Hellgate 
tests. Is this a reasonable assumption, and 
if so was it used before these tests? 

A fair statement of the limitation of the 
synthetic circuit is made by Strang and 
Skeats. They dispose of these limitations 
rather too briefly however. The interpre¬ 
tation of test results referred to in the paper 
detracts from the value of the device as a 
demonstration of ratings. Again, Figure 4 
of the paper on recovery voltage transients 
shows three curves, none of which exceeds 


at any point the normal open circuit voltage. 
Are we to understand that this is typical of 
the synthetic circuit? 

On the breaker design itself, which in gen¬ 
eral is an excellent physical structure, one 
major consideration is the tortuous air path. 
The compressed air starts on top of the 
structure, proceeds through relatively small 
tubes to the interrupters, changes here from 
vertical flow to generally horizontal flow, 
and then at the exhaust changes again to 
vertical flow. This results in loss of air 
efficiency against a straight air-flow device 
and no doubt is the reason that recourse 
has been taken to 250 pounds pressure. It 
has been found possible to retain the 150 
pounds pressure tentatively agreed to by 
the industry for indoor applications by an 
improved design of the air passages so that 
the lower pressure is adequate. A discussion 
by the authors of this point would be appre¬ 
ciated. 

L. R. Ludwig (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The authors of this paper have de¬ 
voted considerable attention to methods of 
circuit-breaker testing, particularly with 
respect to compressed-air breakers. These 
devices are comparatively new to American 
engineers, and consequently special inter¬ 
rupting tests have more than the usual im¬ 
portance in proving the interrupting ade¬ 
quacy of compressed-air designs. 

Long time study of the problem of circuit 
interruption has proved that, to establish 
the interrupting ability of a particular cir¬ 
cuit breaker, the following sequence of 
breaker and circuit action must be satisfac¬ 
torily completed: 

1. The breaker contacts must part and form an 
arc. 

2. The current in this arc must be equal to the 
current interrupting rating. 

3. Immediately following current zero, recovery 
voltage must be applied across the breaker contacts 
as a function of time. The rate of application of 
recovery voltage must at least equal that of the 
actual service circuit as modified by the conduction 
of the breaker itself after current zero. 

4. During the application of recovery voltage, the 
conduction current in the breaker must not be 
limited by the inadequacy of the test circuit. 

The methods of testing the breakers de¬ 
scribed by the authors are, 

1. Tests in the field. 

2. > Tests using a synthetic circuit of presumably 
equal severity. 

The field tests as described in the paper, 
"Field Tests on High-Capacity Station- 
Type Breakers” by H. D. Braley, were 
made with the breaker set up in a special 
sandbag structure in the yard so that ap¬ 
proximately 600 feet of cable were used to 
connect the breaker to the station bus. It 
is recognized, of course, that this type of 
test setup was essential for safety. Unfor¬ 
tunately, however, the effect of this cable is 
to greatly modify the circuit voltage-recov¬ 
ery rates in favor of the breaker. Therefore, 
it appears that the previously mentioned 
condition 3 for demonstrating interrupting 
ability is not necessarily met. For example, 
in actual installation of a 1,500,000-kva 
breaker a reactor is often used adjacent to 
it, and the circuit recovery-voltage rate may 
reach 12,000 volts per microsecond. Even 
without the reactor the recovery-voltage 
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rate as determined by the generators may 
reach 3,000 volts per microsecond and pos¬ 
sess sufficient energy so that the damping 
effect of the circuit breaker is negligible. 
With the breaker and circuit set as de¬ 
scribed, however, calculations indicate that 
the circuit voltage-recovery rate would be 
only 400 volts per microsecond. This is so 
very different from the rate if the breaker 
were actually installed in its own cell that 
one must raise the question seriously as to 
the complete proof of the breaker perform¬ 
ance for all types of circuits. 

I would like to ask the authors if they 
have cathode-ray oscillograms and voltage- 
recovery rates of the field test conditions and 
what values of recovery voltage were ob¬ 
tained. 

We have deliberately modified circuit re¬ 
covery-voltage conditions while testing 
compressed-air breakers and have found 
considerably more difficulty in building the 
breaker to satisfactorily interrupt circuits 
having high recovery-voltage rates. 

The synthetic method of testing is a diffi¬ 
cult one to control when attempting to meet 
the four conditions required, to prove ade¬ 
quate interrupting ability. Equivalent 
voltage-recovery transients can only be es¬ 
tablished in the synthetic circuit so long as 
the breaker has not just conducted a hi gh 
current. We have found that the com¬ 
pressed-air breaker differs quantitatively 
from other types of interrupters in that 

1. It is strongly affected by the rate of rise of re¬ 
covery voltage. 

2. It passes many amperes leakage current follow¬ 
ing normal current zero. 

Therefore, the breaker itself can and does 
modify the recovery transient originally es¬ 
tablished by the circuit alone, whether it be 
real or synthetic. In the real circuit, this 
modification is simply accepted. However, 
with the synthetic circuit, which does not 
have comparable impedance, how is one to 
judge that the breaker is subjected to the 
equivalent duty of resisting construction? 
The authors have offered no criterion for 
isolating the effect of the circuit on the arc 
space of the breaker. The leakage current 
increases greatly with the kilovolt-amperes 
to be interrupted, and, in consequence, a 
check of synthetic test methods with labora¬ 
tory tests at say 500,000 kva does not imply 
that the methods will also check properly at 
1,500*000 kva. 

-The authors state, with respect to Figure 
4 of the paper, that one of the cathode-fay 
oscillograms—which unfortunately is repro¬ 
duced without time or voltage scales—indi¬ 
cates a failure of the breaker to interrupt. 
There is no definite fall of voltage to arc- 
drop value and associated evidence of a 
continuous arc in the breaker, however. 

It may be that the greatly modified recovery- 
voltage transient is simply the result of 
large conduction current in the breaker. 
One cannot be certain. "Failure” may or 
may not have occurred. But if the circuit 
had been real, no room for doubt would exist. 

The authors refer to interruption, in con¬ 
junction with the synthetic test circuit, as¬ 
sociated with "high recovery rates.” They 
have given no specific rates, however, and 
further definite data would be appreciated. 
t The authors’ third conclusion calls atten¬ 
tion to the close agreement demonstrated 
between the factory synthetic test and the 
field interrupting performance. However, 
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the reasonable question regarding the suffi¬ 
ciency of either set of tests, with respect to 
recovery voltage, still leaves a great deal 
to be desired before accepting the check as 
proof of the breakers’ performance. 


H. V. Nye (Allis-Chalmers Manufacturing 
Company,' Milwaukee, Wis.): The paper 
by Strang and Skeats on a breaker of 
such similar type, voltage, and capacity is 
interesting, not only because of the method 
of testing used, but also because of the dif¬ 
ferences in arcing time and break distance 
shown by the two tests. One can hardly be 
blamed for wondering whether the lower 
arcing times shown in the latter paper are 
due to the test method employed, or to the 
higher air pressure used. Certainly my ex¬ 
perience leads me to agree with the state¬ 
ment in this paper that a higher pressure 
does increase the margin of safety in insur¬ 
ing a consistently short arcing time. 

In conclusion, it may be interesting to 
note that my company is at the present t im e 
constructing two outdoor air-blast breakers 
which will be put in service on a 13,800-volt 
system requiring an interrupting capacity of 

I, 000,000 kva, although the breakers are in¬ 
sulated for 34Vs kv. We all hope that the 
operating experience with the large capacity 
air-blast breakers described in these papers 
will bear out the promise of the laboratory 
tests which have produced them, and war¬ 
rant a more general acceptance of the com¬ 
pressed-air breaker. 


Joseph Slepian (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): In spite of the scarcity with which 
actual test data are given in this paper, some 
interesting conclusions can be drawn as to 
the properties of arcs near current zero in 
actual circuit breakers, and as to the value 
of the proposed so-called synthetic tests. 
Concerning the synthetic tests, a conclusion 
completely opposite to that of the authors’ 
conclusion 3 should be arrived at. 

The idea behind synthetic tests is that 
after current zero the arcing space presents 
predominantly dielectric properties and only 
needs to be given a dielectric strength test 
at suffifciently high voltage to prove its ade¬ 
quacy for bearing normal circuit voltage. 
The arc space after current zero,' however, 
differs from usual insulating materials in 
that just before current zero it has been 
carrying heavy current and has had a very 
high conductivity. One certainly should 
expect, therefore, that just after current 
zero there might still be some conductivity 
left, and therefore, in carrying out a syn¬ 
thetic test one should be sure that the di¬ 
electric-strength testing means has sufficient. 
capacity to really impress voltage on the 
space in spite of the dielectric leakage cur¬ 
rent. Everybody knows that an ordinary 
'shooting box” cannot test leaky insulation. 

This point, along with other points of 
equal importance which are not being re- 
-peated in this discussion, has been raised 
before and was met with the statement that 
in the circuit breakers being tested by the 
advocates of the synthetic test, because of a 
displacement principle, the arc space was 
occupied by fresh insulating material which 
had practically zero conductivity or leakage, 
right up to its dielectric failure point. 

But now, we have presented in this paper 
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actual experimental information a* 
leakage resistance of the arc space a f 
rent zero in an actual circuit break*' 1 
displacement principle type. 

For, by a lucky chance, the eiivu i 
while not at all a test on the inu-i 
capacity of the breaker, is just the k * 
circuit which one would devise if tnu* 
with the research problem of measu* 
leakage resistance of the arc space uf< 
rent zero. With the cathode-ray 
graph the voltage impressed on the ai 
by the test circuit is determined; fi* 
the voltage drop on the series reski s 
the test circuit and, therefore, the ‘ 
supplied by the test circuit become-. \ 
and with voltage and current in I 
space known, its resistance is dctcruii 
So we look at Figure 4 of the p.q* 
particularly curve C with great if! 
This is said to be for "breaker f*i 
This conclusion is not justified. T 
space as the oscillogram shows, is qui 
to bear full voltage as fast as the :.v« 
circuit is able to supply it. If it rej*« 
the failure of anything, it is the failtt 
cause of insufficient capacity, of tit 
thetic circuit to give an adequate die l 
breakdown test on the arc space, 
does very nicely give us information 
leakage resistance of the arc space, 
current zero. It shows that under (1 
cumstance of that test, and where, the 
the breaker was operating satisfactnn 
conventional circuit, presumably on r 1 
placement principle, the arc space ic . i 
begins by being small compared to I hr 
resistance of the test circuit arid hr 
large compared to this resistance out j 
three divisions on the time scale at e ?* 
The authors do not give us this thin’ 
but I guess that the time involved is •. 
hundred microsecondsl 
Now the series resistance of the le< 
cuit, according to the data given i 
paper, was varied from 300 ohms to 
ohms. Hence we conclude that th 
space resistance was of this order of u 
tude for a length of time after curreii 
corresponding to three divisions of th* 
scale of Figure 4. 

But this contradicts the display 
principle! 

In Figure 5, the "border-line-syi*; 
tests” curve marks only the limits t : . 
sensitivity of the synthetic circuit for i 
uring the resistance of the arc spat * 
gives no information whatsoever, «« 
capacity of the breaker for clearing a * «*i 
tional circuit. 


W. S. Edsall: See discussion, page ifi? 


H. E. Strang and W. F. Skeats: 'Mi* 
cussion of this paper divides itself i* 
into two parts: that concerning the hr i 
itself, and that primarily concerned wii 
synthetic testing circuit. That regaj 
the breaker will be considered first. 

As Mr. Ludwig calculates, the r*«* 
rate in the field tests was comparativelv 
Supplementary tests have been made, 
ever, with very much higher recovery * 
Mr. MacNeill asks about the sign ilk 
of the field tests with reference to tin* 2,; 
000-kva breaker. In the course of a dev, 
ment such as this, many tests are madt 
dependency varying such factors as 
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sure, recovery rate, contact speed, shape, 
number, and location of barriers and cool¬ 
ers, and so forth. When the design of the 
1,500,000-kva breaker was arrived at, it was 
subjected to a large number of synthetic 
tests to determine its performance under 
controlled conditions. After the field tests 
were completed, these results were com¬ 
pared with the factory test results under 
similar conditions, and it was found that the 
field performance, if anything, was slightly 
better than would have been expected, based 
on the synthetic test background. 

The close agreement between the full- 
capacity field tests and the synthetic tests 
under similar conditions up to the 1,600,000- 
kva duty established beyond doubt the va¬ 
lidity of this method of testing. The results 
of the synthetic tests are interpreted at their 
face value with the knowledge that the test 
procedure is at least as severe as service con¬ 
ditions and may result in a slightly increased 
factor .of safety. 

With this benchmark established, the 
development of the 2,500,000-kva breaker 
proceeded on the same basis. As was to be 
expected, an increase in duty of 67 per cent 
required some changes in design before satis¬ 
factory results were obtained, but the basic 
principle of determining performance ap¬ 
plies to this rating as well as to the smaller 
sizes. 

Before accepting the advantages which 
the configuration of this breaker gives in 
station arrangement and design, a careful 
study was made of the effect, if any, of the 
so-called "tortuous air paths” leading from 
the air tank to the contacts and from there 
to the exhaust. Vague references are fre¬ 
quently made to the effect that bends or 
restrictions in air passages introduce losses, 
so that the problem remained one of deter¬ 
mining the magnitude of such losses. Ob¬ 
viously they must be confined to two kinds, 
both of which are susceptible of measure¬ 
ment. 

(a) Loss of pressure. 

(b) Loss of time. 

Figure 1 of this discussion shows sche¬ 
matically the principal functional parts of 
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Figure 1. Pressure losses in blest valve and 
piping 

1942, Vol.'61'- 


such an air-blast breaker system: the tank, 
blast valve, pipe, manifold, and chutes. 
The chart shows results of actual measure¬ 
ments of pressure at various parts along this 
system. The lower curve was taken with an 
early design of blast valve, and shows over 
40 per cent drop in the valve itself, com¬ 
pared with about 8 per cent in the "tortuous 
paths.” An improved blast valve gave re¬ 
sults shown in the upper curve. The drop 
across the valve itself is greatly reduced but 
remains about twice the drop through all 


the recovery transient. Certainly also the 
resulting difference between the ideal circuit 
recovery transient and the test transient 
actually realized will be greater with the 
relatively high impedance circuit which sup¬ 
plies the recovery voltage in the synthetic 
circuit which was used than in the low im¬ 
pedance circuit corresponding to field duty 
at equivalent kilovolt-amperes and recovery 
rate. * 

The authors agree, therefore, that it may 
be very misleading with the circuit shown in 



the rest of the system. Blast valves are an 
essential part of any air-blast breaker sys¬ 
tem, and their design must be such as to re¬ 
duce this drop to a minimum. However, 
actual tests have proved conclusively that 
the drop in pressure resulting from the bends 
in the air paths is negligible. 

Figure 2 of this discussion also portrays 
schematically the principal functional parts, 
in this case plotted to a time scale. From 
the blast valve on to the right, reference to 
the scale below will ’indicate the time at 
which normal working air pressure arrives 
at the various parts. Something in the order 
of two cycles from the time the trip coil is 
energized is required in this particular 
breaker for the blast valve to fully open. 
Less than a half cycle later full air pressure 
has arrived at the arcing contacts, after 
having travelled down the ‘backpipe and 
along the "tortuous paths” through the 
header to the contacts. Blade travel is in¬ 
dicated at the right and shows that over a 
cycle later the contacts part, drawing the 
arc. In other words, full working air pres¬ 
sure has been available at the contacts in this 
design for a full cycle before the arc is 
started. 

From such a study, based on actual meas¬ 
urements and not on surmises or specula¬ 
tions, it has been proved that this arrange¬ 
ment is not responsible for any substantial 
losses either in pressure or time, and that 
compared with the outstanding advantages 
which it affords in the way of simple and 
flexible terminal arrangements, such losses 
as do occur are'unimportant. 

• A large part of the criticism of the syn¬ 
thetic circuit is based on the effect of leak¬ 
age current after the final current zero. Up 
to a certain point the analysis on which this 
criticism is based is sound. The authors, 
too, have observed leakage conduction after 
current zero, and certainly this will affect 
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the paper to determine the ideal circuit re¬ 
covery rate for the synthetic circuit, then 
make tests and, if the tests are successful, 
assume that the, breaker will clear satisfac¬ 
torily a field circuit with the same kilovolt¬ 
amperes and recovery rate. Because of the 
unsoundness of this procedure, the authors 
have shunned it, relying instead only upon 
recovery transients actually observed on the 
cathode-ray oscillogram taken at the time 
of the test. Comparing these with unmodi¬ 
fied circuit recovery transients to be antici¬ 
pated in the field is a very much more re¬ 
liable procedure. It is based on the follow¬ 
ing logic: Suppose that upon interruption 
of a given current, a certain test recovery- 
voltage transient has been obtained on a 
synthetic laboratory test and recorded on 
the oscillogram. Now suppose the breaker 
on which this transient was obtained is to 
be applied in the field at the same current 
and on a circuit incapable of producing a re¬ 
covery-voltage transient which exceeds at 
any time the test transient recorded on the 
oscillogram in the laboratory. The appli¬ 
cation of this circuit recovery transient can 
certainly generate in the arc path no more 
heat due to leakage current than is gener¬ 
ated by the leakage current accompanying 
the test transient. The arc path will, there¬ 
fore, gain dielectric strength at least as 
rapidly under the field conditions as under 
the laboratory conditions and, hence, will 
interrupt just as successfully. 

Mr. Ludwig states that there is no defi-. 
nite fall of voltage in curve “C” of Figure 
4 of the paper, which represents a breaker 
failure on the synthetic circuit. Apparently 
he has overlooked the substantially vertical 
line dropping practically to zero from the 
"A" and "2?” curves %bout one millimeter 
to the right of the voltage axis. This is a 
part of the "C” curve and is the definite fall 
which Mr. Ludwig could not find. 

411 









Figure 3. Recovery 
transient obtained on 
synthetic circuit 
showing overshoot 
to 2.7 times normal 


Even if this definite fall and the rise pre¬ 
ceding it were not present, however, curve 
“C” would be considered to represent a 
breaker failure. Admittedly it represents 
ability to clear against the very low rate of 
rise corresponding to the curve itself, with 
due consideration for its low as well as its 
high points. It might even represent ability 
to clear against a circuit recovery-voltage 
transient a little more severe than is repre¬ 
sented by curve “C” itself. But that is 
hardly of interest when the breaker must 
clear against much more severe recovery 
transients, and the dangers in assuming 
more have been quite emphatically pointed 
out by Mr. Ludwig and Dr. Slepian them¬ 
selves. 

With reference to the question about 
synthetic tests before the first group of field 
tests, attention is drawn to the statement in 
the paper that alterations were inadvert¬ 
ently made in the arcing chamber of the 
breaker just prior to the field tests and after 
the synthetic tests at the factory. Under 
these circumstances, any comparison of the 
field tests with tests made in the factory 
would obviously have little significance. 

One of the attractive features of the syn¬ 
thetic testing scheme is the flexibility with 
reference to the recovery-voltage transient 
that results from separating the high-current 
circuit and the recovery-voltage circuit. 
Among other things, this makes possible 
overshoots not only up to twice the instan¬ 
taneous value of the normal frequency wave, 
the highest ordinarily encountered in the 
field, but far beyond in case that should be 
required. Figure 3 of this discussion shows 
an oscillogram on which the overshoot 
reaches 2.7 times the instantaneous normal 
frequency value. 

It is believed that the synthetic testing 
procedure will find a field of great useful¬ 
ness both in proof tests on circuit breakers 
and, as Dr. Slepian has suggested, in telling 
us more of the fundamental properties of an 
arc. 


Field Tests and Performance 
of a High-Speed 138-Kv 
Air-Blast Circuit Breaker 


Discussion and authors* closure of paper 42-9 
by Philip Sporn and H. E. Strang, presented at 
the AIEE winter convention, New York, N. Y., 
January 26-30,1942, and published in AIEE 
TRANSACTIONS, 1942, January section, 
pages 1-6. 


J. B. MacNeill (Westinghouse Electric and 
Manufacturing Company, East Pitts¬ 
burgh, Pa.): The Sporn—Strang paper 
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makes an important contribution to our 
American literature on high-speed oilless 
circuit interrupters. The double-break 
form of device tested should be entirely 
adequate for the ratings discussed and, in 
fact, the complication of a two-break device 
seems hardly necessary in view of previ¬ 
ously published work. The development 
under discussion here was presented with 
limited test values by Rankin and Bennett 
at the last winter convention, and the pres¬ 
ent paper supplements the previous one by 
a considerable increase in test kilovolt¬ 
amperes. 

However, at the last winter convention 
Ludwig and Baker presented a paper on a 
single-break compressed-air breaker which 
had been tested to 8,900 amperes with 132 
kv impressed across the single interrupter 
and with high rates of recovery voltage. 
Since this value represents kilovolt-amperes 
considerably beyond that given by Sporn 
and Strang, one wonders if the additional 
complication of two breaks is justified. 

The review of circuit-breaker develop¬ 
ment given in the early part of this paper 
is of interest, as it shows the considerable 
effort on the part of one operating company 
to advance switchgear design. Equally 
important work was conducted at some¬ 
what earlier dates on other properties. 
Thus the AIEE paper by Baker and Wilcox 
presented in January 1930 dealt with field 
tests with 66 kv across a single-pole unit 
that uniformly gave two cycles or less of 
arcing, and, when equipped with a mecha¬ 
nism of normal speed, would give less than 
eight cycles of breaker operating time. 
Further results of field tests reported by 
L. W. Dyer in Electrical World for April 19, 
1930, gave additional data on the Duquesne 
Light Company system tests of October 12, 
1929, and included tests on the Alabama 
Power system up to 1,170,000 kva at 110 
kv with arcing time well below eight-cycle 
breaker levels. 

An especially important contribution 
was the Plymouth meeting tests on the 
Philadelphia Electric Company system of 
November 1929 in which eight-cycle breaker 
time was met on 220 kv. 

These relatively early tests, including 
those referred to in the Spom-Strang paper, 
have in the past been lifesavers in deter¬ 
mining the adequacy of interrupting de¬ 
vices. Of late years, however, field tests 
have been relatively infrequent, as manu¬ 
facturers' laboratories have demonstrated 
their ability to handle the test situation. 

In fact several important utilities who have 
been approached on the subject of field 
tests have not felt the hazard to their sys¬ 
tems was justified. 

The writer is of the opinion that in some 
respects factory tests against adequate 
power form a more difficult basis of ap¬ 
proval than do field tests. For instance, 
the Ludwig-Baker paper reported circuit 


transient-recovery voltage rates as high as 
3,420 volts per microsecond. We know of no 
field location where similar recovery rates 
have been had on circuit-breaker tests at 
high voltage. 

The two methods of conducting inter¬ 
rupting tests both have advantages. The 
factory test can be made conveniently 
without hazard to a large operating system 
and in a minimum of time. The field tests 
on the other hand have a large value in op¬ 
erating experience gained during the tests, 
which points out possible weaknesses in 
operating setups under fault conditions as 
well as demonstrating the device on test. 
Therefore, for many of us the discussion of 
system effects given by Sporn and Strang is 
of particular interest and is conclusive evi¬ 
dence of the desirability of high-speed 
switching for heavy power concentrations. 


B. M. Jones (Duquesne Light Company, 
Pittsburgh, Pa.): I am sure that all of us 
are glad to see the progress and develop¬ 
ment of air-blast breakers, for none of us 
wants to use oil in electrical equipment, 
particularly in circuit breakers. 

We have used it, it is true, and are still 
using it, but we just don’t want oil circuit 
breakers. 

The paper by Sporn and Strang covers 
the disadvantage of oil circuit breakers in a 
very clear and complete manner, and no 
repetition is necessary. 

The data presented in this paper, as well 
as in the associated papers at this technical 
session, certainly give encouraged hope 
that the great day is nearing when we can 
buy at a reasonable price circuit breakers 
without oil for all our requirements. 

We utility people want them, the steel 
mills, mines, and industrial plants want 
them, and the manufacturers want to build 
them; and all of us in the electrical business 
have an investment problem in writing off 
our oil circuit breaker and associated invest¬ 
ments, and manufacturing plant therefore. 

I would like to emphasize very strongly 
the need for continuing with the develop¬ 
ment of these breakers without oil and would 
like to show one slide. Figure 1, portraying 
the unsatisfactory performance of oil cir¬ 
cuit breakers during tests to destruction, 
just to impress upon you the possibilities of 
a great catastrophe that might result from 
the use of oil circuit breakers, particularly 
beyond their capacity. 

This Figure 1 shows a picture of an oil 
circuit breaker being tested to destruc¬ 
tion. This oil throw with its accompanying 
fire and smoke was several hundred feet 
high and quite wide, as you can- readily 
see. Such an explosion in an operating 
station would be intolerable. 

There were many types and makes of 
breakers tested by our company about 15 
years ago, and this entire test program cov¬ 
ered duties up to 500,000 kva at 24 kv. 
This test program was arranged and carried 
through quite satisfactorily, even in spite 
of these spectacular explosions, and the 
breakers were tested below, at, and beyond 
their capacities to determine their per¬ 
formance. 

I might say, as all of you familiar with 
oil circuit breakers will realize, that such 
breakers are not on the market now and 
you couldn’t buy them if you tried. I 
doubt if any of you have breakers similar 
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Figure 1. Fire and explosion resulting from 
breaker failing to interrupt a heavy short circuit 


to these (I am not going to tell you what 
they are), for they have undoubtedly been 
fixed up so that they are really oil circuit 
breakers now. 

The photo just illustrates something that 
might happen as a result of an oi^ circuit 
breaker attempting to interrupt larger and 
larger duties due to the system behind them 
growing. Even with the very best of main¬ 
tenance and attention, an oil breaker is 
something we just don’t want to keep 
around. 

While these comments are referred to Mr. 
Sporn’s paper, they apply equally to the 
companion papers on circuit breakers pre¬ 
sented at this meeting. 

W, S. Edsall (Allis-Chalmers Manufactur¬ 
ing Company, Boston, Mass.): Four years 
ago the company with which I am connected 
conducted its first commercial witness inter¬ 
rupting-capacity tests on a 15,000-volt, 
250,000-kva air-blast circuit breaker. Three 
years ago, we made the first installation of a 
15-kv, 500,000-kva air-blast circuit breaker. 
At that time we advocated compressed air 
for power circuit breakers. Then we were 
alone in our recommendations of the air- 
blast principle. Now we have a lot of good 
company, as is evidenced by the papers 
presented here today. I congratulate the 
engineers who have presented papers here 
at this session on the air-blast circuit breaker 
they have produced. While the different 
designs have much merit, the outstanding 
fact is that we manufacturers are all seem¬ 
ingly in agreement that the air-blast prin¬ 
ciple is safe, sound, practical, and efficient, 
as is amply demonstrated by the laboratory 
and field tests presented today, and by the 
thousands of interrupting tests made in our 
own laboratories. It seems we were also in 
agreement that compressed air is the only 
medium other than oil which can be applied 
over a wide scope of interrupting and volt¬ 
age ratings. Air-blast breakers as manu- 
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factured by ourselves and by foreign manu¬ 
facturers with whom we have been asso¬ 
ciated for many years are in operation today 
in this country and in Canada, extending 
from 100,000 kva at 2,300 volts indoors, up 
to 2,500,000 kva at 220,000 volts outdoors' 

We think that the Spom and Strang 
paper on field tests on the 138-kv air-blast 
circuit breaker is of particular interest, 
because it is a summation of one manu¬ 
facturer’s efforts to reduce arcing and re¬ 
closing time to a minimum. We appreciate 
the courage with which the American Gas 
and Electric Company’s engineers faced the 
matter of making interrupting and reclosing 
tests of such magnitude, upon a system 
carrying important ioads. The tests indi¬ 
cate the ability of the air-blast breaker to do 
substantially the same job as the oil circuit 
breakers of equivalent rating. However, 
the interrupting time of the breaker de¬ 
scribed seems quite long. In the outdoor 
air-blast circuit breakers of our associated 
companies before referred to and now oper¬ 
ating in Canada, the 138-kv and the 220-kv 
breakers now in operation have interrupting 
times in the order of 3Vs cycles. This com¬ 
pares to five cycles for the breakers de¬ 
scribed in the paper by Sporn and Strang. 
Also, on the 220,000-volt breaker having in¬ 
terrupting time of approximately 3Vs cycles 
the reclosing times can be set to be quite 
low, that is, in the neighborhood of 12 cycles. 
Reclosing may be done on the single-pole 
b asis if desired, and as has been reported in 
other discussions before the Institute, re¬ 
closing tests on a single-phase basis were 
conducted by our associated companies some 
years ago. 

A further advantage of the breaker of 
which I am speaking is that reclosing is not 
done on exterior isolator contacts with the 
consequent brilliant visible display, but 
rather is accomplished within an interrupt¬ 
ing chamber under 225-pound pressure. 
This eliminates the visual display and the 
possible hazard of attempting to reclose in 
normal atmospheric pressure by isolator 
contacts moving comparatively slowly and 
making circuit in the open air. 

The authors’ statement that it took 30 
years to develop a five-cycle, high-voltage 
oil circuit breaker, but that the same ac¬ 
complishment was achieved in two years 
in the air-blast circuit breaker draws our at¬ 
tention. It is felt that it would be well to 
acknowledge that several of us manufac¬ 
turers had resident or visiting engineers in 
Europe, where these high-voltage air-blast 
circuit breakers were first developed, and 
that each one’s designs are largely based 
upon European experience. However, as 
we have shown in our own case, the Euro¬ 
pean experience and actual practice on many 
high-voltage breakers already installed in 
Europe, and in Canada give interrupting 
speeds not of five cycles, but of three to four 
cycles. 

E. W. Knapp (The Shawinigan Water and 
Power Company, Montreal, Que., Canada): 
The authors state that, "the success of this 
development on 138 kv points encouragingly 
to the prospect of development at higher 
voltages, such as 230 kv or even higher.” 
The Shawinigan Water and Power Company 
have in service at this time two different 
designs of air-blast circuit breaker operating 
on a220-kv system. This company has been 


interested in the development of this type 
of circuit breaker for some years and has 
on a number of occasions made available 
sections of their power system for primary 
tests. 

One-air blast circuit breaker now in serv¬ 
ice is quite similar to the 138-kv design 
discussed in the paper. It is rated as fol¬ 
lows: 

Voltage rating. .220 kv 

Current rating.400 amperes 

Rupturing capacity.2,000,000 kva 

Closing Time.17 cycles (60-cycle 

basis) 

Openingtime (contactspart). .3*/* to 4 1 /» cycles 

Arcing time.0.5-1.0 cycle 

Air pressure.250 pounds per square 

inch 

Automatic reclosing, single-pole or three-pole 

Satisfactory primary tests have been 
conducted on this unit with one phase to 
ground, with and without the automatic 
reclosing feature in service, up to approxi¬ 
mately 100,000 kva at 245 kv and up to 
approximately 1,000,000 kva at 220 kv. 

It is noted that the 138-kv air-blast circuit 
breaker operates , on an air pressure of 350 
pounds per square inch, as against 250 
pounds for the 220-kv air-blast circuit 
breaker. Have the authors tested the 138- 
kv unit at pressures below 350 pounds, and 
may we assume that operating at pressures 
above 250 pounds on this particular design 
does materially increase the rupturing 
capacity or produce other advantages? 

The second type 220-kv air-blast circuit 
breaker now in service on the Shawinigan 
Water and Power Company system is rated 
as follows: 

Voltage rating.220 kv 

Current rating...600 amperes 

Rupturing capacity...2,000,000 kva 

Closing time.15 cycles (60-cycle 

basis) 

Openingtime (contactspart).. 3 1 /1 cycles 

Arcing time.. ..one-half cycle 

Air pressure.115 pounds per square 

inch 

Not arranged for automatic reclosing 

This design uses the cross-blast principle 
and is somewhat similar in operation to the 
type described by L. R. Ludwig, H. M. 
Wilcox, and B. P. Baker. 

A series of primary tests was conducted 
on this type during the development stage 
which resulted in a considerable modification 
of the original design. The unit now in 
service has been tested on the power system 
to approximately 900,000 kva at 220 kv. 
Although the tests appeared to indicate 
satisfactory performance at the specified 
ratings, there has been insufficient operating 
experience to insure satisfactory service 
under all conditions. 

During the primary and secondary tests 
on air-blast circuit breakers on the Shaw¬ 
inigan Water and Power Company system, 
a number of conditions were noted which 
might be of interest. This applies par¬ 
ticularly to outdoor service in the rather 
severe climatic conditions of Canada. 

Air-drying facilities and convenient supervision of 
tbe same is important. 

Special attention may need to be paid to the problem 
of condensation. 

Using the correct materials is important, not only 
for satisfactory operation, but also for weathering. 
M achin ed parts must be carefully chosen and ad¬ 
justed to prevent sticking under extreme variations 
of temperature. Air pressures from 100 to 350 
pounds per square inch are being used. It would be 
very desirable to standardise on a closer range of 
pressures. 
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Philip Spom and H. E. Strang: It is true, 
as Mr. MacNeill has stated in his discussion, 
that improvements in manufacturers’ labo¬ 
ratories have increased their ability to handle 
the testing of circuit breakers. On the 
other hand, it is our impression that field 
testing of circuit breakers has not fallen 
off either in frequency or importance in 
later years; also some very important utili¬ 
ties have in late years become very much 
converted to the value if not the necessity of 
making occasional field tests on their own 
systems. It is still true, of course, that 
many other important utilities are not now 
and never have been willing to subject their 
systems to staged interrupting capacity 
tests. 

Notwithstanding our gratification on the 
good results obtained from the test on the 
air-blast circuit breaker, it is our belief that 
Mr. Jones has passed sentence rashly and 
altogether too severely on the oil circuit 
breaker, considering the present state of de¬ 
velopment and experience with both oil and 
air. Without discounting the encouraging 
and promising results obtained with air, it is 
still true that the modern oil circuit breaker 
is doing an outstanding job. Oil fires of any¬ 
thing like the nature indicated by Mr. Jones’ 
photograph are extremely rare for really 
modem breakers when subjected to duties 
within their ratings. As a matter of fact, 
Mr. Jones’ discussion lends support to the 
feeling which has been maintained for some 
time that factory tests and field tests sup¬ 
plement each other, and each have an im¬ 
portant and distinct place in the develop¬ 
ment of circuit breakers. During the same 
general test program which Mr. Jones has 
described, and with the same setup and 
operating conditions, one breaker equipped 
with up-to-date arc-control devices which 
had been developed with the aid of factory 
test equipment was tested. It successfully 
passed these tests without any such disturb¬ 
ance as shown in the photograph. 

As Mr. Knapp has suggested, the industry 
undoubtedly should standardize on such 
matters as air pressure in due time. Devel¬ 
opment tests which have so far been made 
have indicated that within certain limits 
interrupting performance improves with an 
increase in air pressure. Future designs 
may make possible the same kind of perform¬ 
ance with lower pressures, but, for the time 
being, it does not appear advisable for 
the industry to standardize on this factor, 
since it might result in a handicap rather 
than a benefit. Pressures of 250 or 350 
pounds per square inch are not difficult nor 
costly to obtain or maintain and represent 
an economical way of building an increased 
factor of safety into a line of air-blast cir¬ 
cuit breakers. 

There is no particular mystery about the 
design problems in connection with making 
available a satisfactory air supply. There 
is no reason to suspect that a straightfor¬ 
ward engineering approach with a thorough 
check of each step will fail to produce results 
here. At least four years ago an indoor air- 
blast breaker was mounted in an unhea te d 
outdoor switchhouse, together with the 
necessary compressor and control facilities, 
and installed during a whole winter in north¬ 
ern Canada. Experience gained during that 
time has been of great assistance in the de¬ 
sign of satisfactory equipment of this kind. 

Mr. Edsall has rather jumped at conclu¬ 
sions in assuming that the successful per¬ 
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formance reported for outdoor air-blast 
breakers and high-capacity indoor breakers 
naturally means that this principle may 
be extended over the entire range of circuit- 
breaker ratings. For duty below 500,000 
kva, self-contained magnetic-type breakers 
have been in regular use for several years, 
and their popularity is steadily gaining. 

The test results submitted with this paper 
include all of the tests which were made in 
the field without exception. This report 
was made for the purpose of clearly and 
completely defining the present state of 
the art as far as this particular development 
is concerned. If Mr. Edsall has available 
results of other tests which show faster op¬ 
eration on some other type of breaker, it is 
hoped that in the interests of providing the , 
industry with all available information, he 
will make a similar complete disclosure of 
all the factors concerning such tests. 

As Mr. Edsall has pointed out, our state¬ 
ment in which it was inferred that the en¬ 
tire air-blast circuit breaker development 
had been accomplished in only two years is 
not quite correct when interpreted in that 
way. The authors’ comparison of the 30 
years of oil circuit-breaker development 
work to a development of only two years 
with the air-blast circuit breaker was made 
primarily with regard to the particular cir¬ 
cuit breaker and manufacturer under dis¬ 
cussion. However, as pointed out by Mr. 
Edsall, the statement was probably mis¬ 
leading, particularly if interpreted to in¬ 
clude all of the development work done on 
air-blast circuit breakers. We, therefore, 
wish to acknowledge the excellent work 
which has been done over a considerably 
longer period by other manufacturers in¬ 
cluding Mr. Edsall’s company. 

Both Mr. Edsall and Mr. MacNeill have 
brought up the question-of the influence of 
transient recovery voltage rates on circuit- 
breaker tests, and Mr. Edsall has suggested 
that some rule or yardstick covering tran¬ 
sient recovery voltage should be set up for 
testing purposes. While the severity of 
recovery voltage conditions is important, 
the bulk of evidence which we have been 
able to gather to date, with respect to the 
operation of modem types of circuit inter¬ 
rupters, seems to indicate that these break¬ 
ers are capable of handling the highest rates 
that have been encountered. In both field 
and laboratory tests on modem types of 
breakers, where conditions have been con¬ 
trolled to obtain both high and low recovery 
rates, the actual effect on performance as 
measured by arcing time, appears to be 
relatively small. For example, in the tests 
listed in this paper, the recovery voltage 
rate was varied from less than 200 volts per 
microsecond, to approximately 2,000 volts 
per microsecond without any marked change 
in breaker performance. Furthermore, in 
connection with a recent survey of voltage 
recovery rates on power systems, it was 
found impossible, although an attempt was 
made, to obtain any definite correlation be¬ 
tween recovery rates and breaker distress by 
studying actual operating records. This 
does not mean that there have not been any 
known instances where breakers, particu¬ 
larly of older plain-break designs, have been 
in trouble under conditions of known high 
rates of recovery voltage on other systems 
not included in this survey. It does, how¬ 
ever, bear out the general conclusion that 
most modem breakers are capable of doing 


their job, regardless of the severity of re¬ 
covery rate conditions. 

In view of all of this, we are not of the 
opinion that there is anything to be gained 
by attempting at this time to standardize 
recovery rate values for circuit-breaker 
testing. While it is true that voltage re¬ 
covery rates constitute one of the important 
factors to be taken into account in the de¬ 
sign of circuit breakers, most of the known 
results to date seem to indicate that this has 
been done successfully, even for the highest 
rates encountered. As for a criterion as to 
what rates may be encountered, the results 
of the above-mentioned survey of voltage 
recovery rates made by the Association of 
Edison Illuminating Companies has already 
been made available to the circuit-breaker 
manufacturers, and certainly should con¬ 
stitute a fairly reliable guide for future de¬ 
velopments in circuit-breaker design. 

A 2,500,000-Kva 
Compressed-Air 
Powerhouse Breaker 

Discussion and authors' closure of paper 42-41 
by L. R. Ludwig, H. M. Wilcox, and B. P. 
Baker, presented at the AIEE winter conven¬ 
tion, New York, N. Y., January 26-30,1942, 
and published in AIEE TRANSACTIONS, 
1942, May section, pages 235-41. 


R. M. Bennett (General Electric Company, 
Philadelphia, Pa.): This excellent paper 
presents a remarkable description of the 
factors entering into the design of a cross¬ 
blast interrupter. 

It is of particular interest to note, that 
although two groups of designers have both 
employed air-directed across the arc, their 
solutions to the same problem constitute 
radically different interrupting devices. 

As the authors have stated the problem, 
and I quote, "A 60,000-ampere arc in an 
arc chute two inches wide will liberate 
sufficient gas from the splitters to cause the 
flow of gas to reverse a distance of six 
inches against a driving pressure of 150 
pounds per square inch.” In order to 
handle these large volumes of gas the 
authors have placed the arc, as indicated 
by the sketch on the left in Figure 1, at a 
point where the throat is very wide, so 
wide in fact that the operating pressure of 
the breaker, which is 150 pounds per square 
inch, can drive away the large volumes of 
gas that are produced by extremely high 
currents. 

The 15-kv air-blast breaker described by 
Mr. Braley and Messrs. Strang and Skeats, 
however, interrupts a 60,000-ampere arc, 
not in a two-inch throat, but in one ap¬ 
proximately half this wide. Air flow 
through this narrow throat is maintained 
by a radically different method. As shown 
in the sketch at the right (Figure 1), an 
orifice is placed upstream from the arc 
chute and acts as a flow stabilizing means. 
In the other view the arc chute would ap¬ 
pear to diverge rapidly on the inside, and 
the orifice configuration would be more ap¬ 
parent. Upstream from the orifice the air 
pressure is very high since it comes from a 
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storage tank at 250 pounds per square inch. 
Downstream from the orifice in the region 
of the arc the pressure is normally very much 
lower. This positive difference of pressure 
directly back of the arc chute maintains the 
flow of air under the most extreme current 
conditions, because, in order to stop the 
flow, the pressure in the throat would have 
to rise to the pressure back of the orifice. 
The drop in pressure at the orifice also acts 
as an effective blocking means to prevent 
particles of metal and carbon from being 
driven backward where they might impair 
the insulating properties of the incoming 
air line. 

Under light current conditions, the inter¬ 
ruption problem is quite different. The air 
pressure and velocity required to produce 
satisfactory interruption is entirely a func¬ 
tion of voltage and rate of rise of recovery 
voltage and depends not at all upon the 
width of the throat. It is this fact that 
explains the significant differences between 
the interrupters. Both of the above 
designs must maintain virtually the same 
normal or no-load air pressure at the arc in 
order to interrupt light currents. But the 
interrupter shown on the right in Figure 1 
employs much smaller air passages than 
the one at the left, with the inevitable con¬ 
sequence that it consumes substantially 
less air, in spite of the fact that the air in 
the tank is at higher pressure. In brief, 
the interrupter shown at the left permits 
much of the air to by-pass the arc, while the 
one at the right with its narrow channel 
forces air to flow through and across the arc 
stream. 

This fact is reflected throughout the 
design of the two breakers, in the size of the 
arc chutes, in the air storage and compressor 
systems, and, incidentally, in the acoustic 
shock that results during interruption. The 
design described by the authors employs 
three blast valves and very short supply 
tubes in order economically to deliver large 
volumes of air to the interrupter. The one 
at the right employs a single blast valve and 
supply pipe together with a manifold to 
deliver air to the three arc chutes. It is 
this fact that permits the small over-all size 
and the extreme flexibility of terminal con¬ 
nections that are possible with the latter 
design. 

With reference to the “reversal of flow a 
distance of six inches,” the authors state: 
“If the rate of rise of recovery voltage of 
the circuit is slow, the stalled flow will have 
time to recover velocity, and dielectric will 
be restored. However, if the recovery rate 
is fast, the space below the splitters will 
remain clogged too long, and reignition will 
result.” No matter what theory of opera¬ 
tion applies, it must be evident that inter¬ 
ruption cannot take place while the inter¬ 
rupter chamber contains incandescent gas. 
Yet the authors state that this gas is re¬ 
moved after the recovery voltage has started 
to rise. 

What is more remarkable, the removal of 
six inches of gas, which must be accom¬ 
plished at least before the recovery voltage 
reaches its peak value, would require a 
velocity of air flow of some 5,900 feet per 
second, or say six times the velocity of 
sound. This is true if the recovery voltage 
rises at the relatively slow rate of 500 
volts per microsecond. At 5,000 volts per 
microsecond,'it would require a velocity of 
59,000 feet per second. It is to be pre¬ 
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sumed, therefore, that the arc chutes are 
not so badly clogged with hot gases as the 
authors believe, and that the majority of 
hot gas is removed before the current zero. 

H. V. Nye (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis.): The group of 
papers submitted this morning on air-blast 
breakers of large interrupting capacity, 
both at 15 kv and 138 kv, is very interest¬ 
ing, as demonstrating the claim made in 
one of these papers that compressed air 
seems the only practical interrupting 
medium, except oil, for use on a line of 
breakers from small to large capacity and 
throughout the commercial range of operat¬ 
ing voltages. This is the conclusion reached 
several years ago by the engineers of the 
company with whom I am associated and 
explains why our developments along the 
line of oilless breakers have been along the 
line of the air-blast type. 

Some six years ago my company built 
and tested an outdoor air-blast breaker 
at 37,000 volts across a single-pole unit. 
Even with this experimental breaker, 
operating speeds were very satisfactory, the 
average time from trip to arc extinction 
running in the neighborhood of two cycles. 
Our tests at that time, however, indicated 
that a great deal of work needed to be done 
to make the mechanical design, of the breaker 
and its associated parts sufficiently rugged 
and reliable to make it commercially prac¬ 
ticable. Since that time we, as well as 
other manufacturers, have been working 
toward the development of thoroughly 
satisfactory designs. The papers here 
presented are a good indication that this 
work has produced results, and it is now 
practicable to build air-blast breakers for 
the more usual breaker ratings. 

The test results given in the paper by 
Messrs. Ludwig, Wilcox and Baker are 
valuable, not only because of the high 
capacities in kilovolt-amperes interrupted, 
but also in the wide range of currents and 
recovery voltages employed. They show a 
consistency in performance under varying 
conditions of load and recovery voltage 
which I think is typical of the compressed- 
air type of breaker. On the commercial 
breakers which we are now building up to 
500,000 kva we have repeatedly demon¬ 
strated this - consistency in performance. 

On studying this paper I noticed the 
statement “that the breaker never failed to 
clear the circuit when the contacts were 
more than a fraction of an inch apart.” As 
the tabulated data all show a separation of 
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contacts at interruption of anywhere from 
1.1 to 3.8 inches on the three-phase tests for 
the last phase to clear, I would be interested 
in having the authors explain as to just what 
meaning they intended to convey by this 
statement. 

In the notes under Table III a statement 
is made that 58 consecutive tests, as out¬ 
lined in the tables given, were made with¬ 
out any maintenance on the breaker. This 
is a record of performance which I think 
should be particularly mentioned.. As an 
illustration of the fact that smaller types of 
air-blast breakers are also capable of re¬ 
peated operations under interrupting duty, 
I would cite a series of tests recently run 
on one of our 150,000-kva fiVe-kilovolt air- 
blast breakers. This unit was rated for a 
maximum interrupting amperes of 37,500. 
A series of 97 close-open short-circuit tests 
was run on this breaker with 25 per cent 
of the shots at each of the following values— 
10,000 amperes, 20,000 amperes, 30,000 
amperes, and 40,000 amperes. There was 
no mainte n a n ce on the breaker during these 
tests, and at the end the breaker was in 
operating condition and capable of taking 
further shots. 


H. A. P. Langstaff (West Penn Power Com¬ 
pany, Philadelphia, Pa.): The authors have 
presented an excellent story on a new 
development which should prove of great 
value to the industry. A great deal of 
theoretical and practical principles have 
been applied to this compressed-air breaker. 

High-capacity and quite complete factory 
tests, simulating operating conditions, have 
materially assisted in proving the breaker 
capable of meeting its guarantees; yet we 
must apply these breakers in our power¬ 
house laboratory where any remaining 
deficiencies will be developed, resulting 
from factory assembly, and so forth. 

Comparing the functioning of this com¬ 
pressed-air breaker with that of the ordinary 
oil circuit breaker and the functioning 
medium, namely, air versus d-c control 
voltage, I raise the following question. The 
tripping of an electrically operated oil cir¬ 
cuit breaker has a guaranteed range of 90 
to 140 volts, but in the majority of cases it 
will trip at a much lower value than 90 
volts. Its rupturing capacity is not thereby 
affected, whereas in the case of the com¬ 
pressed-air breaker, it may trip on low 
pressure, but this, in turn, materially 
affects its rupturing capacity. I under¬ 
stand control circuits are arranged such 
that the breaker is now allowed to trip if 
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the air pressure drops below a certain value. 

In the paper the authors state that: 
Enlarging the throat of the arc chute or 
increasing the air pressure will obviously 
improve conditions; however, both result 
in an increased air consumption for a 
nominal gain in interrupting ability. 

Since the kilovolt-ampere interrupting 
capacity is a function of pounds air pressure 
at certain opening of the arc chute, how 
much would the interrupting capacity be 
affected if the air pressure was reduced from 
150 pounds to say 100 pounds or to 75 
pounds provided the opening of the arc 
chute was the same? 

Would a 1,000,000 and a 2,600,000-kva 
breaker of the same voltage rating have the 
same arc chute and opening? I am think¬ 
ing of standardization. 


R. A. Hentz (Philadelphia Electric Com¬ 
pany, Philadelphia, Pa.): This paper de¬ 
scribes another stepping stone in the com¬ 
mendable progress that the circuit-breaker 
designers have made in the march toward 
adequate oilless switchgear, starting some 
15 years ago when the company with which 
the authors are associated first produced 
commercially the Westinghouse air De-ion 
breaker. 

The tests described are the first, so far 
as I am aware, where 2,500,000-kva has 
been delivered by a laboratory for testing a 
circuit breaker with the ability to repeat 
such a severe test as often as desired by 
those in charge of the test. 

One shortcoming is apparent; one, how¬ 
ever, that it may be impractical to over¬ 
come. These heavy short-circuit tests were 
made at circuit voltage-recovery rates, but 
a small fraction of the 12,000 volts per 
microsecond that may be expected in large 
generating stations. Such high recovery 
rates were obtained, but at kilovolt 
amperes only a fraction of the breaker’s 
rating. Of course, the testing engineer must 
choose between “his cake or his penny” as 
the reactor which gives the high-voltage 
recovery rates cuts down the short-circuit 
kilovolt amperes. The third from last test 
given on Table III shows high-current and 
high-voltage recovery rate occur in what 
appears to be a more severe combination 
than any other test recorded. Is it just a. 
coincidence that the arcing time is rela¬ 
tively low? 

While the above paragraph points out 
that the tests do not duplicate the max i m um 
conditions that may be met in certain large 
generating stations, I wish to pay high 
tribute to the fact that these tests, so far 
as I know, approach nearer to such condi¬ 
tions than any other laboratory or field 
tests ever made. 

Progress made in the design of the air- 
blast circuit breaker gives comfortable as¬ 
surance that as interrupters they may be 
relied upon to do what is expected of them, 
but, if any' uneasiness still lurks in the 
user’s mind on that score, it should be off¬ 
set by the realization that any failure that 
may remotely occur will not be accompanied 
by a fire which could spread the damage 
far beyond the immediate confines of the 
circuit involved, a consideration of value 
a t any time, but particularly when the pos¬ 
sibility of bombings hangs over us. 

Ihe description of the compressed-air 
system in section IV indicates that care and 
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forethought has been given to this impor¬ 
tant element, and it is well that this has been 
done, for it is in the air system that most of 
the troubles may be expected. This is the 
place where a major number of minor dif¬ 
ficulties have already been found in several 
air-blast breakers already in commercial 
operation. 


L. R. Ludwig, H. M. Wilcox, and B. P. 
Baker: Mr. Nye has made reference to 
experimental work and limited use of com¬ 
pressed air in this country for a period of 
about six years. Compressed-air breakers 
have, of course, been used in Europe for 
12 years or more, and this, naturally, raises 
the question as to why this form of breaker 
has not been made commercially available 
at an earlier date in America. The Euro¬ 
pean breakers have not been called upon to 
have the high interrupting kilovolt-amperes 
required for indoor breakers in American 
practice. This has led to European con¬ 
structions of the nozzle type, which in 
general seem to possess a current limitation 
of the order of 25,000 to 30,000 amperes. 
At 13 kv this restricts the rating of the 
breaker to approximately 750,000 kva. In 
order to extend these limitations, it has been 
necessary for American designers to develop 
entirely different forms of interrupters. The 
cross-blast type, which is capable of reach¬ 
ing 2,500,000 kva, represents a satisfactory 
answer, but until this type of improvement 
was made, application of compressed-air 
.breakers in this country was necessarily 
limited. 

Mr. Nye points out that the tabulated 
data show that the contact separation at 
the time of interruption reached as much as 
3.8 inches and questions this in view of the 
statement that the breaker never failed to 
clear the circuit when the contacts were 
more than a fraction of an inch apart. De¬ 
tailed examination of the procedure during 
interruption quickly indicates, however, that 
these data are not inconsistent. For ex¬ 
ample, the contacts may part and form an 
arc just prior to a normal current zero. 
At the time of the current zero the contacts 
may be separated only three-eighths inch, 
and interruption will not take place. Be¬ 
cause of the high mechanical opening speed, 
the contacts can then be 3.8 inches apart 
at the time of the next current zero. Clearly, 
the interruption can only take place at 
normal current zeros. An examination of 
the data with this point in mind does lead 
to the conclusion that the breaker always 
interrupted at the first current zero after 
the contacts were more than a fraction of an 
inch apart. 

Mr. Bennett has contrasted the inter¬ 
rupting action in two forms of cross-blast 
compressed-air breakers. With reference to 
his sketches, it should be* considered that 
the one at the left represents the arc 
chamber of a 2,500,000-kva breaker, 
whereas the one at the right shows the arc 
chamber of a 1,500,000-kva device. Natu¬ 
rally, the 2,500,000-kva arc chamber is 
wider. 

When small currents are being inter¬ 
rupted in the chamber at the left, the air is 
so directed that it flows straight across the 
arc and does not diffuse toward the sides, 
as indicated by the arrows. When large 
currents are interrupted, the pressure in the 
region of the arc core ( which is central with 

Discussions 


respect to the arc chamber) develops high 
counter pressure. During the portion of 
the half cycle when this counter pressure is 
sufficient, the air stream is then diverted 
sidewise as shown by the arrows. The ef¬ 
fective action of the air streain at this time 
is to remove the extraneous ionized gases 
as they are formed and prevent them from 
“backing up” into the throat. As current 
zero is approached, the diversion of the air 
stream sidewise ceases, and the actual inter¬ 
ruption near current zero is quite similar 
for both high and low currents. 

‘ This explanation should make clear the 
way in which the arc chamber recovers di¬ 
electric strength after current zero. It is 
seen that there is no need to remove six 
inches of ionized gas after the current zero, 
since this is done by properly diverting the 
air stream prior to current zero. 

The fourth paragraph of the second sec¬ 
tion of the paper and Mr.'Bennett’s remarks 
in his last two paragraphs refer to the type' 
of arc chamber in which there is no side 
diversion of the air stream. Mr. Bennett 
points out that velocities of 5,900 feet per 
second would be required for interruption, 
if ionized gas "backs up” six inches. Actu¬ 
ally, interruption would probably not occur. 
The problem can be solved by the use of 
higher air pressure (250 pounds), which 
should prevent ionized gases from “backing 
up” six inches. The authors’ solution, how¬ 
ever, of “diverting” arc products, permits 
operation with only 150 pounds pressure. 

In the design of the two breakers, the arc 
chute sizes are reasonably comparable for 
the same kilovolt-ampere rating. Further¬ 
more, the quantity of air used in cubic feet 
per interruption, based on atmospheric 
pressure, is very nearly the same. The air 
is, however, used in an entirely different 
manner. The use of mechanically operated 
blast valves makes it possible to closely 
time the opening and closing of these de¬ 
vices, so that the duration of the air flow 
can be made quite short. Therefore, the 
quantity of air when it is flowing can be 
made high. The interrupting ability of the 
compressed-air breaker seems to depend 
upon the rate of air flow, and, naturally, 
the higher this rate, the greater the margin 
of safety. The air-storage tanks in the 
compressor system can obviously be made 
of different sizes, but the larger equipment 
has the advantage of providing the greater 
number of operations. 

Mr. Langstaff has inquired relative to 
the kilovolt-ampere interrupting capacity of 
the breaker at lower air pressures. The 
designs, in general, are based on satisfactory 
interruption of full kilovolt-ampere rating, 
starting with tank pressures of 100 to 125 
pounds per square inch. The nominal pres¬ 
sure used is 150 pounds. Since the drop in 
pressure does not exceed 25 pounds per 
operation, twb complete operations are pos¬ 
sible without supplying any additional air 
from the compressor equipment. It has 
been found that designing on this basis has 
not handicapped the size and cost of the 
breaker, because the curve of interrupting 
capacity versus tank pressure is compara¬ 
tively flat in the range of 100 to 150 pounds 
with the type of design used. 

Mr. Langstaff has further inquired re¬ 
garding breakers of various kilovolt-ampere 
rating for the same voltage |ervice. The 
arc chute width, the diameter of the blast 
valve, and the diameter of the air-supply 
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tube are all increased progressively, as the 
kilovolt-ampere rating is increased. This 
means, of course, that greater quantities of air 
are used for interrupting the higher kilovolt¬ 
ampere capacities. Pressure is held con¬ 
stant, however, for all kilovolt-ampere 
ratings, and the design factors are worked 
out in such a way that standardization 
should not be a difficult problem. 

Mr. Hentz has pointed out that it is dif¬ 
ficult to simultaneously obtain high kilovolt¬ 
ampere interrupting tests and extremely 
high recovery voltage rates. As he has 
stated, we believe the tests shown in Table 
III of the paper, in which 63,000 amperes 
were interrupted with a circuit voltage re¬ 
covery rate of 7,100 volts per microsecond, 
are the most severe tests ever made. The 
variation in arc time shown in the entire 
table is the result 

1. Of contacts parting at various points in the 
half cycle. 

2. Of the erosion of the first two splitter plates 
as the result of the large number of tests previously 
made on the arc chamber. 

Therefore, the short interrupting time of the 
particular test referred to is to a large ex¬ 
tent probability. 

Mr. Hentz has pointed out that these tests 
still do not appear to reach the voltage 
recovery rates and currents which can be ob¬ 
tained in the field. In this connection, at¬ 
tention is called to the statement in the 
paper that, "AH three of these circuit con¬ 
ditions represent double-frequency tran¬ 
sients, but, in the second and third oscillo¬ 
grams, the higher frequency is so greatly 
damped by the conduction current of the 
breaker following current zero that little 
trace of the oscillation appears in the recov¬ 
ery-voltage transient recorded by the os¬ 
cillograph.” This damping out of the 
higher frequency component indicates that, 
if the circuit is modified in an attempt to 
further increase the recovery voltage rate, 
no actual increase will result, and the inter¬ 
rupting requirements placed on the breaker 
will not be made essentially more severe 
than they were during this particular test. 
If the current is increased, complete damp¬ 
ing takes place at lower recovery rates, and, 
in view of these considerations, it is believed 
that the tests actually shown do indicate 
the ability of the breaker to withstand the 
highest recovery rates which may be en¬ 
countered, up to full kilovolt-ampere 
capacity. 


Acoustics and the Quiet 
Train Ride 


Discussion and author's closure of paper 42-56 
by William A. Jack, presented at the AIEE 
winter convention. New York, N. Y., January 
26-30, 1942, and published in AIEE 
TRANSACTIONS, 1942, pages 382-92. 

F. C. Lindvall (California Institute of Tech¬ 
nology, Pasadena, Calif.): In the develop¬ 
ment of the new pendulum-type suspension 
which is incorporated in three passenger 
cars just put in service on the Santa Fe, 
Burlington, and Great Northern, the 
problem of acoustical treatment was given 
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particular consideration. Mounting of the 
car body on a truck in this new suspension 
system described in February 1942, Railway 
Mechanical Engineer, permits the use of 
liberal amounts of rubber in all connections 
between the truck and* car body. This 
rubber can be operated with quite large 
static deflections so that transmission of 
truck noise into the car body through at¬ 
tachments is greatly reduced over what is 
possible in standard equipment in which the 
body weight is concentrated at the truck 
center plates. 

Preliminary measurements with two 
experimental cars showed that the noise level 
in the vicinity of the trucks was far higher 
than at other points outside the car body. 
Consequently particular care was taken with 
floor acoustical treatment. Calculations 
made by Dr. V. O. Knudsen showed that a 
substantial reduction in transmitted noise, 
about five decibels, could be made by treat¬ 
ing the under side of the car in the vicinity 
of the trucks with absorptive material ex¬ 
posed toward the truck. The theory be¬ 
hind this suggestion is that the intensity of 
sound in the space bounded by the car floor 
and the ground can be minimized by pre¬ 
venting sound reflection at the under side 
of the car. The transmission loss through 
the floor itself is not much affected by the 
presence of the exposed acoustical material, 
but the intensity of sound at the under side 
of the car is substantially lower than it 
would be if a hard surface were used under 
the floor exposed to the truck which is the 
sound source. Road tests showed that the 
material known as Airacoustic was me¬ 
chanically suitable for use under the car 
floor. Behind this material is a stainless 
steel sheet which seals the floor heat in¬ 
sulation against moisture penetration. 

The car floor is a fairly rigid plywood slab 
uniformly supported on sponge rubber pads. 
The floor static deflection is small, but the 
rubber support is helpful in reducing the 
transmission of high-frequency disturbances; 
Comparative tests made with these new 
cars coupled in with standard modern 
lightweight equipment indicate a noise level 
of eight to ten decibels below that of the 
standard equipment. In the new cars not 
enough attention was given to acoustical 
treatment of the air-conditioning, system 
with the result that the noise level, though 
it be low, is due largely to air noises. 


Walter C. Keys (United States Rubber 
Company, Detroit, Mich.): Apparently 
noise vibrations travel through rubber and 
steel to an extent represented by the inverse 
of the velocities of sound through the two 
media. In steel, sound travels, some 
30,000 feet per second; in rubber of 50- 
durometer hardness (comparable to rubber 
heels), the velocity is 210 feet per second. 

Mr. Jack indicates, in the section entitled 
"Vibration Isolation,” that a bonded rubber 
isolator used, in shear was less efficient than 
another using a controlled spring in com¬ 
bination with rubber. Experience with the 
millions of bonded rubber mountings used 
in modem automobiles indicates that 
bonded rubber mountings, when properly 
designed and applied, provide the most 
practical and efficient known means for 
isolating both vibration and transmitted 
noise; 

We have a record of an installation of 

Discussions 


rubber at the center bearing of a six-wheeled 
truck having performed satisfactorily for 12' 
years. This is perhaps unusually long serv¬ 
ice but it illustrates the possibilities where 
stresses in the rubber are kept low. In¬ 
sulation at center bearings, side bearings, 
truck pedestals, draft gears, stems, buffers, 
pantagraph supports, brake linkage, and 
so on, are essential to the quiet ride in 
railroad passenger cars. In addition, all 
auxiliary equipment such as blowers, motors, 
and so on should be adequately insulated. 

It is well-known that vibrations of any 
frequency require a definite minimum 
flexibility to be adequately isolated. Some 
materials which have been extensively used 
cannot provide adequate deflections; hence, 
their value consists chiefly in interrupting 
metallic continuity. 

The writer has too often been disturbed 
at night by people talking outside of a 
standing car; this indicates that the "en¬ 
closure” effect of the car body could be 
improved which would lower the noise level 
within the car. 

The remarkable quieting effect of several 
inches of light snow is well-known. It 
is hoped that this beneficial effect can be 
approached or equaled by the use of some 
inexpensive product which may be easily 
applied. 

A material known as Pennacell, capable 
of sustaining moderate loads for long 
periods of time could be used as a support 
for an inner body which could be non- 
metallically joined to the outer body. The 
writer believes that such an assembly can 
be designed and that it could provide one 
of several means for reducing the interior 
noise level. 


William A. Jack: Mr. Keys’ remarks on 
the successful use of rubber in several forms 
are very heartening. The quiet train ride 
will be obtained by designers, working in 
conjunction with such experts who know 
the proper uses of their materials and, in 
this way, include them in an early stage in 
the planning at the several points where 
acoustical experience indicates the noise 
problems can be attacked. The velocity 
of sound, as the discussion points out is 
much lower in rubber than in steel. This 
fact, in itself however, is not believed re¬ 
sponsible for the usefulness of rubber to 
the acoustical engineer. The velocity of 
sound in a medium is a function of its 
elasticity and its density. If the attenua¬ 
tion of energy per unit length were the same, 
and if the same amounts of energy were 
introduced into each material, a rubber rod 
would deliver just as much energy to its far 
end as would a steel rod, although it would 
do it more slowly. However, the attenua¬ 
tion of energy per unit length is greater in 
rubber, and more of the vibrational energy 
is.converted to heat. Furthermore, it is 
difficult to get large amounts of vibrational 
energy into rubber in the first place. Pieces 
of compliant material provide isolation 
when placed under the feet of a compressor, 
for example as brought out in the paper. 
The feet of the machine at the higher-fre¬ 
quency components vibrate much as they 
did when rigidly mounted. Rubber yields 
under these small-amplitude high-frequency 
oscillations in such a way that much of the 
energy is reflected, not absorbed. The 
author agrees that if energy does get in the 
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rubber, most of it will be converted into heat 
before it travels far. 

Professor Lindvall’s remarks on the ap¬ 
plication of acoustical principles in the 
pendulum-type suspension cars are interest¬ 
ing, and the author certainly agrees with 
the steps taken. The complaint about the 
air-conditioning system might not have 
been noticed if the other disturbances had 
not been so well-reduced. It seems that 
there is always some smaller noise hiding 
behind a larger one. Perhaps the con¬ 
ditioning system, in question, has a suf¬ 
ficient run of duct so that Airacoustic may 
be installed to reduce this noise. As some¬ 
times happens, the trouble may be an air- 
rush sound from the grilles. This is too 
far along for the acoustical engineer to be 
of much help, and the problem lies in the 
field of redesign. 


A New Instrument for Re¬ 
cording Transient Phenomena 


Discussion and author's closure of paper 42-57 
by S. J. Begun, presented at the AIEE winter 
convention, New York, N. Y., January 26-30, 
1942, and published in AIEE TRANSAC¬ 
TIONS, 1942, April section, pages 175-7. 


E. A. Blomquist (Consolidated Edison Com¬ 
pany of New York, Inc., New York, N. Y.): 
We investigated briefly the possibility of 
using a magnetic tape recorder for recording 
transients last August. We found that satis¬ 
factory reproduction at 60 cycles was not 
possible on the outfit we had, which was 
designed for sound recording. We did no 
further work on it but referred the matter to 
the manufacturer. 

Mr. Begun’s method of getting around the 
difficulty of recording the low frequencies is 
very ingenious. I would like to ask what 
accuracy can be expected from the device, 
and also how well it will hold its calibration 
over periods of time. 

In applying this device to the recording 
of power-system transients, it would be de¬ 
sirable to obtain records up to several 
seconds. As I see it, this would preclude 
the use of a cathode-ray oscilloscope for 
viewing the record, due to the limi ts 
screen size and the limitations of the per¬ 
sistency of the screen. However, I see no 
reason why the record could not be ta>e n 
off on a magnetic oscillograph. I would 
like to ask Mr. Begun if the recording and 
reproducing heads and tapes are sufficiently 
uniform so that a tape containing a record 
could be taken to the laboratory and there 
transcribed onto a film using a different 
head from that with which the record was 
made. If this were possible, recorders 
could be set up at various points on the 
power system, and when a fault condition 
occurred, the tapes could be removed and 
brought to the laboratory for transcription. 

Another question that comes to mind ^ 
the possibility of obtaining more than one 
record on a tape. In power system studies, 
six to nine records are usually needed. Pos¬ 
sibly this could be done by widening the 
tape and staggering the recording and re¬ 
producing heads. 

It seems to me that this method of record- 

418 


ing has decided possibilities in the field of 
power-system measurements, although fur¬ 
ther development may be necessary before 
it is practical. 


S. J. Begun: It is very gratifying to hear 
that Mr. Blomquist feels that this method 
of recording transients has some possibilities 
in the field of power system measurements. 
As a matter of fact, during the development 
stages of the transient analyzer, this ap¬ 
plication was kept in mind. 

The difficulties in recording low fre¬ 
quencies, to which Mr. Blomquist referred, 
are not surprising, but by the use of the car¬ 
rier frequency method, very satisfactory 
results are obtained. 

With regard to the problem of how to 
make the transient visible, the immediate 
observation, by means of an oscilloscope, is, 
in very many cases, desirable; but where 
this cannot be done, because of the length 
of record required, there is no reason why 
the signal should not be supplied from the 
tape to a magnetic oscillograph. 

From our observations so far, we feel 
that the tape, as well as the heads, can be 
made sufficiently uniform so as to assure 
consistent results. The tape may be re¬ 
corded on one instrument and reproduced 
on another without any difficulty. Further¬ 
more, for all practical purposes, the record 
life is infinite. 

Hot-Spot Winding Tempera¬ 
tures in Self-Cooled Oil- 
Insulated Transformers 

Discussion and authors' closure of paper 42-59 
by F. J. Vogel and Paul Narbutovskih, pre¬ 
sented at the AIEE winter convention. New 
York, N. y January 26—30,1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
March section, pages 133-6. 


H. L. Prescott (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): In 
this paper, the authors have presented some 
interesting data which add considerably to 
our knowledge of the variation of gradient 
and temperature rise with load. The ap¬ 
plication of these data to operating prac¬ 
tices for transformers will, as the authors 
have shown in Figure 7 of the paper, permit 
a given transformer to carry considerably 
higher overloads for short times than has 
previously been allowed. The authors have 
shown by their example computation of the 
temperature at 200 per cent load that to 
compute the permissible overload for a given 
transformer under varying operating con¬ 
ditions is a long and tedious job and there¬ 
fore is not a very practical basis for emer¬ 
gency loading of a transformer. 

The winding temperature is determined 
by the sum of the oil temperature and the 
winding gradient. The temperature of any 
other conductor placed in oil and carrying 
current is determined in the same way. The 
Westinghouse company has developed a 
relay, which operates on this principle. The 
operating element of the relay consists of a 
bimetal conductor through which is cir¬ 


culated a current proportional to the wind¬ 
ing current. The gradient between the bi¬ 
metal and the oil, therefore, has a definite 
relation to the gradient between the winding 
and the oil and, by using the data similar to 
figures 3 and 4 of the paper, the desirable 
relation can be accurately predetermined. 
The bimetal is mounted in the same oil as 
the winding, so that the oil temperature fac¬ 
tor which determines the winding tempera¬ 
ture also determines the bimetal tempera¬ 
ture. The relay, therefore, takes into ac¬ 
count all of the factors included in the sam¬ 
ple calculation given in the paper and pro¬ 
vides a practical means of operating the 
transformer to take advantage of its inherent 
overload capacity. By adjusting the relay 
so as to obtain a proper relation between the 
bimetal and the winding gradients, the relay 
is made to automatically allow higher wind¬ 
ing temperatures at higher overloads for 
shorter times in accordance with an ap¬ 
proved time and temperature schedule such 
as, for example, that shown in Figure 7 of 
the paper. As the transformer approaches 
this predetermined schedule, the relay auto¬ 
matically operates an alarm signal to warn 
of approaching danger and later trips the 
circuit breaker if the predetermined oper¬ 
ating limit is reached to prevent transformer 
burnout. 


L. Wetherill (General Electric Company, 
Pittsfield, Mass.): This discussion is limited 
to the circulation of oil in self-cooled oil- 
insulated core-type transformers. There 
are several possible assumptions which serve 
to simplify the subject, and, in general, the 
broader the assumption the less closely cal¬ 
culations agree with tests. Three assump¬ 
tions which have been used will be discussed. 

Case I. The broadest assumption, and 
one which has proven adequate for many 
purposes, is that temperature differences 
within the oil can be neglected. Oil-tem¬ 
perature rise above ambient- and winding- 
temperature rise above oil can be calculated 
independently and added. It is particularly 
helpful in analyzing transient thermal per- 
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Figure 2. Comparison of design calculations 
and test results 
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formance, since the resulting equations may 
be made identical with those representing 
transient performance in electrical circuits 
when current is abruptly changed in a cir¬ 
cuit containing resistance and capacitance 
in parallel. 

As a result, we obtain thermal transients 
with exponential decrement which can be 
superposed on the steady-state condition. 
The authors have made use of this procedure 
in analyzing transient behavior, and this 
procedure is in fact the most satisfactory 
which has been described in published litera¬ 
ture. 

Case II. It has long been known that 
calculation according to the foregoing pro¬ 
cedure may lead to errors. Three such cases 
are as follows: 

{a). Transformers in which the core is nearly as 
high as the tank. 

(6). Transformers in which there is appreciable 
loss generated above the top of the core. 

(e). Transformers undergoing heavy short-time 
overloads. 

To predict with reasonable accuracy the 
higher temperatures which may result from 
these conditions, the assumption that tem¬ 
perature differences within the oil can be neg¬ 
lected should be replaced by the more ac¬ 
curate assumption that the core and coils 
can be represented by a single channel in 
which heat is absorbed as the oil moves up¬ 
ward, and that the tank cooling surfaces can 
be represented by a single channel in which 
heat is dissipated as the oil moves down¬ 
ward. 

Figure 1 of this discussion shows ultimate 
steady-state temperatures observed in the 
oil of a 2,500-kva transformer at 135 per 
cent rated load. Starting at A (in Figure 1), 
the oil moves upward through the windings 
increasing in temperature at an approxi¬ 
mately uniform rate to B. The oil then 
moves on to C at the top of the tank with no 
appreciable change in temperature. From 
C the oil moves down through the cooling 
tubes, or past the cooling surfaces, decreas¬ 
ing in temperature at an approximately uni¬ 
form rate, to A; completing the cycle. 

The temperature of the copper is shown 
by the curve DE in Figure 1 as a functipn of 
the height above the bottom of the tank. 
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It is assumed that the temperature rise 
above adjacent oil is the same for all parts of 
the winding. Actually, this is frequently in¬ 
correct on specific transformers, but it 
serves to illustrate the nature of the phe¬ 
nomenon. 

If the watts per square inch of winding 
surface is low, and the copper is at nearly 
the same temperature as the adjacent oil, 
reference to Figure 1 will show that the av¬ 
erage copper temperature may well be lower 
than the top oil temperature. This doubt¬ 
less accounts for the so-called negative 
gradients referred to in the paper. 

The pressure difference which maintains 
the continuous circulation of the oil is the 
weight of the column of downward moving 
oil minus the weight of the column of up¬ 
ward moving oil. The magnitude of the 
pressure difference is 

F—paa 

where 

F —pounds pfer square inch 

density of oil at 0 degrees centigrade in 
. pounds per cubic inch 
a “thermal coefficient of expansion of oil 
per degree centigrade 
a ==area of oil circulation curve in inch- 
degrees centigrade 

« 

When, as in Figure 1, the oil circulation 
curve is approximately triangular the area 
is 

a=RH 


where 

R = cyclical temperature range of oil in de¬ 
grees centigrade (temperature at B 
minus temperature at A) 
if “height of center of gravity of cooling 
surface above center of gravity of gen¬ 
erated loss in inches 

If the center of gravity of the generated loss 
is abnormally elevated, due to.a tall core in 
proportion to the tank, or to appreciable 
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auxiliary losses generated above the top of 
the core, the circulating force is reduced, the 
rate of oil circulation is reduced, the cyclical 
temperature range of the oil is increased, the 
top oil temperature is increased, and the 
hottest copper temperature is increased. 

If the resistance to oil circulation is 
known, it is possible to calculate the cyclical 
temperature range of the oil. A comparison 
of such calculations with test results is 
shown for a number of cases in Figure 2 of 
this discussion. 

Figure 3 shows data corresponding to Fig¬ 
ure 1 for a transformer undergoing short- 
time overload. Oil moving upward through 
the transformer winding from A to B rises 
in temperature and is discharged into the 
region above the core and coils at a tempera¬ 
ture considerably above that of the oil al¬ 
ready occupying this region. The streams 
of hot oil become dispersed and serve to 
bring about a slow increase in the tempera¬ 
ture of the mass of oil between the core and 

the tank cover. Oil then moves down, from 

* 

C to A, through the cooling tubes, com¬ 
pleting the cycle. 

Therefore, temperature of top oil is likely 
to be misleading when used in determining 
hot-spot temperature before thermal condi¬ 
tions have become constant. Temperature 
of oil in the cooling duct adjacent to the 
coil furnishes a better basis. 

Case III. There are conditions for which 
the assumption of a single oil path is too 
simple to give results in reasonable agree-, 
ment with test data. Such cases fall in the 
following categories: 

(o). Transformers in which one winding is ex¬ 
posed much more freely to oil than another winding. 

(6). Transformers in which a part of the heat dis¬ 
sipating surface is exposed much more freely to oil 
circulation than another part. 

For these cases it is necessary to represent 
the transformer by a network of oil channels. 
For each oil channel the rate of oil flow is 
governed by the following equation: 

p.r G +pru-«r)-^| 

where 

P “ pressure at inlet minus pressure at out¬ 
let in pounds per square inch 
r“flow resistance of channel in pounds per 
square inch per gallon per minute 
G = fiow through channel in gallons per 
minute 

p = density of oil at 0 degrees centigrade in 
pounds per cubic inch 
V “ height of outlet minus height of inlet 
in inches 

a “thermal coefficient of expansion of oil 
per degree centigrade 

T = temperature of oil entering channel in 
degrees centigrade 

M = moment of loss absorbed or dissipated 
by oil about horizontal axis through 
outlet in watt-inches 

Performance of a network of channels can 
be determined from the foregoing equation 
by a process analogous to the application of 
Kirchhoff’s laws. 

Evolution of the concept of thermal be¬ 
havior of oil in transformers requires crea¬ 
tion of new terms. For many years the term 
"top oil rise” was used as though it were 
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the only quantity necessary to specify the 
thermal condition of the oil. In recent 
years we have added the term “effective oil 
rise,” and we have recognized the distinc¬ 
tion between top oil rise and effective oil 
rise. A thorough analysis of thermal be¬ 
havior of transformer oil would involve rec¬ 
ognition of at least four different oil tem¬ 
perature rises as follows: 

(a). “Effective dissipating oil rise’’ is the average 
rise of the moving oil adjacent to the tank dissipat¬ 
ing surfaces. The “effective dissipating oil rise" 
is the dominant factor in the steady-state thermal 
performance of oil-insulated self-cooled trans¬ 
formers, and it can be calculated with a high de¬ 
gree of accuracy. 

(5). “Effective absorbing oil rise" is the average 
rise of the moving oil adjacent to the coil dissipating 
surfaces. It is not necessarily the same for all 
windings. In normal transformers the “effective 
absorbing oil rise" is not appreciably different 
from the "effective dissipating oil rise" and they 
can be frequently assumed equal. 

(c) . "Effective thermal oil rise” is the average rise 
of all the oil. It determines loss absorbed by the 
oil under transient conditions. 

(d) . “Top oil rise" is the rise of the mass of hot oil 
at the top of the transformer. 


V. M. Montsinger (General Electric Com¬ 
pany, Pittsfield, Mass.): This paper is a 
very timely one and one that is of particular 
interest to me, because I have spent con¬ 
siderable time during the past year in ob¬ 
taining data on hot-spot temperatures in 
oil-immersed transformers. Altogether 
about 60 heat runs have been made on three 
different transformer designs, each under a 


forced air-cooled for both ultimate condi¬ 
tions and for short-time heavy overloads. 

The authors show in Table I the gradient 
of "average copper to top oil.” This leads, 
in some cases, to the assumption of negative 
coil gradients, a condition that cannot exist 
when the coils are dissipating heat. Average 
winding rise should, of course, be based over 
average oil temperature (not over top oil or 
maximum oil temperature) and hot spots 
in coils near the top oil should either be 
based over top oil or adjacent oil tempera¬ 
ture. 

The authors also show in Figure 6 that the 
difference in degrees between the hot-spot 
and the average winding temperature re¬ 
mains constant for loads ranging from 100 
to 250per cent. My tests show that this dif¬ 
ference always increased with load, and 
under some design conditions it increased as 
the loss raised to a power ran ging from 0.7 
to 0.8, particularly under short-time over¬ 
load conditions. 

I would like to ask the authors how the 
losses of the 600-kva transformer were sup¬ 


plied to the oil. If the losses were supplied 
in a manner that caused the center of heat to 
change with load with respect to the center 
of the cooling tubes, this would affect the 
hot-spot rise over the average winding tem¬ 
perature and could easily account for some 
of the discrepancies between our results. 

The authors used the method of calcu¬ 
lating hot-spot temperatures given in my 
1930 AIEE paper, “Loading Transformers 
by Temperature.” 1 While not rigorously 
correct under some conditions, as pointed 
out by Mr. Wetherill, recent tests show that 
this is still the most practical method for ob¬ 
taining reasonably accurate results. 

I cannot agree with the statement made 
by the authors that the results of their tests 
make it possible to recommend much higher 
emergency overloads than those given in the 
American Standards Association Guides for 
Operation of transformers. In the first 
place, they apparently did not use their test 
data on short-time overloads in their cal¬ 
culations of short-time overloads. In the 
second place, they used the same method of 
calculating overloads (as used in calculating 
the present ASA curves), except for the ex¬ 
pedient of not making any correction for in¬ 
creased losses with temperature, since they 
assumed that the change in oil viscosity 
counteracted the increased loss. The effect 
of this however is small—being in the order 
of three to four per cent of overload values 
obtained. 

The larger overload values proposed in the 
paper are mostly due to: 


2.' Using 61 degrees centigrade hot-spot rise and 
50 degrees centigrade top oil rise, instead of 65 
degrees centigrade hot-spot rise and 45 degrees 
centigrade top oil rise as used in preparing the ASA 
curves. The difference obtained in the overloads 
when using 11 degrees centigrade, instead of 20 
degrees centigrade, hot-spot rise over top oil (at 
rated load) is quite large. 

While there are many small low-voltage 
transformers that meet the 11-degree hot¬ 
spot rise over top oil, there are also many 
large high-voltage transformers that ap¬ 
proach a 20-degree hot-spot rise over top oil 
at rated load. Therefore, the ASA emer¬ 
gency overload curves were prepared for and 
apply safely to transformers that have a 
20-degree hot-spot rise over top oil tempera¬ 
ture. 

Using the hot-spot temperature limits 
given in the paper, although in my opinion 
somewhat higher limits can probably be 
used, Table I of this discussion gives the 
calculated overload values of large high- 
voltage transformers in comparison with the 


Short-Time Overloads 


Table II 


Small Low Large High 
Voltage Voltage 


1. Loss ratio.2:1.3:1 

2. Top oil rise (degrees 

centigrade). 50.45 

3. Hot-spot rise (degrees 

centigrade). (II.65 

4. Time constant. 4. 3 

5. Ambient (degrees centi¬ 

grade) . 30.30 

6. Hot-spot rise over top oil and top oil rise over 

ambient vary as loss 0,8 


overload values shown in Figure 7 of the 
paper apparently intended for small low- 
voltage transformers. 

The characteristics applying under rated 
load conditions are shown in Table II. 

For intermediate classes of transformers 
intermediate overloads would of course 
apply. 

It will be noted that the overload values 
for the large transformers are in general ap¬ 
preciably lower. This shows that different 
overload values should be used for different 
classes of transformers. 

While I do not claim that one can cal¬ 
culate the exact amount of life taken out of a 
transformer during an overload period by 
the eight-degree rule, I feel that it is a useful 
tool—one that enables us to make progress. 
This suggests the consideration of even 
greater overloads than those shown above in 
cases where interruption of service cannot be 
allowed. 

During the war period there may be cases 
where it would be advisable to take out of a 
transformer considerably more life than that 
used up for the overloads shown in Table I, 
to prevent a shutdown in a war plant or a 
station supplying power for war work. In 
fact a munitions manufacturer recently 
wished to purchase a spare bank of trans¬ 
formers of minimum size to carry the load 
during a period of one or two weeks in case 
a saboteur put his present bank out of com¬ 
mission. He was willing to sacrifice 100 per 
cent of the transformer's life. 

I believe, therefore, that it is time for us to 
start studying the question of allowable 
overloads that will take out various amounts 
of the transformer’s life. While one user 
may be willing to sacrifice say only one per 
cent of life during an emergency period, 
another user may be willing to sacrifice 10, 
25, or 50 per cent and still another as men¬ 
tioned above may be willing to sacrifice 100 
per cent of the transformer's life to prevent 
a shutdown. Of course, caution would have 
to be used in applying such overloads to 
transformers already built, since there may be 
limitations other than thermal in such units. 

Reference 
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H. W. Hartzell (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
This paper has been read with considerable 
interest, because every contribution to t he 
knowledge of loads that transformers may 
safely carry is especially valuable at this 
time when installed equipment may be 
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Table I. Emergency 



Hot-Spot 


Times Rated Load Current Following 

. 

Time 

Temperature 

(Degrees 

Small Low Voltage 

Large High Voltage 

in Hours 

Centigrade) 

No Load 

Full Load 

<fc 

, No Load 

Fall Load 

Vw. 
«/*... 
1.... 

27.. . 

4.. .., 

8_ 

. ...... .130........ 

...7.110. 

...3.0*. 

.2.6 ..... 

...2.25. 

.71.9 .. .. 

...1.55. 

...1.33. 

......2.35*. 

.2.10 .. 

......1.90 . 

.2.4 . 

.2.20...._ 

.1.95....;... 

.1.65.. 

.1.4 . 

.1.25. 

-2.0 

...1.80 

...1.65 

...1.45 

...1.32 

1 23 


...1.2 ...... 

......1.2 . 

.1.16. 

... .716 

*Vaities given in paper. —-- 
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different condition such as self-cooled and 1 ‘ U sin ff higher temperature limits than those 

used in calculating the ASA curves as for example 
125 degrees centigrade instead of 115 degrees centi¬ 
grade, for two-hour overloads. 



























called upon during emergencies to serve 
loads greatly in excess of name-plate ratings. 

Continuity of service, prevention of costly 
shutdowns, and conservation of transformer 
equipment are some of the items which de¬ 
pend directly upon intelligent transformer 
application. With many loads growing 


Table III. Calculated Life for Transformers 
Operating Continuously at Hot-Spot Tem¬ 
peratures Indicated 


Hot-Spot 

Temperature 

Calculated Insulation Life 
(Days) 

Centigrade) 

Open Type 

Closed Type. 

140. 

.21. 

. 107 

135. 

.33. 


130..;.... 

.61. 


125. 

.78. 

. 398 

120....... 

.123. 

. 628 

115. 

.192__ 

. 980 

110. 

.297. 

.1,520 


rapidly and new loads being connected to 
power systems every day, it would seem that 
much thought should be given to the over¬ 
loads that transformers can actually carry 
under the various conditions of operation. 

The authors have presented a table of sug¬ 
gested times and associated hot-spot tem¬ 
peratures which determine emergency over¬ 
loads that might be applied to a transformer. 
Although these ate of value, the overload 
ability of a transformer for longer lengths of 
time is of considerable interest. Momentary 
overloads occurring during system switching 
operations would probably be carried with¬ 
out too much regard to the transformer life 
consumption due to high overloads. The 
emergency ability of transformers for over¬ 
loads having a duration of several daily load 
cycles warrants considerable attention, since 
under these conditions a substantial amount 
of transformer life may be consumed. 

It would appear that the values given in 
this paper, although allowing greater loads 
than the proposed operating guide of trans¬ 
former standards ASA-C57, may be ex¬ 
tremely conservative. To illustrate this 
point Table III has been made from calcu¬ 
lations which follow those of Nichols 1 for 
open-type transformers and Montsinger* for 
closed-type transformers. 

With a hot-spot temperature of 130 de¬ 
grees centigrade Table III indicates that 
the total life of the insulation in an open- 
type transformer would be 51X24=1,224 
hours. If the transformer sustained two 
hours of operation per year when the hot¬ 
spot temperature remained at 130 degrees 
centigrade, this condition recurring annually 
for say 30 years, the total operation at this 
temperature would be 60 hours or 
60/1,224X100 = 4.9 per cent of the Cal¬ 
culated life of an open-type transformer 
operating at this temperature. For a closed- 
type transformer the life consumption would 
be 60/6,240X100=0.97 per cent, or prac¬ 
tically a negligible amount for so many emer¬ 
gency operations. If Calculations were made 
for the transformer insulation life loss dur¬ 
ing emergency loads limited by the tempera¬ 
tures and times proposed in this paper, since 
these temperatures would be attained only 
at the end of the time shown instead of con¬ 
tinuing throughout, the loss of life would be 
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much less than that indicated in the above 
illustration even though the unusually large 
number of emergency operations during the 
life of the transformer is considered. It 
would seem, therefore, that greater loads 
than those suggested in this paper should be 
considered for transformer emergency opera¬ 
tions. 
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W. C. Sealey (Allis-Chalmers Manufactur¬ 
ing Company, Milwaukee, Wis.): The gen¬ 
eral method of determining permissible over¬ 
loads outlined in this paper is correct, for it 
is a method which has been in common use 
for the past few years. However, the appli¬ 
cation of the method by the authors contains 
serious inaccuracies. 

Nontypical transformers, having un¬ 
usually low temperature rises were selected 
as a source of data. Values of temperature 
gradient even lower than those shown by 
these data were assumed and used for 
calculating allowable overloads. Conse¬ 
quently, the conclusions drawn are not con¬ 
servative as claimed. 

A brief summary of the most serious errors 
made in this paper follows: The examples 
in Table I of the paper are not typical stand¬ 
ard 55-degree transformers, since all these 
transformers have temperature rises of less 
than 35 degrees centigrade. Any trans¬ 
former user will testify that seldom, if ever, 
has he had a standard 55-degree power trans¬ 
former which had a tested temperature rise 
of less than 36 degrees centigrade. Conse¬ 
quently, the data used as a basis are not data 
on typical standard transformers, but on 
transformers which contain more material 
than standard transformers and are, con¬ 
sequently, more expensive than standard 
transformers. 

Even the data So obtained, however, were 
not correctly applied, but lower values of 
gradient between the copper and oil tem- 
. peratures were assumed than were obtained 
on these special transformers. In the tabu¬ 
lation of test given in the paper, two of the 
measured gradients were above eight de¬ 
grees at full load; these, however, are disre¬ 
garded and a five-degree gradient is assumed 
for determining allowable overloads. A 
similar liberty was taken in determining the 
hot-spot correction. In the words of the 
authors, "On the average, the difference be¬ 
tween the hottest copper and the average 
copper was eight degrees." Immediately 
following, the data are disregarded, and the 
authors state: "It appears {hat actual hot¬ 
test spot temperatures are in the order of 
six degrees or less above the average copper 
temperatures.” This figure of six degrees is 
used in calculating the overloads instead of 
the eight-degree figure shown by their data. 

While these differences are small in de¬ 
grees, they are large in percentage and, con¬ 
sequently, they make a large error in the 
values obtained for allowable overloads. 

The authors’ claim in the conclusion that 
a more accurate method than previously 
used for calculating temperature rises has 
been derived is inaccurate, since the method 
used has been published before. To name 
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one specific instance, this method was used 
in the December 1939 issue of the Allis- 
Chalmers Electrical Review in an article 
entitled "Simple Method of Calculating 
Transformer Temperature Rise Under Vari¬ 
able Loads." 

Because of these fundamental errors, in 
applying the method, the conclusions 
reached in the paper are not conservative as 
claimed. 


F. J. Vogel and Paul Narbutovskih: Mr. 
Sealey, in his discussion of our paper, has 
severely criticized it on the basis of the data 
furnished and the methods used. Typical 
of his criticism is his statement that "non¬ 
typical transformers having unusually low 
temperature rises were selected as a source 
of data.” It was not claimed or intended 
that these were typical of commercial prac¬ 
tice, but they were selected because the data 
for these transformers were available and 
were used to show that the methods of cal¬ 
culations commonly used are in error. Con¬ 
trary to Mr. Sealey’s further discussion, 
test data indicate that the conclusions 
reached in the paper are conservative, and 
there is a definite possibility that similar 
values will be recommended for general use. 

Mr. Wetherill furnishes some very inter¬ 
esting data in his discussion regarding the 
thermal behavior of transformers. His 
analysis of the various cases is good, even 
though one might wish that the experimental 
data were given more completely. The 
fundamental considerations underlying the 
theory of his first case are essentially in line 
with those given in the paper. The data 
given on Figure 2 of the discussion were very 
interesting to us. The data furnished for 
transformer A seem to be a confirmation of 
our results. The results given for trans¬ 
formers B and C do not furnish as good a 
confirmation, but it is to be noted, that the 
actual oil temperatures are not given, and 
so there is no way of comparing the results 
with the theory outlined in our paper on the 
effect of viscosity. However, in both cases 
of transformers B and C, the variation of 
the difference between the top oil and the 
average oil over the range of loads from 
100 per cent to 140 per cent load is not over 
four or five degrees centigrade. It also ap¬ 
pears to us that transformers B and C are 
not entirely typical. Particularly in the case 
of transformer C, there might be a difference 
between the average oil and the top oil of 
nearly 15 degrees at 100 per cent load, and 
this in turn would lead to the transformer 
having a hot spot at least 15 degrees above 
its average temperature, which is not in con¬ 
formance with the present standards. 

In regard to the effect shown on Figure 
3 of the discussion it is somewhat difficult to 
understand why this effect will appear on 
short-time overloads only. One is likely to 
encounter this effect when the oil circulation 
is partially impeded around one of the wind¬ 
ings, such as an internal winding of a core¬ 
type transformer with a narrow vertical 
duct. But in this case the effect will appear 
in varying magnitude at all loads. The dif¬ 
ference between the temperature of oil issu¬ 
ing upward from the vertical ducts and the 
tank oil elsewhere on the same level would be 
a variable quantity, depending on the mag¬ 
nitude of the load and a change in the oil 
flow as affected by the pressure difference 
and the friction head, including the effect 
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of viscosity. A practical way of taking care 
of this phenomenon in computing the wind¬ 
ing temperatures is to treat it as a com¬ 
ponent of the hot-spot gradient, although it 
will not vary quite as much as the 0.8 power 
of the losses. It may be estimated that this 
component at 100 per cent load may amount 
to about three degrees centigrade. 

Mr. Montsinger questions the data in 
Figure 6 of our paper, wherein we showed 
that the difference between the hot-spot 
temperature and the average winding tem¬ 
perature remain constant for loads ranging 
from 100 to 250 per cent. He states that 
in his tests the difference always increased 
with load. We have confirmed the results 
obtained in Figure 6 with tests on a number 
of other units and feel that Figure 6 is in 
reasonable agreement with the facts. A 
small proportion of the losses of the 600-kva 
transformer was supplied above the coils, 
but, due to the other tests made, we believe 
that this had little effect. Further, addi¬ 
tional study of the results themselves con¬ 
firmed this belief. There are some condi¬ 
tions, however, under which this effect will 
not hold. Two of the simplest of these are: 

1. The case where the top coil is more heavily 
insulated than the coils in the stack. 

2. If shielding or other construction details pre¬ 
vent as free coil ventilation in the top coils as in the 
stack. 

However, Mr. Montsinger has made a 
more serious comment than his remarks 
regarding the accuracy of the test data. He 
does not agree that the results of our tests 
make possible recomm ending hi gher emer¬ 
gency overloads than those given in the ASA 
Guides for Operation of Transformers. We 
did use our test data in that we showed that 
many transformers had lower hot spots thar\ 
had previously been believed or, at least, 
used in similar calculations. Also, we did 
show that the increased losses, due to in¬ 
creased copper resistance at higher tempera¬ 
tures, were counteracted by lower gradients 
and increased oil flow, due to changes in oil 
viscosity. The fact is that higher tempera¬ 
ture limits than those considered in the pres- 

Proposed ASA Guide for Operation are 
given in the paper, and this presentation 
is in agreement with the papers and dis¬ 
cussions of "Temperature Limits Set by Oil 
and Cellulose Insulation,” by Dr. Charles 
F. Hill, AIEE Transactions, volume 58,- 
1939, September section, page 484, and 
"Loading Transformers by Copper 'tem¬ 
perature,” by Mr. H. V. Putman and Mr. 
W. M. Dann, AIEE Transactions, volume 
58, October section, page 504. 

It was not intended that the character¬ 
istics given in the paper and used in the cal¬ 
culation of Figure 7 of the paper necessarily 
applied to all transformers, nor that addi¬ 
tional classifications might not be desirable. 
For this purpose, the authors are prepared 
to suggest a list of several types of trans¬ 
formers with their respective characteris¬ 
tics. The authors believe, however, that 
for any of these types, a 20-degree gradient 
suggested by Mr. Montsinger is high. 

Mr. HartzelTs discussion is very inter¬ 
esting to us, since it shows that some op¬ 
erating engineers are also thinking that 
higher overloads can be carried for emer¬ 
gency service than given in the operating 
guides m the proposed ASA Standards. We 
agree that the values proposed in the paper 
are conservative. We hesitated to go to the 
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extremes, although we may have funda¬ 
mental data which would indicate possibili¬ 
ties, because 

1. It would be a radical departure from past prac¬ 
tice. 

2. There are other factors involved, such as, con¬ 
tacts, bushings, tap changes, and so forth. 

High-Speed Single-Pole 
Reclosing 

Discussion and authors' closure of paper 42-24 
by J. J. Trainor, J. E. Hobson, and H. N. 
Muller, Jr., presented at the AIEE winter 
convention, New York, N. Y., January 26-30, 
1942, and published in AIEE TRANSAC¬ 
TIONS, 1942, February section, pages 81-7. 


S. B. Crary, L. F. Kennedy, C. A. Woodrow 
(General Electric Company, Schenectady, 
N. Y.): The detailed technical information 
at present available on the problem of high¬ 
speed reclosing seems to be well understood. 
There appears to be no outstanding differ¬ 
ences in the results of the stability analyses 
presented in the Trainor, Hobson, and Mul¬ 
ler paper and in our. paper. Manufacturers 
can supply as standard equipment either 
single-phase or three-phase reclosing break¬ 
ers. It is agreed there are fields of applica¬ 
tion for both. 

However, there does appear to be a dif¬ 
ference of opinion in the interpretation of 
the technical data. This difference is in the 
extent of the field of application for single¬ 
phase reclosing breakers as compared with 
three-phase reclosing breakers. 

In most stability studies double line-to- 
ground faults and three-phase faults have 
been used as a basis for determining the 
stability of the system. It would appear, if 
all at possible, that faults involving more 
than one phase should continue to be the 
criterion for reliable power delivery. This 
philosophy of system design, if continued, 
would result in the emphasis being placed 
on high speed of clearing, with possible 
shorter deionization times, rather than on 
the development of single-phase slower 
speed reclosing systems for single line-to- 
ground faults only. 

If this approach is followed, reclosing will 
become much more beneficial to the over-all 
performance of the system and give it a more 
important place in system protection, since 
it would generally allow for successful op¬ 
eration through even the most severe faults 
rather than only line-to-ground faults. 


J. Trainor (Public Service Company of 
Indiana, Inc., Indianapolis, Ind.): The 
transmission system of Public Service Com¬ 
pany of Indiana, Inc., as it now exists, con¬ 
tains 1,837 miles of 33-kv lme, 796 
of 66-kv line, and 409 miles of 138-kv line, 
with 120 additional miles of 138-kv line 
under construction and 45 additional rmi» c 
planned for immediate construction. When 
the expansion of the 138-kv system was 
undertaken, careful consideration was given 
to the available means for improved opera¬ 
tion. The importance of these lines as major 
links in the interconnection of the systems 
of Louisville Gas and Electric Company, 
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Cincinnati Gas and Electric Company, 
American Gas and Electric Company, and 
Northern Indiana Public Service Company 
and Public Service Company of Indiana, 
Inc., makes it necessary that their operation 
be of the best. For example, our load in the 
Newcastle area is 25,000 kw, but the duty on 
the Lenore-Newcastle line has reached 
65,000 kw during power transfers for Cin¬ 
cinnati Gas and Electric Company and 
Indianapolis Power and Light Company 
to the system of American Gas and Electric 
Company. 

Because of existing insulation levels, 
ground-fault neutralizers could not be ap¬ 
plied to the system with reasonable cost. 
We have watched the operation of three- 
pole reclosing on neighboring systems in 
Indiana with great interest and we recognize 
its value. However, we felt that definite 
improvement in operation would be ob¬ 
tained by the use of single-pole reclosing: 

1. The disturbance to the rest of the system at¬ 
tending the dropping of load being carried by the 
line when a fault occurs will be decreased if the 
amount of load dropped is decreased. 

2. While the amount of load to be carried by the 
line may not be near the stability limit when the 
line is constructed, major tie lines are often called 
upon to carry unforeseen amounts of power during 
emergencies—that is, loss of generating capacity or 
loss of other tie-line capacity—and any increase in 
the stability limit of the line may prove invaluable 
at such times. 

3. It is our belief that single-pole reclosing offers 
all the advantages of three-pole rectosing, and will 
prove even better in most cases. 


J. E. Hobson and H. N. Muller, Jr.: We 
are glad to have the comments of Crary, 
Kennedy, and Woodrow Regarding the type 
of fault to be used as a basis for determining 
system stability. It has, of course, been the 
practice to predicate system design on the 
ability to endure a double line-to-ground 
fault. It might seem logical to revise this 
basis somewhat, as additional data regard¬ 
ing line performance become available, and 
to base system design on the probability of 
instability for all types of faults. This ap¬ 
proach would include considering the likeli¬ 
hood of occurrence of the various types of 
faults, the probability of faults occurring, 
anticipated loads on the system as a function 
of time of the day and time of the year, and 
so forth. The basis of system design would 
then be 'an estimated allowable probability 
of outage, taking all of these factors into 
consideration. This philosophy of design 
can become more and more effective as 
additional data regarding line performance 
become available. Under the present sys¬ 
tem it hardly is reasonable to base the 
stability performance of a well-protected, 
high impulse-level line and the stability 
performance of an improperly shielded, low 
impulse-level line on double line-to-ground 
faults. The probability of occurrence of 
double line-to-ground faults per mile per 
year on the latter line may be even higher 
than the probability of occurrence of single 
line-to-ground faults per mile per year on 
the well-designed line, having well-co-ordi¬ 
nated line-ground and line-line insulation. 
The actual performance of the two lines, 
each carrying a block of power calculated as 
the permissible limit to "ride through” 
a double line-to-ground fault, would be far 
different. Since the proportion of all faults 
which will be of the double line-to-ground 
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type is likely to be low on a well-designed 
line, the probability of any fault occurring 
is low, and the combined probability of a 
double line-to-ground fault occurring at the 
time of peak transmission may be very low, 
it is perhaps not illogical to base the stability 
limits of such a line on single line-to-ground 
faults. 

Analysis of the Application 
of High-Speed Reclosing 
Breakers to Transmission 
Systems 

Discussion and authors' closure of paper 
42-31 by S. B. Gary, L. F. Kennedy, and 
C. A. Woodrow, presented at the AIEE 
winter convention. New York, N. Y., January 
26-30, 1942, and published in AIEE 
TRANSACTIONS, 1942, June section, 
pages 339-48. 


Eric T. B. Gross (College of the City of New 
York, N. Y.): When comparing high-speed 
reclosing with ground-fault neutralizers, it 
seems to me that all advantages of both 
systems should be considered. In this 
country, I believe, all earth-fault coils which 
have been put into service are being designed 
for a very short period of operation only, 
whereas hardly any coil in service anywhere 
abroad has been designed for less than two 
hours operation, but most of the coils are for 
continuous operation. In many cases it has 
been a distinct advantage that the operation 
could be continued for a few hours until the 
point of the. fault had been located, 1 and the 
line-section with the fault switched off the 
system-without any "shock” resulting from 
a ground fault. In such systems there are no 
automatic outages for any single ground 
fault so that the protection is extended from 
the self-clearing ground fault to all single¬ 
phase ground faults. 

The temporary operation with two-phase 
wires at full line-to-line voltage above 
ground does not bring severe additional 
stress on the insulation of the system; in 
hardly any case will this occur for a period 
longer than 12 hours altogether in a year (the 
sum of the durations of all single-phase 
ground faults during 12 months). It seems 
to me that in this country the field of appli¬ 
cation of ground-fault neutralizers lies with¬ 
in systems of lower voltages, that is up to 
about 66,000 volts, and in such systems the 
cost of the neutralizer should be small in 
comparison with the cost of relays and ap¬ 
paratus for quick reclosing at each end of the 
line sections. 

Reference 

1. Sensitive Ground Protection for Trans¬ 
mission Lines and Distribution Feeders, Eric 
T. B. Gross. AIEE Transactions, volume 60, 
1941, November section, pages 968-71. 


J. E. Hobson and H. N. Muller, Jr. (West- 
inghouse Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): Power-sys¬ 
tem and application engineers appreciate the 
benefits to be obtained in increased tran¬ 


sient power limits and reliability of service 
from the use of ground-fault neutralizers 
and high-speed reclosing, both gang- and 
single-pole operated. The scheme to be 
used in any situation will be determined 
after a careful evaluation of the engineering 
and economic factors involved. The curves 
presented by the authors, resulting from a.-c 
network calculator studies, will be useful in 
helping to evaluate these engineering factors. 

Since the most commonly encountered 
problem today is that of raising transient 
power limits and improving reliability of 
service on existing transmission systems, 
and since those existing systems 110 kv and 
above are, almost without exception, oper¬ 
ated with a grounded neutral, the ground- 
fault neutralizer is usually uneconomical 
compared with other schemes. This is 
caused by the extensive system changes 
necessary to convert a grounded-neutral 
system to utilize a neutralizer. 

Several of the generalized statements con¬ 
tained in the various sets of conclusions pre¬ 
sented in this paper merit discussion. A 
few of the more important conclusions, re¬ 
lating particularly to the choice between 
three-pole or single-pole reclosing, will be 
considered. 

The authors state that 60 per cent longer 
deionizing time may be required for satis¬ 
factory arc extinction on a 100-mile line if 
single-pole rather than three-pole reclosing 
is used. It is recognized that charging cur¬ 
rent from the sound phases will flow in the 
arc while the faulty phase is isolated, and it 
is also recognized that this may be an im¬ 
portant or even limiting consideration when 
very long lines are involved. Existing data 
on time for arc deionization and on critical 
arc currents are so meager that the dis¬ 
cussers question whether it is possible to 
state any figure such as the 60 per cent pre¬ 
sented by the authors. It should also be 
remembered that charging current is not 
only a function of line length, but a func¬ 
tion of the square of the voltage, so that any 
limitation imposed by line length has little 
meaning unless it is qualified to apply to a 
particular voltage class. It is not believed to 
be practical, in view of the absence of defi¬ 
nite data, to state for what line lengths and 
voltage classes arc deionization becomes 
significantly longer when single-pole rather 
than three-pole reclosing is applied. We be¬ 
lieve this factor is not likely to be important 
for the shorter lines usually encountered. 

The authors state that single-pole reclos¬ 
ing appears to offer important advantage, 
only on single-circuit interconnecting lines, 
and when the generating capacity of one of 
the interconnected areas is not much greater 
than the load on the interconnecting line. 
We have performed calculations on a system 
where the receiver was assumed to be in¬ 
finite, and where the sending end capacity 
was several times the load to be transmitted 
over the interconnecting line. Rather large 
gains in transient power limits for single-pole 
as compared to three-pole reclosing resulted 
for reclosing times of both 35 and 20 cycles. 
For 35-cycle reclosing this gain was 42 per 
cent, and for 20-cycle reclosing 22 per cent 
applies. 

The authors also state that single-pole 
reclosing offers no advantage over gang 
operation for faults involving more than one 
phase. Our calculations show that for 
double line-to-ground faults the gain is 
smaller than for single-phase faults, but in 


particular cases this gain may still be quite 
significant. 

Transient power limits obtainable with 
20- and 35-cycle three-pole reclosing are 
compared with the limits obtainable with 
35- and 60-cycle single-pole reclosing. Con¬ 
clusions drawn by the authors from such a 
comparison are somewhat exaggerated in 
favor of the three-pole operation, even if the 
50 per cent longer deionizing time given in 
the paper is assumed to be necessary for 
satisfactory single-pole operation, since 35- 
cycle operation permits over twice the de¬ 
energized time that 20-cycle reclosing per¬ 
mits. A similar comparison exists for 60- 
and 35-cycle reclosing speeds. Even then, a 
conclusion drawn from this comparison 
states that a gain is realized by the use of 35- 
cycle single-pole as compared to 20-cycle 
gang reclosing. 

We suggest that the more rigorous method 
of symmetrical components could be used to 
advantage in calculating the arc current in 
the faulted phase during the de-energized 
period, rather than the approximate method 
used by the authors. The quantity V tt ' 
in the equations of appendix III may differ 
considerably from 0.5 F& under the un¬ 
balanced condition with one conductor iso¬ 
lated. 


J. J. Trainor (Public Service Company of 
Indiana, Inc., Indianapolis, Ind.): These 
authors seem to prefer the use of ground- 
fault neutralizers to that of single-pole re¬ 
closing. 

Probably no one in the country is better 
aware of the operating advantages and the 
improvement in line outages and service in¬ 
terruptions to be gained through the use of 
ground-fault neutralizers than we: In the 
United States, the fifth installation of 
ground-fault neutralizers and the sixth neu¬ 
tralizer, was placed in service by Public 
Service Company of Indiana, at New Castle, 
Indiana, on December 6, 1936, on a 33-kv 
delta transmission system having about 160 
miles of wood-pole line without static wires. 
After a few months’ observation of the opera¬ 
tion of this neutralizer, its value was appreci- 
ated, and four additional neutralizers were 
ordered from the manufacturer. The 
seventh installation in this country, involv¬ 
ing these four units, was completed on 
August 15, 1937, for the protection of ap¬ 
proximately 1,300 miles of 33-kv line with¬ 
out static wires on a delta system. At this 
time, we had 45 per cent, or 5 of the 11 
neutralizers in service in the country, pro¬ 
tecting 54 per cent, or 1,460 of the 2,700 
miles of line so protected. 

It may be of interest to note that we 
operate some 1,200 miles of 33-kv delta line 
in parallel with three ground-fault neu¬ 
tralizers on the parallel system. This opera¬ 
tion was not at all practical before the in¬ 
stallation of the neutralizers, and we were 
obliged to separate this section of the system 
into three isolated parts. It may be of 
further interest that we note no appreciable 
difference in the ratio of line outages to total 
system faults on the system having three 
neutralizers in parallel to the same ratio on 
the two isolated sections protected by indi¬ 
vidual units, the ratio being 60 per cent to 
65 per cent in either case. Up to December 
31, 1941, the neutralizers had successfully 
cleared 1,687 of a total of 2,634 system 
faults, or 64 per cent. 
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However, the present discussion is con¬ 
cerned with the operation of 138-kv trans¬ 
mission systems, most of which are designed 
and insulated for grounded-neutral opera¬ 
tion. The application of ground-fault 
neutralizers on such a system requires that 
all line, insulation, and arrester voltages be 
increased to the value required for delta 
operation on the entire system, or that these 
be increased to the required value on that 
section of the system to be protected by the 
neutralizer, and an insulating transformer 
installed between that section and the re¬ 
mainder of the system. In view of the prac¬ 
tically complete interconnection of the en¬ 
tire 138-kv systems in the eastern half of 
the country, involving thousands of miles of 
line and numerous substations, the isola¬ 
tion of particular systems by means of insu¬ 
lating transformers would be most expen¬ 
sive. This difficulty would be further com¬ 
plicated by the number of points at which 
interconnections occur. In our own system, 
we would require five insulating transformers 
for complete isolation, the locations being 
Lafayette, Kokomo, New Castle, Cincin¬ 
nati, and Louisville. Such transformers 
would limit the useful capacities of the lines 
to the capacities of the transformer banks. 


S. B. Crary, L. F. Kennedy, and C. A. 
Woodrow: The discussers indicate some 
differences of opinion as to the interpreta¬ 
tion of the network-analyzer stability re¬ 
sults, although not in the results themselves. 
This is not surprising, as the application of 
these results depends upon all the factors in¬ 
cluding the economic ones which affect the 
individual system or situation. Our objec¬ 
tive was to show the technical factors which 
enter into the selection of means for improv¬ 
ing reliability and the necessity of basing a 
selection upon the system characteristics. 

Messrs. Hobson and Muller believe that a 
50 per cent longer deionization time for satis¬ 
factory arc extinction on a 100-mile line, if 
single-phase rather than three-phase reclos¬ 
ing is used, is overly conservative or pessi¬ 
mistic. This assumption was made to illus- 
. trate the use of the curves in obtaining a 
comparison between single-phase and three- 
phase reclosing. The curves are such that 
any assumed de-energization time may be 
used. However, the general conclusions will 
be unchanged whether the single-phase re¬ 
closing time is or is not appreciably in¬ 
creased over three-phase reclosing. For the 
line-to-ground fault case, the rate of change 
in power limit with de-energization time is 
not very great. Messrs. Hobson and Muller 
point out that they have calculated rather 
large gains in power limits for single-phase as 
compared with three-phase reclosing, in one 
case 22 per cent gain in limit for 20-cycle 
reclosing. Although they do not specifically 
say so, this is undoubtedly for a line-to- 
ground fault. For the conditions they have 
outlined of an in fini te receiving end and a 
sending-end capacity several times the trans¬ 
mitted load, it may be questionable whether 
this additional increase in transient l imi t for 
a single-line-to-ground fault is necessary. 
We have found that for systems of this kind 
the line-to-ground fault power limit with 
single-phase reclosing is usually appreciably 
higher than the load required to be trans¬ 
mitted over the circuit. This, we believe, is 
an important consideration when determin¬ 
ing the advisability of using single-phase re¬ 
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closing rather than three-phase reclosing. 
For systems of this type, as pointed out in 
our paper, three-phase reclosing can ade¬ 
quately provide stability for even the more 
severe three-phase faults with 20-cycle re¬ 
closing for the required line loadings. For 
short lines, where the thermal limitations of 
the circuit set the maximum power which 
can be carried, it may not be economical to 
use means which increase the stability limit 
for line-to-ground faults above the thermal 
load limit. 

For double-line-to-ground faults we can¬ 
not agree with Messrs. Hobson and Muller 
that the gain may still be quite significant 
over three-phase reclosing. In the first place 
the gain is small even for the same reclosing 
time. Secondly, on many systems the num¬ 
ber of three-phase faults may be as great 
or greater than the number of double-line-to- 
ground faults. Thus the advantages of 
single-phase reclosing for other than line-to- 
ground faults are very questionable. 

In our paper results are shown for wide- 
range reclosing times. In one section of the 
paper we interpreted these results in terms of 
present-day standard breakers. Since the 
present application of single-phase reclosing 
breakers has been for longer reclosing times 
than three-phase reclosing breakers, it was 
natural for us to compare 20- and 35-cycle 
three-phase reclosing breakers with 35- and 
60-cyde single-phase reclosing breakers, re¬ 
spectively. However, any other sort of de¬ 
sired comparison can readily be made from 
the data included in our paper. We do not 
believe that reasonable variations in prac¬ 
tical comparisons will give results which are 
inconsistent with our general conclusions. 

Messrs. Hobson and Muller suggest a 
more rigorous method be used for calculat¬ 
ing the arc current in the faulted phase dur¬ 
ing the de-energization period rather than 
the approximate method used in appendix 
III of the paper. In using the network 
analyzer we represented the system as three 
separate phases with a neutral return circuit 
representing the ground and ground-wire re¬ 
turn. With this representation we were able 
to impose on the circuit the simultaneous 
dissymmetries which occur, due to clearing 
line-to-ground or dbuble-line-to-ground 
faults with single-phase switching. On the 
network analyzer the currents in the arc and 
the fundamental frequency recovery voltage 
after the fault is cleared were easily obtained 
during the angular swing when the faulted 
conductor is de-energized, while the method 
of symmetrical components becomes quite 
involved when the number of simultaneous 
dissymmetries exceeds two. These results 
indicated that for the angular displacement 
at which reclosure must take place in order 
to maintain stability, the magnitude of the 
arc current and the. steady-state recovery 
voltage was not reduced very much from 
that given in appendix III. Because of this 
confirmation, it was felt that the approxi¬ 
mate method gave a reasonably correct 
quantitative value for the arc current and 
recovery voltage which should be allowed 
for during single-phase de-energization. 
Furthermore, the current and voltage at the 
arc would conform most nearly to the ap¬ 
proximate method under those conditions of 
light system loading and would be (except 
for effect of distributed constants) almost en¬ 
tirely correct at no load. 

We regret that the limited reference to 
ground-fault neutralizers has lead Messrs. 
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Hobson, Muller and Trainor to emphasize 
the limitations of this device under some 
conditions where high-speed reclosing ap¬ 
pears to be the sound solution. We had no- 
intention of attempting to offer the ground- 
fault neutralizer in place of reclosing. It was. 
felt, however, that it should be mentioned as 
it provides an easy means of minimizing 
the effects of single-phase-to-ground faults 
where applicable. 

Mr. Gross’s discussion calls attention to 
differences between foreign and domestic 
practice in the operation of ground-fault 
neutralizers. The question of length of time 
to operate a ground-fault-neutralizer system 
with a permanent ground fault depends on 
many factors. In general, operators in this 
country prefer to switch permanent faults 
off quickly. This is the case even when 
neutralizer coils have been provided with a 
continuous rating. The type of system in¬ 
fluences this considerably. If the system is of 
relatively low voltage 33 to 66 kv, for ex¬ 
ample, and essentially radial in character 
covering a large area, it becomes good prac¬ 
tice to switch permanent faults off quickly in 
order to avoid simultaneous faults and an in¬ 
crease in the amount of load interruption. 
Other advantages also result, such as reduc¬ 
tion in telephone interference, patrol time, 
and number of incorrect relay operations due 
to simultaneous faults. 

Performance of Ground- 
Relayed Distribution 
Circuits During Faults 
to Ground 

Discussion and authors' closure of paper 42-8 
by C. L. Gilkeson, P. A. Jeanne, and J. C. 
Davenport, Jr., presented at the AIEE winter 
convention. New York, N.Y., January 26-30, 
1942, and published in AIEE TRANSAC¬ 
TIONS, 1942, January section, pages 40-8. 


William Shuler (Dayton Power and Light 
Company, Dayton, Ohio): I wish to give 
an operating man’s impression of the value 
of instantaneous ground relaying on distri¬ 
bution circuits during faults to ground. We 
started originally with ground relays con¬ 
nected on two 12-kv rural circuits. These 
relays operated in from one to two cycles, 
and, after clearing the fault, the breaker was 
immediately reclosed. The average tim e 
from the initiation of the fault to the reclos¬ 
ing of the breaker was approximately 35 
cycles, and an operation for the second open¬ 
ing, should the fault persist, was controlled 
by time-induction relays which were set to 
permit main and branch-line sectionalizing 
fuses to blow. We were so well satisfied with 
the success of this scheme that ground re¬ 
lays either have been or are being applied to 
all of our four-wire feeders, including our 
heavily loaded power circuits in urban ter¬ 
ritory. 

Some tests were made on one feeder sup¬ 
plying a customer who has a large load con¬ 
sisting of squirrel-cage, slip-ring, and syn¬ 
chronous motors, as well as rotary con¬ 
verters. A fault was placed on this circuit 
which was cleared, and the breaker reclosed 
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without losing any motor load except two 
motors whose service depended upon con¬ 
tactors energized from the a-c source. The 
250 volt d-c rotary converter, which was 
loaded only to 25 per cent, went through the 
interruption without flashing over or drop¬ 
ping out of step. 

As I see it, the use of ground relays and in¬ 
stantaneous reclosures on overhead circuits 
has two advantages: 

1. It gives a type of service almost equal to dupli¬ 
cate service. 

2. It very materially reduces the damage to over¬ 
head conductors because of fault currents. 

In applying ground relays to circuits hav¬ 
ing main or branch-line sectionalizing fuses, 
it is necessary that maximum short currents 
available be known, and that a fuse be 
selected having a time current characteristic 
which will permit the fuse to go through one 
operation without damage before the relay 
and circuit breakers clear the circuit. 

In some cases it has been necessary for us 
to install reactors at the substation to hold 
the short-circuit current down to a value 
which will protect the fuses. On those 
feeders where this has been worked out care¬ 
fully, no trouble has been experienced, and, 
although our rural feeders are very heavily 
fused, we have relatively few main or 
branch-line sectionalizing operations. 

In the paper mention is made of the fact 
that 40 amperes is about as low a fuse as can 
be used successfully. It is my opinion that 
fuses having a lower rating may be used on 
long circuits since it is only a question of the 
fuse being able to carry without damage the 
short-circuit current available for longer 
than seven cycles. 

I also want to mention the fact that we are 
now occupying poles jointly with The Ohio 
Bell Telephone Company, in territory near 
our urban district but removed from our 
four-kv system where we need only one phase 
wire and a neutral of a 12-kv feeder and can 
fuse the branch lead at a value which is satis¬ 
factory to the telephone company engineers. 
An engineering study is made of each case, 
but as a result of several years’ co-operation 
we now have many poles jointly used. 

I want to express my appreciation for the 
work done by the project committee of the 
Joint Subcommittee on Development and 
Research that collected the data which 
formed the basis for this paper. Our com¬ 
pany is of the opinion that this work was of a 
very considerable value to us. 

W. R. Brownlee (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The widespread use of instantaneous reclos¬ 
ing relays has greatly enhanced the value of 
any operating scheme which permits sub¬ 
stituting additional short-time interruptions 
in order to reduce the number of sustained 
interruptions. The comprehensive oscillo¬ 
graph information of the four companies’ 
studies is excellent confirmation of the good 
performance secured by a large number of 
operating companies with instantaneous re¬ 
closing and ground relaying. 

Several years’ experience on the system of 
the former Tennessee Electric Power Com¬ 
pany convinced the writer that even more 
sensitive ground settings than the author’s 
suggested limit of 25 amperes may be used 
without danger of “tree grounds” causing 
unnecessary operations. Many three-phase, 
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three-wire, 11-kv grounded neutral circuits 
on that system were operated with ground 
relay settings as low as 10 amperes primary. 

There is some advantage in following the 
practice of one of the companies studied, 
namely, that of permitting the high-speed 
relays to be in operation for the instantane¬ 
ous reclosure, as well as for the original dis¬ 
turbance. Objects such as tree limbs which 
are blown onto the line will sometimes fail to 
fall away from the line in the brief interval of 
instantaneous reclosing, and the second 
operation of the fast ground relay prevents 
an unnecessary sustained interruption to the 
affected branch at the expense of a few sec¬ 
onds’ interruption to the entire feeder. 

Fortunately, the telephone cable or con¬ 
ductor of a joint use installation provides a 
low enough resistance path to ground so that 
reliable operation is obtained with ground 
relays set on the order of full load current. 
It is much more difficult to insure that a 
fallen conductor in contact with the ground 
will be cleared properly, since contact re¬ 
sistance may limit the fault current to a 
value materially less than the full load cur¬ 
rent. In the case of three-wire circuits, or 
even four-wire circuits with neutral 
grounded at the supply station only, ground 
relays may be set independent of load cur¬ 
rent, and standard devices provide as sensi¬ 
tive settings as practicable. However, de¬ 
vices and methods are still lacking for pro¬ 
viding sensitive ground relaying on the more 
common three-phase, four-wire circuits, es¬ 
pecially at the lower distribution voltages. 


G. Fred Lincks (General Electric Com¬ 
pany, Pittsfield, Mass.): Messrs. Gilkeson, 
Jeanne, and Davenport’s presentation of 
operating data indicates the advantages of a 
system of relaying that apparently is being 
adopted by an increasing number of utility 
companies. Their data support the con¬ 
clusions as to the improvement in service 
continuity obtainable with such relaying as 
presented in my paper, “Relative Values of 
Different Types of Overcurrent Protection 
for Distribution Circuits.” Table I of this 


discussion, giving additional data to that in 
the curves of my paper, shows the relative 
improvement obtainable with single-ele¬ 
ment fuse cutouts employed at each of the 
branches or at a number of the sectionalizing 
points connected in series, when nonreclosing 
relays, reclosing relays, or reclosing relays 
with the instantaneous ground relaying fa¬ 
cilities are used. The authors only refer to 
branch-line fusing. Table I shows that re¬ 
laying—so the substation breaker opens 
once ahead of all sectionalizing or branch 
protective devices and then provides time 
delay so these devices will clear ahead of the 
second opening of the breaker—generally 
provides greater benefits in the improve¬ 
ment in service continuity with line sec¬ 
tionalizing than with branch protection. 
Such relaying permits securing greater re¬ 
ductions in consumer minutes outage with 
less costly branch and line-sectionalizing 
equipment than is required with nonreclos¬ 
ing or reclosing relays and breakers. For 
example, single-element sectionalizing fuses 
with the instantaneous ground relaying are 
more effective than an equal number of 
three-element reclosing cutouts with just a 
reclosing relay. 

The authors state that “instantaneous 
ground relays would not be expected to save 
branch-line fuses below 30- or 40-ampere 
rating.” It is assumed that this limitation 
applies to the system for which the data are 
reported. In setting up such a relay and line 
protective scheme, the minimum fuse rating 
would be determined by comparing the total 
clearing time for the relay and breaker with 
the melting time-current characteristic 
curves for the fuses. A 25 per cent factor 
should be applied for variables (see Figure 
14, "Trends in Distribution Overcurrent 
Protection” by G. F. Lincks and P. E. Ben¬ 
ner, AIEE Transactions, volume 56, 1937, 
January section, pages 138-52). The 
minimum fuse rating which will provide the 
desired selectivity of operation will depend 
on the relay setting and breaker opening 
time and the current available at the point 
on the system where the line protective de¬ 
vice is located. In studies on actual circuits 


Table I. Comparison of the Effectiveness of Substation Protective Equipment 
With Single-Element Cutouts and 75 Per Cent Temporary Faults 


Substation Protection 

--—--- Maximum 

Reclosing Breaker Protection Obtainable 
Nonreclosing Automatic Reclosing Set for 1st Opening (Permanent Faults 
No. of Branches Breaker Breaker Ahead of Line Fuses Only Cause Outage) 

or Sectionalizing-—- 

Points Per Cent Consumer Minutes Outage* 


Protecting 5-Mile Branches 


0 . 

...115.7 . 

. 101,0 . 

.. .101.0 . 


I . 

... 85.0 . 

. 75.0 . 

... 78.9 . 

. 72.2 

2 ... 

... 65.5 . 

. 57.8.... . 

... 56.1. 

. 64.8 

3.. 

... 51.8. 

. 46.0. 

... 44.2. 

.42.8 

4. 

... 42.0. 

. 37.2. 

... 35.6 . 

. 34.5 

5 ./... 

... 34.8 . 

. 31.0. . 

... 29.4 . 


6 .. 

... 29.2 . 

. 26.1 . 

... 24.7 . 

. 23.8 

Protecting at Sectionalizing Points 




0 . 

...115.7..:.. 

. 101.0 . 

...101.0 . 

. 100.0 

1 ... 

...100. . 

. 92.6 . 

... 74.3., . 

. 64.0 

2 ........ 

... 92 . 

. 87.0 . 

... 64.5 . 

. 53.2 

3 . . 

... '87.5... 

. 83.4. 

... 60.0. 


4..... 

... 84.2..... 

. 81.3. 

... 57.0. 

.44.0 

5. 

... 81.7 . 

.. 79.5. 

... 54.8 . 


6 .. 

... 80.8. 

. 78.5 . 

... 53.5 .. 

. .40.9 


* Per cent «* 100 X 


Consumer minutes outage caused by permanent faults 
plus temporary faults for any specific system setup 
Consumer minutes outage caused by permanent faults 
alone with no branch protection or line sectionalizing 
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it has been found that with instantaneous 
ground relaying, proper selectivity of opera¬ 
tion is possible with fuse ratings as low as 
10 amperes where such fuses are located well 
out on the line where the available short-cir¬ 
cuit currents are low. 

The authors’ report on the high quality of 
the performance of fuses is indicative of the 
improvement that has been made in this 
product during the past few years. It shows 
that modem fuse links are meeting the re¬ 
quisites of greater dependability and ac¬ 
curacy demanded by such co-ordination 
practices. 


C. L. Gilkeson, P. A. Jeanne, and J. C. 
Davenport, Jr.: The authors wish to thank 
Messrs. Shuler, Brownlee, and Lincks for 
their interesting and instructive discussions 
of this paper. In reply to the question re¬ 
garding the statement in the paper that in¬ 
stantaneous ground relays would not be ex¬ 
pected to save branch-line fuses below 30- or 
40-ampere rating, the authors were referring 
to relatively high kilovolt-ampere capacity 
feeders, such as those on which most of the 
observations were made. Where the fault 
current is limited to relatively small values, 
either due to long feeders or neutral im¬ 
pedance, smaller fuses could be protected, as 
Mr. Shuler stated. 

In suggesting minimum ground-relay set¬ 
tings of 25 to 35 amperes, the authors wished 
to be conservative, particularly with respect 
to four-wire multigrounded neutral feeders. 
As Mr. Brownlee states, lower settings may 
be feasible/and have been used on three- 
wire unigrounded neutral systems. 

The following errors appeared in this 
paper as published in the AIEE Transac¬ 
tions (volume 61, 1942, January section, 
pages 40-8): 

1. Table II. The subheading "Instantaneous” un¬ 
der "Ground Relays” applies only to the column 
just preceding “Reclosure Practice." 

2. Table III. In the footnote ff "cleared” should 
read “clear.” 

3. Table B. In the title "Local” should read 
"Load.” 

Relative Value of Different 
Types of Overcurrent 
Protection for Distribution 
Circuits 

Discussion and author’s closure of paper 42-2 
by G. F. Lincks, presented at the AIEE 
winter convention. New York, N. Y., January 
26-30, 1942, and published in AIEE 
TRANSACTIONS, 1942, January section, 
pages 19-26. 


R. O. Loomis (Georgia Power Company, 
Atlanta, Ga.): Line-sectionalizing devices 
provide an economical means of reducing 
interruptions to electric service, which 
means improving the quality of the service. 
As in practically all engineering problems, 
the cost is the important element. Since in¬ 
vestments in distribution lines are an impor¬ 
tant part of total system investments, op¬ 
portunities for reducing these investments 
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cannot be overlooked. Mr. Lincks has com¬ 
pared in this paper the relative value of 
different types of devices, enabling selection 
of the method providing the greatest im¬ 
provement at the lowest cost. Mr. Lincks 
has made a definite contribution by provid¬ 
ing a method of comparison. This paper is 
very pertinent at the present time when re¬ 
strictions in material will prevent more ex¬ 
pensive methods of improving service. 

In applying sectionalizing devices, it 
should be remembered that proper co¬ 
ordination is essential. I suppose that one of 
the assumptions employed was that perfect 
co-ordination was obtained, and that no 
fuses broke mechanically or blew because of 
poor mechanical condition of cutouts. Some 
forms of cutouts tend to overstress the links 
mechanically upon closing. Cutouts in poor 
condition may overheat. Mechanical failure 
of reclosing fuses to reclose occurs. It will be 
necessary to use only one make and type of 
link on a given line. This usually means the 
use of only one make and type of link by the 
entire company, or at least by one operating 
district. Attention to such details is neces¬ 
sary to approach perfect operation. 1 would 
litrp to know what the effect on the results 
would be if an assumption had been made 
that, say one fuse link out of ten blew incor¬ 
rectly, or unnecessarily. 

Assumption 6 states that a trouble crew is 
available to start instantly. In rural areas 
where much of the sectionalizing is em¬ 
ployed, this is seldom true. The additional 
timp required apparently increases the bene¬ 
fits of sectionalizing. 

In assumption 7, permanent faults are re¬ 
paired very rapidly. Sometimes such faults 
require a crew larger than the trouble crew, 
and sometimes they are difficult to find, so I 
am inclined to think 30 minutes on the aver¬ 
age is low. Increasing this time apparently 
increases the benefits of sectionalizing. Sec¬ 
tionalizing helps in locating the faults diffi¬ 
cult to find, which is an added advantage. 

Assumption 10 is often not true in rural 
areas. On the other hand, in urban areas 
where short-circuit currents are larger, and 
relay current and time settings are higher, 
because of larger loads, and to co-ordinate 
with larger transformer fuses, branch fusing 
may prevent burning down lines, since the 
branch fuse may blow in a time short enough 
to prevent damaging the conductors, where 
the substation breaker will not open quickly 
enough to prevent burning of conductors. 
This advantage is also obtained by using 
pole-mounted oil circuit redosers, but they 
are not so adaptable to urban distribution as 
sectionalizing fuses. Although mechanical 
breakdown of conductors by automobiles, 
trees, and so forth, occur, I have not found a 
case where conductors burned down when 
protected by oil circuit reclosers. 

The curves presented . deserve careful 
study. They show the effects of a high per¬ 
centage of temporary faults, particularly on 
line sectionalizing. I am surprised that the 
percentage of temporary faults does not 
have more effect in branch fusing as shown in 
Figure 5 of the paper. The conclusion that 
“Single-element fusing of branches provides 
approximately 85 to 95 per cent of the total 
improvement obtainable” is rather startling 
to me. • I would like to know what effect the 
percentage of temporary faults has on 
branch fusing when all the customers are on 
the branches: for example, when all 
branches at the end of a trunk feeder are 

Discussions 


fused. Other conclusions appear reasonable 
and justified. 

C. R. Craig (General Electric Company, 
Pittsfield, Mass.): Because of the fact that 
conclusions drawn from a mathematical 
study of operating conditions must neces¬ 
sarily be tempered by experience and inher¬ 
ent characteristics of individual systems, it 
should be borne in mind that the benefits of 
the different types of protection presented in 
Mr. Lincks’ paper for a system as a whole 
may just as well be applied to only a portion 
of a particular system. If this portion of the 
system were subject to an especially high 
percentage of temporary faults, as compared 
to the system as a whole, an efficient com¬ 
bination of protection on the troublesome 
branches or small section of feeder would ma¬ 
terially reduce the percentage of temporary 
faults on the entire system, thereby lowering 
the over-all outage time. 

In paragraph 5, under the heading “Of 
What Value Is Branch Protection,” the 
author calls to attention one of the most im¬ 
portant conclusions. This shows that single¬ 
element cutouts furnish the major percent¬ 
age of the total improvement attainable by 
branch protection. From the standpoint of 
initial cost, this means that the single-ele¬ 
ment cutouts give the most protection for 
the money invested. For example, let us 
assume some comparative costs of protective 
equipment, and then determine the com¬ 
parative benefits of the combinations of pro¬ 
tective equipment. 

While actual costs may vary a great deal, 
for the sake of illustration, the following 
somewhat arbitrary values are assumed for 
initial installed costs: 


One-element cutout.$ 20 each 

Two-element cutout. 30 each 

Three-element cutout. 70 each 

Line automatic recloser. 120 each 

Nonreclosing substation 

Breaker and relays. 1,000 each 

Automatic reclosing substation 

Breaker and relays.1,350 each 


The division of the total cost of branch 
protective equipment by the cost of substa¬ 
tion protective equipment alone will give the 
per cent increase in initial cost of combined 
substation and branch protection over that 
for no branch protection. This result can be 
compared with the per cent improvement in 
system protection as shown in the paper for 
the corresponding system setup (see Figures 
5 and 8 of the paper). A summary such as 
Table I of this discussion, constructed from 
the above assumptions and data calculated 
for the paper, serves to illustrate the com¬ 
parison between attainable improvement in 
protection and the cost of the protective 
equipment. 

Even though the above assumed compara¬ 
tive costs may not be exact for cutouts or 
breakers, it is evident from Table I, for ex¬ 
ample, that with a nonreclosing substation 
breaker, single-element cutouts on branches 
furnish 52.7 per cent improvement in protec¬ 
tion with only 6 per cent increase in total in¬ 
stalled costs over no branch protection. An 
increase in cost of 15 per cent (21-6 per 
cent) for three-element cutouts over the cost 
of single-element cutouts is necessary to ob¬ 
tain only 1.3 per cent (54-52.7 per cent) in¬ 
crease in protection furnished by the three- 
element in place of single-element cutouts. 
Similar comparisons may be made with the 
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Table I 


For 75 Per Cent Temporary Faults 


Consumer- 

Minutes 




Outage in 


Per Cent* 

Per Cent 

Substation Three 5-Mile Branches! 

Per Cent of 

Initial 

Improvement 

Increase 

Protection 

Branch Protection 

“Yardstick” 

Cost 

in Protection 

in Cost 


None.. 

... 110 _ 

,$1,000. , 


** 


3 One-element cutout 






($20 each). 

... 52 .... 

. 1,060. 

. 52.7_ 

... 6 

Nonreclosing breaker 

3 Two-element cutout 




(31,000). \ 

($30 each)... 

... 51 _ 

, 1,090. , 

.... 53.6 

... 9 


3 Three-element cutout 






($70 each). 

... 50.6. 

. 1,210. . 

_ 34.0_ 

...21 


3 Automatic recloser 





i ($120 each). 

...50 . 

. 1,360. . 

- 54.5.... 

.. .36 


(None. 

3 One-element cutout 

... 100 . 

. 1,350. . 


... / 


($20 each). 

... 46 . 

. 1,410. . 

_ 54 _ 

... 4.5 

Automatic reclosing 

3 Two-element cutout 




breaker ($1,350). < 

, ($30 each). 

...45 . 

. 1.440. . 

.... 55 .... 

... 6.7 


13 Three-element cutout 





1 

I ($70 each). 

... 44.7. 

. 1.560. . 

_ 55.3.... 

...15.5 

I 

3 Automatic recloser 






i ($120 each). 

,...44 . 

. 1,710.. 

_ 56 .... 

...27 

Permanent faults only. . 


,... 43 . 

....##67 


* Per cent improvement in protection = attainable decrease in outages, expressed as a per cent of the per 


cent consumer-minutes outages attainable with no branch protection. Example— 11( ] : / 2 X 100 - 52.7 per 


cent. 


110 


**100 per cent base cost-=$1,000 for nonreclosing breaker, relays, etc. (Substation protection only.) 

#100 per cent base cost *» $1,350 for automatic reclosing breaker, relays, etc. (Substation protection only.) 

##67 per cent in this case represents the maximum per cent of decrease in outages attainable (all temperature 
faults cleared immediately). 

t Assume 7,500-volt single-phase, line-to-ground neutral, requiring only one protective unit per branch. 


other types of equipment and with the auto¬ 
matic reclosing breaker at the substation as 
shown in the table. This example illustrates 
how actual costs may be applied in the 
author’s mathematical study to be used as 
an aid in actual system planning. 

To the loss of revenue and initial costs, 
there must be added the cost of maintaining 
the protective equipment on a system. It 
would be possible and advantageous to de¬ 
termine comparative maintenance costs for 
various combinations of protective equip¬ 
ment from a similar mathematical study 
with assumptions and conditions parallel to 
those in the paper under discussion. Calcu¬ 
lations of actual outage time alone would 
serve as a basis for figuring labor costs for 
restoring service after outages with the dif¬ 
ferent combinations of protective equip¬ 
ment. Auto and truck mileage would form a 
portion of the maintenance cost, but from 
the assumptions in this paper they would be 
uniform and proportional to the number of 
miles of line, because the number of outages 
and consumers per mile were assumed uni¬ 
form. While it might be difficult to intro¬ 
duce actual costs into a maintenance study, 
because of the diversity of setups of distribu¬ 
tion systems, comparative percentages 
would show the relations between the values 
of different types of overcurrent protection 
and the labor time necessary to maintain the 
protection. 

Bruce O. Watkins (nonmember; Rural 
Electrification Administration, St. Louis, 
Mo.): Mr. Lincks is to be congratulated for 
this contribution to the solution of distribu- 
tion-line-sectionalizing problems. 

The so called "area-electrification” pro¬ 
gram such as practiced by the Rural Elec¬ 
trification Administration opens up an en¬ 
tirely new field in distribution engineering. 
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So far distribution engineers have only 
scratched the surface on this subject. 

Rural distribution systems financed by 
the Rural Electrification Administration 
vary widely in characteristics, but for pur¬ 
poses of discussion, a "representative” sys¬ 
tem as such usually involves between 300 
and 400 miles of line, served by a single sub¬ 
station. Most systems are sectionalized by 
means of fuses. The substation protection 
consists of a three-shot reclosing fuse cutout, 
with the line sectionalized by two or three- 
shot cutouts. Branch laterals are usually 
controlled by a single-shot cutout. Operat¬ 
ing practices on each system 'vary to suit 
local conditions, but for the purpose of this 
discussion the following practices are con¬ 
sidered: 

1. Substation is unattended. 

2. Very little or no communication facilities are 
available. 

3. Roads are usually poor, particularly during wet 
weather. 

4. Line-crew personnel live a great distance apart 
or are usually out connecting new consumers or 
maintaining the lines. 

5. Ends of lines may be 60 miles or more from the 
central office. 

It can be seen that the above conditions 
are vastly different from those encountered 
in city or urban distribution. 

Systems fused ifi the above manner have 
not given the results that have come to be 
expected for good service, particularly in 
lightning areas. Due to inadequate com¬ 
munication facilities, outages are not always 
reported promptly, and when they are re¬ 
ported, the problem of assembling a crew de¬ 
lays the restoration of service. The actual 
patrol of the lines to locate the trouble, and 
the travel over poor roads further increase 
the outage time. 

To solve the communication problems, 


REA has been experimenting with two de¬ 
vices: 

(a). A carrier-current outage recorder which im¬ 
mediately notifies the office of the location of an 
open sectionalizing device. 

(5). A carrier communication system with portable 
transmitter-receiver and coupling capacitor in the 
trucks and with fixed equipment in the office. 


Single-pole automatic reclosing circuit 
breakers, described by Mr. Lincks as “re¬ 
setting reclosers,” were installed on some of 
the earlier Rural Electrification Administra¬ 
tion systems in conjunction with gap-pro¬ 
tected transformers. Though many of these 
reclosers failed (failures largely due to im¬ 
proper insulation co-ordination), the results 
on the whole were so encouraging that in 
1939 a program for installing an unprece¬ 
dented number of such reclosers on systems 
located along the eastern seaboard was be¬ 
gun. 

Table I indicates the results of a survey in 
one of the midwestem states where this type 
of recloser is being used. Gap-type trans¬ 
formers are in use on most of these systems. 
Since the recloser design was changed during 
this period, the two types of reclosers in use 
are differentiated by the terms 1 and 2, 
number 2 being the later design. All re¬ 
closers are of the same make. 

On the eastern seaboard projects the re¬ 
closers are installed both on feeders and 
branches so that each one controls about 20 
miles of line. No fused cutouts are installed 
on the load side of the recloser. In some 
cases reclosing fused cutouts are used for 
feeder sectionalizing and branch protection 
near the substation. Most of these systems 
have conventional arrester-protected trans¬ 
formers. 

So far there has not been sufficient data 
accumulated to draw any final conclusions 
on the performance of these reclosing circuit 
breakers installed along the eastern sea¬ 
board, but the available information indi¬ 
cates much better operating results, both in 
shortening the length of interruption and 
decreasing maintenance costs, than with the 
previously fused systems. Quantitative re¬ 
sults are being accumulated, but have not 
yet been tabulated; indications are that the 
per cent of lockouts to total operations is less 
than 10 per cent, and in some cases less than 
5 per cent, during the lightning season. 
Only one complete recloser failure has oc¬ 
curred to our knowledge out of about 1,500 
installed. Unfortunately, quantitative re¬ 
sults for the previous fused cutout operation 
were not obtained, and hence no numerical 
comparison can be made. However, operat¬ 
ing reports are not complete, but they do 
indicate that service has been improved con¬ 
siderably with the reclosing breakers and 
would seem to bear out the conclusion 
reached by Mr. Lincks that a very sub¬ 
stantial improvement over fused cutouts 
is possible by using the recloser for section¬ 
alizing, where there is a high percentage of 
temporary faults. 

I agree with Mr. Lincks that continuity of 
service is always an operating engineer’s 
major object, but there is also another angle 
to economical system operation. How much 
can we spend to eliminate fuse replace¬ 
ments? Estimates from Rural Electrifica¬ 
tion Administration system managers indi¬ 
cate that a few trips to refuse a distant cut¬ 
out will cost much more than investment 
and maintenance costs on the recloser. 
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Since most faults are temporary, the re¬ 
closer eliminates the majority of the previ¬ 
ously necessary refusing trips. 

There are still disadvantages to the pres¬ 
ently available reclosing single-pole breaker: 

1. As Mr. Lincks points out, it is not always prac¬ 
ticable to provide automatic selectivity between the 
smaller size reclosers and the transformer fuse. This 
is particularly true for internally fused transformers. 

2. There is an insufficient number of redoser sizes 
which will co-ordinate for proper sectionalizing on 
lengthy lines. 

Both of these difficulties can be overcome, 
to some extent, by the introduction of in¬ 
verse time delay in the recloser opening. 
New design reclosers have appeared on the 


Table II. Report of Single-Pole-Reclo*Sng 
Circuit-Breaker Operation on SO Rural Sys¬ 
tems in a Midwestern State to November 1, 
1940 

Most Systems Are Equipped With Gap- 
Protected Transformers 


Total number of circuit reclosers re¬ 
ported. 417 

Total reported circuit redoser months 

Of operation....5,093 

Total number of operations reported.. .20,973 

Total number lockouts reported. 271 

Per cent of lockouts to operations.. 1.29 

Total operations where operations and 
number of reclosers were both re¬ 
ported.20,973* 

Total number of redosers as of above.. 301* 

Average number of operations per 

breaker where both were reported.. 69.6 

Average number of operations reported 

per redoser per month. 4.11 

Total reported number of redoser fail¬ 
ures due to: 

Lightning... 24 

Worn parts. 2 

Oil....... 

Other. 21 

Total reported redoser failures, includ¬ 
ing those not segregated. 59 

Percentage of total'redoser failures to 
number installed where both were 

reported.,. 16.1 

Percentage of total recloser failures per 
12 months, where number of fail¬ 
ures and months of operation 

were both reported.. 13.5 

(Excluding system 18 where instal- 
tion date was not given) 

Total reported failures: 

Design 1 redosers. 56f 

Design 2 redosers. 3 

Percentage of total design 1 redoser 
failure per 12 months, where num¬ 
ber of failures and months of opera¬ 
tion were both reported.. 21.8 

Percentage of total design 2 redoser 
failures per 12 months, where num¬ 
ber of failures and months of opera¬ 
tion were both reported.;. 2.04 


•Number of reclosers and operations not always 
simultaneously reported. 

fSystems 10 and 14 indicate failures but do not 
give the number. Other information on hand for 
system 10 indicates not more than two failures oc¬ 
curred, both due to redoser misapplication in inter¬ 
rupting rating. 


market with such inverse time delay, but the 
experience with them is insufficient as yet to 
form any conclusion. Rural Electrification 
Administration is instituting further de¬ 
velopment of this inverse-time-delay feature 
in the redoser opening. 

Mr, Lincks states that overlapping the 
substation redosing protection with single- 
element fusing at the branches or section¬ 
alizing points approaches very closely to 


providing the minimum consumer minutes 
outage attainable. 

Such a scheme is used on Rural Electrifi¬ 
cation Administration systems in the Ten¬ 
nessee Valley Authority area and works 
very satisfactorily. However, I do not feel 
that it is advisable on an extensive system. 

1. Outages, even if momentary, are objectionable 
if over a large system. 

2. It is difficult to reach all. the way out on the 
system with the substation breaker. 

3. The cost of the reclosing substation breaker 
would cover a great many single-pole reclosers. 

In my opinion, definite advances can be 
made in rural distribution sectionalizing by 
the development of a small redosing breaker 
similar to the present redoser, but with 
practically instantaneous first opening and 
inverse time dday on succeeding openings. 
The first redosure should be as rapid as pos¬ 
sible. Such a device should be inexpensive 
and should reset automatically. In order to 
reduce outage time on temporary line faults, 
the use of this breaker is advisable on most 
rural distribution feeders and long branch 
lines. By means of the instantaneous first 
opening and inverse-time-dday second open¬ 
ing, all short branch lines then could be pro¬ 
tected with single-shot fuses, thus achieving 
the best over-all results. This idea seems to 
agree fairly well with the conclusions reached 
by Mr. Lincks concerning a reclosing 
breaker-fused branch combination, al¬ 
though Mr. Lincks discusses a different type 
of breaker. Also, I believe that to reduce 
outage time, the device should be single¬ 
pole, and, in order to prevent three-phase 
motor burnout with this device, effective 
and economical three-phase motor protec¬ 
tion should be simultaneously developed. 

Perhaps some new type of apparatus can 
be developed which will accomplish these 
results. At any rate continued research on 
the problem should advance the rural circuit 
sectionalizing art. 


Table III. Per Cent Consumer-Minutes Outage. 
Relative Effect of Various Methods of Branch 
Fusing 



I question the validity of two apparent con¬ 
clusions derived from the author's data: 

1. The data Indicate less than a 10 per cent reduc¬ 
tion ip customer minutes outage by changing from a 
nonreclosing to a reclosing station oil circuit breaker 
as compared with about a 60 per cent improvement 
for branch fusing. The operating data of the com¬ 
pany with which I have been associated show that 
70 per cent of. feeder troubles are restored without a 
lockout by reclosures of the station breakers. 

2. In view of experience with reclosing station 
breakers, it is believed that actual operating experi¬ 
ence would show a greater advantage in two or 
three element branch fuses. 


G. F. Lincks: The author greatly appreci¬ 
ates the contributions made by those dis¬ 
cussing the paper. There have been a num¬ 
ber of points brought out in these discussions 
which should enhance the paper’s value for 


L. G. Smith (Consolidated Gas, Electric 
Light and Power Company, Baltimore, 
Md.): The author has prepared an excel¬ 
lent paper. In the field of distribution en¬ 
gineering there is a need for more papers of 
this type. In such studies the analytical ap¬ 
proach based upon operating data should 
lead to conclusions that indicate: 

1. Where to spend capital and maintenance dollars 
to obtain the best operating results by directly com¬ 
paring operating benefits with the cost. 

2. Where capital and maintenance dollars should 
not be spent. 

3. What can be done to obtain the maximum im¬ 
provement in continuity to service. 

This paper should inspire further engineer¬ 
ing studies of this type. However, addi¬ 
tional operating data are necessary on which 
to build; premises for further analytical 
studies. 

The author refers to temporary faults 
varying from 15 to 85 per cent of the total. 
It is believed that in the usual distribution 
system the percentage is certainly above 50 
and probably more of the order of 70. 

With the help of summary tables in a pre¬ 
liminary copy obtained from the author, 
Table III was prepared. If I have correctly 
interpreted the data, and if the data on one 
curve are comparable ;with those of another, 


those interested in the improvement of 
service continuity on distribution systems. 

As Mr. R. O. Loomis points out, the study 
presented in the paper is based on securing 
perfect co-ordination. It has been experi¬ 
enced by a number of utility companies 
which, in addition to standardizing on only 
one type and make of fuse link for a given 
line, eliminated the possible causes of 
mechanical breakage of the fuse links, and 
poor mechanical and thermal conditions in 
the cutouts as well. Without doubt, Mr. 
Loomis had in mind reviewing the possible 
benefits to be derived from such elimination 
1 of defective devices, in raising the question 
as to the effect on the results “if, say, one 
fuse link out of ten blew incorrectly or un¬ 
necessarily.” “Incorrectly” might imply 
improper sequence of operation without any 
increase in the actual number of outages, 
whereas “unnecessarily” would tend to indi¬ 
cate an increase in the number of outages. 
In either case, the effect on the results 
would vary with the location of the cutout 
which was causing the improper operation. 
In analyzing this point, it was assumed that 
the causes of such difficulty would be local¬ 
ized to one or two specific cutouts and would 
not be spread evenly over the whole line. 

In case one out of ten devices operate 
“incorrectly,” it was assumed that the cir- 
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cuit was opened at the next point closer to 
the substation than at the point where in¬ 
correct operation occurred. With line sec- 
tionalizing, this would tend to decrease by 
about one-tenth the improvement provided 
by the defective single-element or reclosing 
sectionalizing device. With single-element 
or reclosing branch protection, the station 
breaker would open, taking out the whole 
line instead of isolating the fault to the indi¬ 
vidual branch. Thus, the improvement 
over the “Yardstick" as provided by the 
branch protection employed under the spe¬ 
cific system setup would be reduced by one 
tenth. The effect of defective equipment 
which causes incorrect operation is consider¬ 
ably greater at branches than at sectionaliz¬ 
ing points. 

In the case of devices operating “ unneces - 
sarily,” and thus causing an additional num¬ 
ber of outages to the one per mile used in the 
calculation, in the ratio of 1 to 10, it would 
be necessary to add from two to six units to 
the percentages shown on the curves for line 
sectionalizing with protective devices con¬ 
nected in series. The two should be added 
if the troublesome sectionalizing device is 
located close to the substation, and the six 
added if the troublesome device is located at 
the last sectionalizing point on the line. It 
varies about proportionately in between. 
With branch protection the effect is negligi¬ 
ble, amounting to the addition of one unit 
to the percentages shown on the curves. 
With either branch fusing or line sectionaliz¬ 
ing, the improvement provided by a defec¬ 
tive reclosing device would be reduced by 
one tenth of the difference between the per¬ 
centage shown on the curves for the actual 
device and for a device^having one less re¬ 
closure. 

Mr. Loomis is interested in the effect of 
the percentage of temporary faults on 
branch fusing, when all the consumers are on 
the branches, rather than evenly distributed 
over both the branches and the main feeder, 
as in the paper. A further study indicates 
that under such conditions, branch protec¬ 
tion provides two or three units greater im¬ 
provement for single-element cutouts, but 
no greater relative improvement for differetit 
devices or different percentages of temporary 
faults. 

Apparently there was a misunderstanding 
of some of the values given in the paper on 
the part of Mr. L, G, Smith, which led to his 
questioning of the validity of two of the con¬ 
clusions. Mr. Smith indicates that the 
operating data of the company with which 
he has been associated shows that 70 per cent 
of the feeder troubles are restored without a 
lockout. This operating experience lines up 
quite well with the values given in Table IV 
in the appendix of the paper. The values 
used in the calculations for determining the 
consumer minutes outage from which the 
curves were plotted are shown, in Table IV, 
to line up with this operating practice. This 
shows that while the reduction of the num¬ 
ber of outages by reclosing equipment may 


be a very high percentage of the total, it 
does not necessarily indicate the same reduc¬ 
tion in consumer minutes outage when re¬ 
lated to the whole system. Consumer min¬ 
utes outage takes into consideration the 
time it takes to go out and locate the fault, 
make repairs, and so forth. A large pro¬ 
portion of this time is required for perma¬ 
nent faults even with a high percentage of 
temporary faults. Single-element line sec¬ 
tionalizing and branch fusing reduce this 
time as well as decreasing the number of con¬ 
sumers affected. With branch fusing the 
consumer minutes outage caused by fuse 
blowing on temporary faults is a very small 
percentage of the total for the whole firm, 
since only, those on the one branch are 
affected. Therefore, even though reclosing 
devices on branches do restore service on 
70 per cent of the faults without lockouts, 
the improvement in consumer minutes out¬ 
age is very small when related to the syst em 
as a whole. However, as pointed out by Mr. 
Craig, the treatment of an individual branch 
as a unit would show a much greater im¬ 
provement for reclosing equipment, and this 
might be sufficient to warrant special atten¬ 
tion where some peculiar condition exists on 
that branch. It might even improve the 
consumer minutes outage on the whole sys¬ 
tem, if the percentage of temporary faults 
on the branch were particularly high as com¬ 
pared to the percentage of temporary faults 
on the system as a whole. 

Mr. B. O. Watkins brings out some of the 
problems involved in rural electrification. 
He draws the conclusion that the automatic 
resetting recloser provides the real answer 
to the rural problems. As partial substantia¬ 
tion of these conclusions, he cites some data 
based on circuits employing gaps for light¬ 
ning protection of the individual trans¬ 
formers. It should be recognized that such 
a setup has a fictitiously high percentage of 
temporary faults, since the automatic re¬ 
closing devices are called upon to give not 
only overcurrent protection, but also a part 
of the function that proper lightning protec¬ 
tion should give. A tabulation of the num¬ 
ber of successful reclosing operations with¬ 
out lockout should show up well, because 
the arc across the gaps is very likely to 
go out, as quickly as the recloser opens the 
circuit the first time, and is not likely to be 
re-established. The data presented in the 
paper are based on a normal system with 
the better conventional ligh tning protec¬ 
tion, where the reclosing protective devices 
are not called upon to do double duty 
in interrupting the accidental plus gap- 
created short circuits. Therefore, the im¬ 
provement indicated for reclosing devices in 
the paper will fall short of the improvement 
shown by data which include numerous ad¬ 
ditional operations to clear on the first re¬ 
closure arcovers on gaps employed for 
lightning protection. 

Mr. Watkins stresses again the limitation 
in the number of reclosers that can be con¬ 
nected in series and the difficulty of co¬ 


ordination with the fuses at the transformer, 
which is brought out in the paper. He gives 
his idea of an ideal design which would have 
instantaneous operation on the first opening 
and then inverse time-current characteristics 
on subsequent operation. Such a device 
would have some advantages over the pres¬ 
ent design, although it would not provide for 
any increase in the number of devices that 
could be connected in series. The instan¬ 
taneous operation on the first opening would 
retain the advantages of the present design 
in the preventing of burning down of lines, 
which is mentioned by Mr. R. O. Loomis 
when he states,. “I have not found a case 
where conductors bum down when pro¬ 
tected by oil circuit reclosers.” It would 
probably have, a similar advantage as re¬ 
gards the burning back of gaps employed for 
lightning protection, which might become 
excessive more quickly with reclosers hav¬ 
ing a longer time of operation on the initial 
opening. Actual operating experience is 
available only with the rapid opening. 

All of these factors should be considered 
when employing the curves of the paper for 
the study of the relative value of different 
types of protective devices, when the char¬ 
acteristics of the devices or the type of the 
application vary from the assumptions of 
the paper. 

Mr. Craig has presented some additional 
information and suggestions for applying the 
data presented in the paper, which should 
extend its value. 

Relays and Breakers (or 
High-Speed Single-Pole 
Tripping and Reclosing 

Discussion of paper 42-35 by S. L. Golds- 
borough and A. W. Hill, presented at the 
AIEE winter convention. New York, N. Y., 
January 26-30,1942, and published in AIEE 
TRANSACTIONS, 1942, February section, 
pages 7T-81. 


Eric T. B. Gross (College of the City of 
New York, New York, N. Y.): In con¬ 
nection with the application of relays acting 
Upon the phase-angle shift between two sets 
of phase-sequence quantities, it might be 
of interest to mention that a similar problem 
arises in the problem to secure correct opera¬ 
tion of distance relays in delta-wye con¬ 
nected systems. One of the solutions to 
this problem makes use of wattmeter-type 
phase-sequence relays. 1 

Reference 

1. Influence of Wyb-Dblta Transformation 
on Distance Protection of High-Voltaob Sys¬ 
tems, E. Gross. Eleklrolechrtik und Maschinenbau, 
. volume 55, 1937, pages 333-8. 
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Evening Courses at Graduate 
Levels—a Challenge to 
Colleges of Engineering 

Discussion and author's closure of paper 
42-34 by Robin Beach, presented at the AIEE 
winter convention. New York, N. Y., January 
26-30, 1942, and published in AIEE 
TRANSACTIONS, 1942, February section, 
pages 88-94. 

P. L. Alger (General Electric Company, 
Schenectady, N. Y.): This paper is very 
welcome for its record and advocacy of ad¬ 
vanced education for engineers in industry. 
It is obvious that any four-year or even six- 
year course in college is only the beginning 
of an engineer's education. All who aspire to 
professional standing, therefore, must con¬ 
tinue their studies for many years after leav¬ 
ing the halls of the university. Heretofore, 
most graduates have found it sufficient to 
leam from the hard knocks of experience and 
the advice of their associates, supplemented 
by occasional periods of individual study. 
It must be expected, however, that very 
many men in the future will wish to accele¬ 
rate this process of continued learning, and 
will welcome the help of experts in so doing. 

There are several reasons why the col¬ 
leges should seize this opportunity for ex¬ 
pansion, besides the mere filling of a growing 
educational need. For one thing these older 
students, engaged in practical engineering 
work, will bring to the university definite 
ideas on the utility of various sorts of knowl¬ 
edge, and numerous problems whose solu¬ 
tions are needed. Thus, the college profes¬ 
sors will be jarred out of any academic ruts 
and stimulated to extend their own knowl¬ 
edge. In this atmosphere research pro¬ 
grams will naturally grow up, industry sup¬ 
port for them will develop, opportunities for 
student employment will arise, and under¬ 
graduate education will become more real¬ 
istic. 

Also teaching practicing engineers how 
better to perform their daily work is'a public 
service of immediate economic value. The 
tuition fees received in consequence are 
likely to be multiplied many times in the col¬ 
lege income, merely because of the com¬ 
munity of interest and co-operative spirit 
thus created between the university and the 
town. 

Any step that lessens the time between 
spending money for education and reaping 
its rewards reduces over-all costs and 
strengthens the financial position of the col¬ 
lege. To advocate as some do that the 
government fin a n ce large numbers of stu¬ 
dents for a fifth or sixth year of college resi¬ 
dence is, therefore, economically unsound, 
and, by the same token, evening courses for 
graduates are economically sound. They 
open the way for many young men to leam 
things they could not otherwise afford to 
study. 

I believe that the future trend of these 

evening courses will be to include many more 

civic and cultural subjects that will make 
the engineer a better citizen, a man of 
affairs rather than a technician. It is only 
after an engineer has begun to carry business 
and family responsibilities that he can put to 
use .a knowledge of law and accounting, or of 
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history and government, or indulge his 
tastes for art. He should study these things 
after college, therefore, rather than post¬ 
pone his technical courses on their account. 
The largest field of future service for the col¬ 
leges may be the civic and cultural educa¬ 
tion of mature and busy men. If the col¬ 
leges undertake this work, the professors will 
gain a far better understanding of business 
economics, and the business men will lose 
some of their commercialism, to the great 
benefit of us all. 


F. R. S tans el (Bell Telephone Laboratories, 
Inc., New York, N. Y.): As a recipient of 
the doctor of electrical engineering degree 
from Professor Beach’s institution, I wish to 
express my gratitude for the opportunities 
afforded to me by the Polytechnic Institute 
of Brooklyn and to add a few observations 
from the student’s point of view. 

A year or two after graduation many 
young engineers find themselves faced with 
a dilemma. They realize that in any of the 
fast-growing fields of engineering, the basic 
training acquired in their four years of 
undergraduate study is insufficient, but they 
often feel that it is impractical for them to 
now leave their jobs and go back to school 
for advanced training. Besides the obvious 
reasons of money and family relations, there 
are many other considerations including the 
realization that industry itself is a vast 
school. The engineer while realizing the 
need of more training in the basic principles 
for his future advancement, wonders if the 
training in engineering practice offered by 
industry is not of more immediate impor¬ 
tance. Evening graduate courses of the type 
outlined by Professor Beach offer a solution 
to this dilemma, allowing the student to * 
broaden his knowledge of the fundamentals 
and, at the same time; retain his position in 
industry. 

From the financial angle, evening gradu¬ 
ate study is peculiarly advantageous to the 
young engineer. The cost is automatically 
spread over several years without the neces¬ 
sity of seeking loans or scholarships, and the 
engineer is able to retain a job much more re¬ 
munerative than part-time employment 
which he could obtain as a full-time student. 

Professor Beach referred to evening 
graduate students as differing "from the 
conventional graduate student of the day 
session in a number of essential character¬ 
istics.” One of the characteristics he re¬ 
frained from mentioning, however, is the 
student’s fatigue from having already ac¬ 
complished a full day’s work. Due to this 
fatigue, problems of classroom ventilation 
and illumination assume major proportions. 
Another great help in this matter of fatigue 
would be the more wide-spread use of 
mimeographed notes covering the more com¬ 
plicated mathematical formulas, and par¬ 
ticularly drawings, thus relieving the stu¬ 
dent from acting as a transcribing machine, 
and allowing him to concentrate on under¬ 
standing the material placed before him. 
Finally, the picture of evening graduate 
study would be incomplete without a men¬ 
tion of one other group of persons—the 
wives and girl friends of the students. Many 
a graduate schedule has been completed only 
because of the unselfish willingness on the 
part of the student’s wife to give up "the 
companionship of her husband for one and 
frequently more evenings each week. 

Discussions 


Robin Beach: The unusually large attend¬ 
ance at this meeting, as well as the active 
participation in discussion, both by members 
of industry and of the teaching profession, 
have clearly demonstrated the wide-spread 
interest in this field of graduate education 
through evening courses. 

The general approbation of the progress 
already made by a number of engineering 
colleges in graduate study through evening 
programs of courses was indeed encouraging, 
and it should serve as a stimulus to those 
who contemplate entering this challenging 
field in the near future. 

The author takes this opportunity to ex¬ 
press his appreciation of the thought which 
has been directed to his paper by all of those 
who contributed so interestingly and so 
richly to this educational session. 


Utilization Voltages 


Discussion and author's closure of paper 42-69 
by H. P. Seel ye, presented at the AIEE 
winter convention. New York, N. Y., January 
26-30,1942, and published in AIEE TRAN¬ 
SACTIONS* 1942, March section, pages 
147-51. 


W. J. Russell (Westinghouse Electric and 
Manufacturing Company, Mansfield, Ohio): 
Mr. Seelye has made a very interesting 
presentation of voltage-variation data, 
which- should be of considerable value to 
the industry. As manufacturers of domes¬ 
tic appliances, we would like to introduce a 
short discussion of the effects of voltage 
variation on small appliances (small port¬ 
able devices). 

The effect of voltage variation within 
reasonable limits on small appliances is, as a 
rule, of little practical concern. According 
to Mr. Seelye’s investigation, the voltage 
range for appliance use is approximately 
110-125 volts. Since most small appliances 
are now designed for 115 volts, the cases of 
underwattage will be less than those of 
overwattage. It is the former that is the 
basis for most customer complaints. 

The trend toward automatic or thermo¬ 
statically controlled devices has minimized 
the effect of voltage fluctuation. With 
automatic temperature control, sufficient 
wattage may be used to provide for proper 
operation under any normal voltage con¬ 
dition withdut danger of overheating on the 
higher voltages. 

Nonautomatic devices are usually of lower 
wattage, and voltage variations are of more 
concern. However, we have found from 
long experience that cooking operations 
may-be slowed or accelerated without harm¬ 
ful results within the range of known volt¬ 
age variations. 

The allowable wattage for standard wall 
receptacles is limited to 1,650, and, on some 
of the larger portable appliances, such as 
roasters, broilers, and double hotplates, 
this has caused trouble with slow operation 
when low voltages are encountered. How¬ 
ever, improvements in efficiency have been 
made in the past few years which have 
largely overcome this trouble within the 
normal voltage range. 

In the design of all appliances, s uffi cient 
factor of safety is included to take care of 
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voltage variations so that they will have 
little effect on the life of the device. Life 
tests on our devices are conducted on an av¬ 
erage voltage of 125. 

We believe that with the existing voltage 
range, as shown by Mr. Seelye’s study, we 
should continue to use 115 volts as the de¬ 
sign voltage for small appliances, inasmuch 
as with this voltage the slowing effects of 
underwattage are not serious, and the over¬ 
wattage can be taken care of by proper 
design. An increase in the design voltage 
to 117 l /2 or 120 volts at the present time 
would increase the field complaints, par¬ 
ticularly on nonautomatic devices, due to 
slow heating in cases where the service 
voltage is on the low side of the range. 

C. A. Powel (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Mr. Seelye’s paper is quite timely in 
view of the work being done by the joint 
EEI-NEMA committee on preferred volt¬ 
age ratings on the revision of the 1930 re¬ 
port. His plea for a general conception of 
utilization voltages as a band rather than a 
fixed value should command attention. In 
the past we have spoken of “nominal system 
voltages” and “rated circuit voltages”; it 
would seem desirable to revise this idea and 
speak only of a “nominal system voltage,” 
which would be expressed as a band or 
would be understood to constitute a band, 
leaving the term Crated voltage” to be 
applied only to the equipment used on a 
system of the corresponding nominal volt¬ 
age. There appears to be no good reason for 
having a single voltage value assigned to a 
system, particularly since it is admitted 
that of necessity we cannot select any such 
value which will be correct for all parts of 
the system of a given voltage class. 

Utilization appliances must, of necessity, 
be given a single voltage rating at which 
their performance is specified, but, to a large 
extent, they are self-compensating and will 
give quite satisfactory performance over a 
fairly wide range of voltage variation. The 
life of the appliances is also not noticeably 
affected by reasonable voltage variations. 

In regard to the lamps, it is desirable to 
keep down the number of special lamps 
which have a relatively small market. 
Orders for small quantities of these special 
lamps are quite burdensome to the manu¬ 
facturers in that the stoppage and adjust¬ 
ment of equipment required for their manu¬ 
facture interrupts and delays the produc¬ 
tion of higher-demand units. Moreover, 
they constitute a problem in that stocks have 
to be maintained in most cities and towns. 


A. H. Kidder (Philadelphia Electric Com¬ 
pany, Philadelphia, Pa.): Those who are 
interested in utilization voltage problems 
are especially indebted to Mr. Seelye for his 
progressive contributions and for his pre¬ 
paring so fine a review of the work. There 
are only two points which I think may 
deserve more consideration than has been 
given in the paper. The first is the effect 
of emergency operations upon supply volt¬ 
age, and the second is the problem of the 
odd ratio. 

Emergency Voltage 

Provision for motors to start at 90 volts 
was made a part of both the maximum utili¬ 
zation voltage spread and the preferred 
voltage spread for residential customers. 
The need for the provision is not self-evi¬ 
dent, and I do not recall mention of it in the 
paper, for the summary shows the maxi¬ 
mum voltage drops iii normal operations 
alone, as reported by the 14 companies. 
With the increasing dependence of cus¬ 
tomers upon continuous electricity supply, 
the time has come when emergency opera¬ 
tions generally satisfy the need for at least 
partial service restoration, long before it is 
possible to complete the repairs necessary 
to restore normal conditions. When the 
supply to a distribution circuit has been 
interrupted, therefore, it is usual practice to 
transfer the load to adjacent circuits, if pos¬ 
sible, and to supply it in the meantime, de¬ 
spite a possibility of low voltage. 

To illustrate, assume that the normal 
voltage drops are the minimum values given 
in the author’s table; that is, 2 1 / 2 per cent 
in the transformer, 2 per cent in the second¬ 
ary, and 7.5 per cent total. If ft is then as¬ 
sumed that the last transformer has failed 
on the circuit illustrated in Figure 3 of the 
paper, and its load has been transferred 
temporarily to the adjacent transformer, 
it will be seen that the load on the adjacent 
transformer will have doubled while both 
the circuit length and the load will have 
become three times normal in the second¬ 
ary branch that is used to pick up the load 
which had been lost. Under this emer¬ 
gency condition, the voltage drop in the 
transformer would increase to 5 per cent 
and that in the secondary would increase to 
18 per cent (2 per cent X3X3), or an over¬ 
all increase of 18 1 / 2 per cent above the 7V2 
per cent normal voltage drop. In a system 
designed for 125 volts maximum, the re¬ 
frigerator or oil-burner motor whose thermo¬ 
stat calls upon it to start under such con¬ 
ditions would Have not much more than 90 
volts. There are, of course, many possible 
examples, but this one is thought to be suffi¬ 



cient to show that secondary design for 
greater voltage drop probably requires pro¬ 
visions for dividing the load of the circuit 
in trouble between more than one adjacent 
circuit, if the load at the time is sufficient to 
require the additional emergency load 
transfers. Because urban distribution de¬ 
signs more often observe the limitations 
imposed by emergency rather than normal 
operations, it is quite natural that the nor¬ 
mal voltage spread in urban distribution, 
and particularly in networks, may be 
somewhat less than in suburban distribu¬ 
tion. 

Odd-Ratio Utilization Voltages 

Figure 4 of the paper illustrates very well 
the nature of voltage spread for even-ratio 
equipment under normal operating condi¬ 
tions at even-ratio voltage. It does not, 
however, represent the much wider range 
of voltages which is faced by even-ratio 
equipment on circuits which supply either 
even or odd-ratio voltage—a situation the 
paper mentioned very briefly in the com¬ 
ments on 240-volt equipment. Motors are 
now almost the only utilization equipment 
which has not been made altogether adapt¬ 
able to odd-ratio supply. Since the odd- 
ratio circuit is not yet used extensively out¬ 
side of urban areas, it may be well to con¬ 
sider the problem in terms of the urban 
voltage spread of Figure 4, which needs only 
to be extended, in the accompanying chart, 
to illustrate the place in which even-ratio 
equipment finds itself on the odd-ratio urban 
circuit. For this purpose the reference point 
is taken to be the average voltage for the 
even-ratio connection on the odd-ratio cir¬ 
cuit, and all deviations from that average 
are expressed as percentages. 

From the above illustration it will be 
seen that the even-ratio motor, which is 
required to operate interchangeably on 
either even-ratio or odd-ratio voltage, must 
be prepared to meet satisfactorily a voltage 
range of +5 per cent to —18 per cent or a 
range of voltages up to 1.28 times the mini¬ 
mum odd-ratio voltage in urban distribu¬ 
tion of the characteristics represented by 
Figure 4. This range is about midway be¬ 
tween the 1.24 range, from 197 to 245 volts 
preferred, and the 1.30 range, from 193 to 
250 volts maximum which the author men¬ 
tions as being considered for such motors. 
All of these ranges are greater than that of 
1.22 between the 90 per cent and 110 per 
cent limits established in the American 
Standards for Rotating Electrical Ma¬ 
chinery, as being the allowable variation 
from rated voltage for motors. The Ameri¬ 
can Standards must be revised, therefore, to 
permit use of any range greater than 1.22, 
no matter how carefully the rated voltage 
may be selected. Provision in the American 
Standards, for a greater voltage range (and 
retention of the standard “208-volt” 
single-phase motor line for difficult odd-ratio 
situations) seems to be the only practical, 
solution to the odd-ratio problem in single¬ 
phase motors for which some such* com¬ 
promise solution seems to be inevitable. 

On the other hand, discussion of the odd- 
ratio problem in three-phase motors has 
led to the suggestion of a possibility that 
the speed-torque-excitation characteristics 
of such a motor can be made to be exactly 
reproducible when it is supplied from any 
three-phase circhit connection that happens 
to be at hand, be it even or odd-ratio volt- 
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age. It may, therefore, be possible that the 
odd-ratio problem in three-phase motors 
is susceptible of an exact, rather than the 
compromise solution necessary for the 
single-phase motor. If an exact solution 
should be found to be practical, there would 
appear to be no justification for adding any 
special, approximate, or halfway measures 
to the present American Standards for three- 
phase motors. 

The proponents of an exact solution for 
the three-phase motor argue quite con¬ 
vincingly that the differences between even- 
ratio and odd-ratio voltages in three-phase 
circuits are due entirely to differences in the 
coil connections, which could be adjusted 
almost as easily in a suitable motor as in its 
supply transformer. They point out that 
the exact solution can be attained by build¬ 
ing the" present so-called “208-volt” line 
of motors with the same number of coils and 
only two more taps than are standard in the 
present line of 220-volt three-phase motors. 
With such connections the motor could be 
connected so as to have exactly the same 
performance characteristics on each one of 
the three possible three-phase secondary 
distribution voltages: lamp-socket voltage, 
twice lamp-socket voltage, or odd-ratio 
(1.73 times lamp-socket voltage), as the case 
may be. 

Such a motor, if practicable, would be 
seen to include one connection which is so 
nearly 110 volts as to make it quite probable 
that the now separate standard 110-volt line 
of three-phase motors could be discontinued 
altogether. It would also have the advan¬ 
tage that the American Standards for Allow¬ 
able Variation from Rated Voltage for 
Motors would not need to be revised, except 
possibly for the special case of the single- 
phase motor. I believe the suggestion may 
be worthy of more serious consideration than 
it seems to have received. 


Hamilton Treadway (Rural Electrification 
Administration, Washington, D. C.): The 
problem of standardization of utilization 
voltages presented by the author becomes 
critical in the development of large rural 
systems spread over several hundred miles. 
In such systems the spread in voltage must 

necessarily be wider than in the urban and 

suburban communities or even in the near¬ 
by hig^-density rural area. As the rural 
area becomes thinner, the economic gains 
to be realized by closer voltage control are 
much smaller. The difficulties in standardi¬ 
zation of utilization voltages consequently 
are increased. 

This suggests another approach to the 
problem; namely, voltage co-ordination. 
By voltage co-ordination is meant co-ordi¬ 
nation of the appliance rating voltage with 
the voltage prevailing at the consumer’s 
outlets. Approaching the problem from 
this angle would suggest perhaps three or 
four utilization voltage spreads to be .used 
by the manufacturer, for example 105 to 
115; 110 to 120; 115 to 125; and 120 to 
130. This may require a change in our 
fundamental thinking and may place a 
greater burden on the supplier of electric 
service to advise the consumer of the proper 
appliance voltage rating to be used on his 
premises. Whatever change may be re¬ 
quired in this direction, it is probable that 
yoltUge co-ordination lends itself more 
readily to supplying adequate and efficient 
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service than does the establishment of a 
single utilization voltage spread. 

In light of the author’s figures on over-all 
voltage spread, it appears that the trend 
toward the purchase of 120-volt lamps 
might well be reversed if economic light 
production is to be obtained by the con¬ 
sumer. Undoubtedly the real reason for 
the past and present trend is not so much 
due to a difference in the schools of thought 
on the proper voltage at which to operate 
incandescent lamps as to a lack of informa¬ 
tion in the hands of the user on the most 
economical voltage at which the incan¬ 
descent lamp should be operated. There is 
likewise a similar lack of knowledge on the 
part of the consumer on the most economical 
voltage at which to operate other appliances. 
A program of system voltage co-ordination 
is again the suggested solution. 

Approaching the problem of utilization 
voltages from the voltage co-ordination view 
should permit the manufacturers to design 
more efficient appliances for consumer use. 
It should also reduce investment in lower 
consumer density areas without impairing 
the quality of service rendered. Of course 
the need for a narrowing of the utilization 
voltage spread throughout an operating 
system and particularly between systems 
cannot be overemphasized. 


Howard P. Seelye: The fact that the dis¬ 
cussions of this paper which have been 
presented contain very little criticism would 
seem to indicate quite general agreement on 
the main ideas offered, namely, the need for 
standardization of utilization voltages, the 
desirability of considering the voltage stand¬ 
ard as a band of voltages rather than a single 
voltage, and the specific values suggested 
for that band. Only one, Mr. Treadway’s, 
proposes the very different approach of 
setting up . a multiplicity of bands. As a 
general practice, however, this would seem 
to be a step backward, adding confusion 
and hence cost in manufacturing and dis¬ 
tributing appliances. The survey of opera¬ 
ting systems and the fact that service con¬ 
ditions are, in general, quite satisfactory 
does not indicate that any such step would 
be justified. 

Mr. Kidder’s analysis of the operation of 
even-ratio equipment on odd-ratio systems 
is logical but does not take sufficient ac¬ 
count of the fact that odd-ratio systems, 
being essentially three-phase, four-wire, are 
almost entirely confined to areas of high load 
density where the voltage is well regulated. 
The minimum voltage is likely to be 115 
volts or more, giving at least 200 volts for the 
three-phase motors. Past practice has 
shown that 220-volt motors have, in most 
cases, had little difficulty in operating as 
such voltages. There is at present no evi¬ 
dence of any tendency toward the spread of 
the use of odd-ratio systems to more lightly 
loaded areas, although, of Couse, it cannot 
be guaranteed that this will not occur 
eventually. 

Mr . Fowel brings' out a point which was 
mentioned in the paper but which should be 
emphasized. It is necessary, of course, that 
any. appliance have a voltage rating, desig¬ 
nated as a single voltage, to which its other 
ratings and characteristics are. referred. 
Such ratings .may be different for different 
appliances. On the; other hand, it is highly 
desirable for general use that a single name 
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be given to the whole class of appliances 
which will correspond with that of the sys¬ 
tem on which they are used—in other words 
a nominal voltage, which could well be 120 
volts in view of the preponderance of the 
120-volt lamps. This nominal voltage 
would merely designate the standard band 
or spread of voltages and should not be 
considered as a mid-point, which would be 
actually 117 1 /*. if the proposed spread is 
adopted. If voltage ratings for appliances 
can be made to coincide with the nominal 
voltage, possibly by giving a different toler¬ 
ance for plus voltage than for minus, con¬ 
fusion would be avoided, but if this is not 
practicable, the nominal voltage should be 
emphasized for general use, the rating being 
relegated to an auxiliary position for tech¬ 
nical purposes. 
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B. M. Jones (Duquesne Light Company, 
Pittsburgh, Pa.): I can assure you that 
Mr. Spom’s paper covers many ideas that 
are really worth-while and that will help the 
utility people with their problems in these 
trying wartimes. We in our company have 
been using many of the methods he calls at¬ 
tention to. Appreciable reduction in mate¬ 
rial requirements has been obtained by the 
methods I will mention. 

Sacrifice in Voltage Rendered to 
Customer 

We have been maintaining a very good 
voltage range which was a rather narrow 
band in most cases, on a peacetime basis, 
but we found that we could let the voltage 
drift in many cases and still render. usable 
voltagfe to the consumers. Actually, in 

AIEE Transactions 



many cases we changed the transformer taps 
at the industrial consumer’s plant to raise 
the voltage to compensate for the increased 
load on his distribution system. This is not 
necessary normally and, in some cases, does 
raise the light-load voltage somewhat, thus 
providing a wider band of voltage. En¬ 
tirely satisfactory performance has resulted 
from these changes, and system changes 
have not been required, nor have any mate¬ 
rials been required. 

On the distribution feeders with feeder 
regulators at the supplying substation, we 
have in the past been increasing their volt¬ 
age range from five to 10 per cent to stay 
within a narrow band rendered the consum¬ 
ers, but now, in some cases, we are not 
changing the regulators for voltage reasons 
and are letting the voltage drift a little 
during heavy load periods. 

In our state (Pennsylvania) we have 
certain voltage limits prescribed by the. 
Pennsylvania Public Utility Commission. 
We are well within these limits and in peace¬ 
time have spent money and performed con¬ 
struction and used materials to keep the 
very narrow band of voltage even above 
such requirements. Now we are permit¬ 
ting the voltage to approach the commis¬ 
sion requirements before we use materials to 
improve service. 

Relative to loading of equipment we 
have been crowding our equipment for the 
last few years and have been doing con¬ 
siderable research work to discover means 
of crowding it still further. We have deter¬ 
mined individual ratings for power trans¬ 
former banks in transmission substations 
and in distribution substations, and also for 
induction feeder regulators, both indoor 
and outdoor, and we find that a consider¬ 
able increase in capacity can be obtained 
by operating these pieces of equipment 
on the thermal basis governed by the par¬ 
ticular load cycle. We discovered that this 
would relieve our material requirements ap¬ 
preciably, as well as save the man-hours 
required to design and construct new instal¬ 
lations. Ventilation is a field well worth 
exploring, and our experience has been that 
this is well worth any research work that 
you do. It is surprising how little air 
movement is required to get an appreciable 
increase in capacity. We also find that 
you will probably have to do a considerable" 
amount of local research, due to the par¬ 
ticular conditions surrounding your equip¬ 
ment, such as age, conditions of equip¬ 
ment, natural ventilation, indoor, outdoor, 
load cycle, and so forth. 

Similar investigations have been going on 
on overhead fines and underground cables, 
and appreciable increases have been de¬ 
veloped. 

Emergency Conditions 

Naturally, the same amount of reserve 
;and emergency cannot be provided in war¬ 
times as in peacetimes, because of the scarc¬ 
ity of materials and man power, as well 
.as the lack of time to provide said reserve. 
Normally, of course, all of us try to render 
good service under the most extreme ad¬ 
verse conditions, but the ability to do so 
has gone ’’'since Pearl Harbor.” 

To build two lines and provide two trans¬ 
former banks to industrial customers, in 
most cases does not appear to be justified, 
-and I suspect you would have a hard time 
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getting an approved priority application to 
provide for this reserve. However, this 
does not mean that we should sacrifice on 
the quality of design or the strength built 
into the installation. Because of the fact 
that there is some reduction in reserve, 
the design should be at least equal to the 
good old peacetime quality if possible. 

I seriously question the advisability of 
providing reserve, in many cases, for break¬ 
downs which can be repaired in a rela¬ 
tively short time, such as a transmission¬ 
line bumdown, which can be repaired 
in a matter of 8,24, or 30 hours. Of course, 
such cases must be tempered by the busi¬ 
ness of the customer, for an interruption 
to a plant which merely curtails production, 
where production can be resumed practi¬ 
cally immediately upon restoration of power 
is one thing, whereas an interruption to a 
plant where curtailment means consider¬ 
able loss of material and requires a large 
amount of time to restore production, or 
endangers the lives of a large number of 
employees (such as coal mines) might re¬ 
quire some degree of reserve over and above 
others. 

Materials 

The utilization of different materials 
from what you would normally use is neces¬ 
sary, of course. We must use wood struc¬ 
tures if we cannot get steel; we must use 
different size and type transformers if we 
cannot get what we want to have. We 
must use the different type and styles of 
circuit breakers with necessary control 
interlocking and sequential relaying schemes 
to keep the duties within the capacity of the 
breakers; we must use fuses instead of 
breakers if we don’t have the breakers. 
By and large, we must use materials that 
we have or can get, and must not make our 
material requirements a burden on the al¬ 
ready overburdened material situation. 
Some suggestions have been made that the 
excess materials (if any) among utility 
companies and others be pooled and used 
where most urgently needed. This, of 
course, is merely good sound horse sense 
necessary to help win the war, which we 
must do. 

Planning 

All planners, particularly in utility com¬ 
panies, must plan the system in an entirely 
different manner, generally along the lines 
outlined above, and our company has been, 
doing this for quite a while, and we find that 
it is satisfactory. Of course, we are going 
to get complaints here and there due to out¬ 
ages, low voltage, flickers, and so forth. 
Such complaints will just have to be toler¬ 
ated where their correction cannot be justi¬ 
fied under present conditions. Of course, 
too many complaints or too serious a com¬ 
plaint must be taken care of. 

We may have to tolerate voltage flickers 
to a greater degree, even to the point where 
they are slightly objectionable to lighting 
consumers, but if too many objections are 
made, the voltage flickers will have to be 
corrected. 

Load SHiFtiNG 

Load shafting to ease v the burden of de¬ 
mands on equiprtfent'is’ a possibility, and 
individual systems will have to investigate 
and see what can be. done. Obviously 
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spreading the same loading over twice the 
time reduces it in half, but this is merely 
academic and not practical. You can really 
shift the peak load on an electric utility sys¬ 
tem by staggering working hours in differ¬ 
ent manufacturing plants, or by shifting 
some of the day work to night work. Cur¬ 
tailment of nonessential loads is also a fertile 
field which, I believe, will be cultivated be¬ 
fore the war is won. 

While these comments are directed to Mr. 
Spom’s paper, some of them apply to com¬ 
panion papers presented at this meeting, 
particularly those of Messrs. St. Clair and 
Cole. 

Conserving Equipment Necessary 

I was particularly interested in many 
points brought out in Mr. St. Clair’s paper 
relative to loading the equipment to the 
absolute safe thermal limit, and even be¬ 
yond, to some extent. In these wartimes 
we have to sacrifice some life of the equip¬ 
ment rather than to replace it with larger 
equipment, or to consume materials needed 
elsewhere in order to manufacture this larger 
equipment. 

Our company has been doing many of the 
things Mr. St. Clair mentioned, and we 
have had particularly good success with 
them. We are just purchasing a 3,000-kva 
portable substation, 22/4 kv, for use in 
emergency and for maintenance and repairs. 
The secondary of this transformer has vari¬ 
ous voltage combinations which will per¬ 
mit using it on many installations. Actu¬ 
ally, as a result of this portable substation 
being available soon, we have curtailed the 
amount of transformer capacity installed 
in some of our newer semirural districts—all 
at an appreciable savings in capital invest¬ 
ment and in savings in materials. 

Switching Equipment 

I can assure you that considerable econo¬ 
mies in investment and materials will 
result from the selective relaying, wherein a 
group breaker is tripped instead of the re¬ 
placing of individual feeder breakers with 
larger ones. We made a very careful 
analysis of this some years ago, and the evi¬ 
dence disclosed that there were very rare in¬ 
stances wherein the failures occurred at 
locations which would produce short circuits 
in excess of the small feeder breaker ca¬ 
pacity/and, therefore, such group breaker 
tripping would not affect service adversely 
except in very, very rare instances. We 
have, therefore, been employing this prac¬ 
tice with marked success for a number of 
years, and just last year we finally completed 
this selective relaying scheme in our four- 
kilovolt distribution substations. In fact, 
I am very glad we did, for I doubt if we could 
obtain larger breakers. 

We have also adopted sectionalizing trip¬ 
ping for larger 'transmission substations, 
which means that the bus tie breaker or 
breakers are - tripped first and' practically 
instantaneously, and then the individual 
line breakers are well within their capacity. 
This latter feature has been in force on our 
system for 10 or, 12 years. 

Relative to tapping transmission lines 
with distribution substations, * we believe 
that this is an excellent plan, for curtailing 
expense and material requirements. We 
have just recently installed a 4,000-kva, 
66/4-kv distribution substation and con- 
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nected it onto our 66-kv transmission ring,be¬ 
cause we had no 22-kv line anywhere near 
the proper location for the new substation. 
This has worked out quite satisfactorily, 
even though we did encounter considerable 
opposition in our own company to connect¬ 
ing such loads onto the so-called “sacred” 
transmission ring. However, economies 
justified it, and we had to proceed with it. ' 

Certain benefits, of course, have resulted 
from the revising of our operating practices, 
particularly with reference to taking equip¬ 
ment out of service. We just do not take 
it out of service now until we absolutely 
have to do some work on it. 

One comment on Figure 3 might be of 
interest. A modification of this would be 
for the step-down bank and the four-kilovolt 
bus to be in the same location rather than 
0.7 mile apart. We have several of these 
substations, one at 66 kv, as referred to 
earlier, and several relatively similar to this 
at 22 kv. We have installed on the high- 
voltage bus a single-phase grounding dis¬ 
connecting switch, which is actuated by the 
differential relays and upon their operation, 
actually places a ground on the high-voltage 
system. This is done, because a fault on the 
low side of the bank, but not within the 
area of the differential protection, might 
be of such low magnitude, particularly 
where the bank is small, that the high- 
voltage transmission-line relays at the 
nearby substation would not get sufficient 
current to operate. We developed this 
switching method in our own laboratory and 
made several trial installations and put it 
through its paces. We found it quite satis¬ 
factory and have been using it for some time. 

Harold Cole (The Detroit Edison Company, 
Detroit Mich.): I want to describe a 
method of reinforcing a subtransmission sys¬ 
tem to enable it to supply increasing loads, 
a method which The Detroit Edison Com¬ 
pany has recently applied to good advan¬ 
tage, and which may have application to 
other systems. We are just completing the 
changeover of the transmission network 
serving nearly half of our total service area 
from 24-kv to 40-kv operation. This 
changeover is being made at a very low cost, 
considering the increased capacity obtained. 

The conditions were, of course, very favor¬ 
able to the adoption of this scheme. The 
area involved, the so-called “Thumb” dis¬ 
trict of Michigan, has a low-load density, 
and the load growth will probably be slow. 
The distance from power sources to the ex¬ 
treme limits of the area are over one hundred 
miles, and voltage regulation had been a seri¬ 
ous problem for several years. All substa¬ 
tion transformers in the area were connected 
delta-delta, and about the only expense in¬ 
volved in changing to a wye-delta hookup 
was the cost of changing bushings. Circuit 
breakers at switching stations in the area 
had to have new bushings and be modified to 
obtain higher interrupting capacity and bet¬ 
ter clearances. Very little line reinsulation 
was found necessary for operating at the 
higher potential. Autotransformers were 
purchased to step up the voltage at the 
points of connection between thd 24-kv and 
40-kv system. These have a low imped¬ 
ance, so that the total over-all regulation of 
transformer and line will be improved as 
much as possible over the regulation of the 
lower voltage line alone. 
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As a result of this change, the lines in this 
area can carry more than twice the load they 
formerly carried before reaching limits of 
voltage regulation. The cost of making the 
change is much less than any other of the 
possible expedients studied, although some 
of the other expedients would have made 
possible a greater increase in load. If it be¬ 
comes necessary later to reinforce the supply 
to this area, however, the higher subtrans¬ 
mission voltage will be very helpful in keep¬ 
ing line costs to a minimum. 

We are now planning to use this same 
method of increasing line capacity to take 
care of new defense loads coming on in 
several suburban areas where distances from 
supply sources are too great for economical 
supply at the 24-kv level. The savings in 
the use of vital materials are obviously 
large, and if, as in our case, ways can be seen 
to fit the autotransformers required into the 
future changeover of a large portion of the 
suburban system to higher voltage levels, 
the scheme has great possibilities in contrib¬ 
uting to the war effort without any great 
sacrifice in ultimate economy. 

G. H. Fiedler (Rochester Gas and Electric 
Corporation, Rochester, N. Y.): I have re¬ 
viewed Mr. Cole’s paper on "Overhead Dis¬ 
tribution Systems in Wartime” which I 
think is very timely. 

We have found that a considerable 
amount of conductor could be saved by run¬ 
ning two-wire services rather than three- 
wire,. unless the customer has equipment 
which actually requires 240 volts. It has 
been our policy for many years to install 
three-wire circuits if a residence had four or 
more lighting circuits. We are still encour¬ 
aging the installation of a three-wire riser 
and distribution panel for these customers 
but are extending only two service wires 
at present and installing two-wire meters. 
In some instances, the extension of the third 
secondary wire is.saved, and to date we 
know that several thousand feet of conduc¬ 
tor have been conserved on services alone. 
Very few voltage complaints have resulted 
and we intend to continue this practice until 
critical conditions are relieved. 


G. S. Van Antwerp (Philadelphia Electric 
Company, Philadelphia, Pa.): Mr. Cole 
is to be congratulated for having stated 
clearly and concisely the principles that 
must be observed in extending and main¬ 
taining overhead distribution systems with 
smaller amounts of critical materials. It is 
difficult to believe that anyone can object 
to using any or all of these methods where 
at all applicable to his individual problems. 
With a reduced and limited amount of 
material available, either new or reclaimed, 
there is set up a real challenge to line depart¬ 
ments. 

Should we leave customers “out of serv¬ 
ice,” because there are no bright and shiny 
arm braces, guy clamps, secondary racks, 
splicing connectors, guy rods available? 
Or shall we straighten the bent and dirty 
braces, hand-serve the stranded guy wire, 
use a wood bracket or arm in place of the 
rack, make up a wrapped joint for the con¬ 
nector, forget the guy rod and run the guy 
wire to a buried dead man? 

It is a fine feeling, to get a supervisory 
group together, enlist their enthusiasm, 
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patriotism, loyalty, and co-operation to 
carry out a program such as this. But what 
a different reaction one gets "near the belt 
line,” after finding that the fine words and 
elaborate procedures still build scrap piles 
of reusable materials—mounds of good 
intentions gone wrong. 

Sell the supervisory group, yes, but that 
is not enough. Before positive results 
can be achieved, the man on the job, the 
layout man, the estimator, the storekeeper, 
the foreman, the lineman, and the lowly 
helper must be with you and Uncle Sam. 
That’s where they want to be—helping; so 
give them a chance. Not only will they 
show you more ways of saving materials, 
but I suspect they will fight for reclaimed 
materials to— 

Keep those kilowatts rolling! 

Floyd M. Fuller (Pennsylvania Power and 
Light Company, Allentown, Pa.): To a 
distribution engineer of an operating public 
utility, the papers presented are very inter¬ 
esting reading, as describing current good 
practice which, no doubt, is being followed 
by many engineers. 

All distribution engineers kyow, either 
from experience or from rules promulgated 
by governmental bodies, the limitations in 
regulation, and from their executives,’ the 
continuity of service required. In most 
cases limits of construction are imposed 
either by regulatory bodies or “codes” 
which, in many cases, are now used as the 
standard of construction. These restric¬ 
tions have been imposed upon the distribu¬ 
tion engineer in his practices, and we all 
know how difficult it is to change such codes 
arid regulations. 

As an organization why cannot we take 
some action and take it promptly to obtain a 
relaxation of present requirements. For 
example, in the Commonwealth of Pennsyl¬ 
vania voltage regulation must not exceed 
plus or minus five per cent of the standard 
voltage. If this is exceeded, and all of us 
in the industry know it may be exceeded 
to a certain extent, why not have the regu¬ 
lations waived for the duration, as long as 
the customer can live with the regulations 
Another example is guying over railroad 
and telephone facilities where electric lines, 
except for the lower voltages, are able,to be 
installed with guys having a factory of 
safety of three, which in our estimation is 
excessive. 

For improving the voltage, Mr. Cole, in 
his paper, very wisely stresses the need of 
saving material in new construction and the 
use of regulators, boosters, and capacitors. 
He might also to good advantage have 
brought out in his paper the benefits accru¬ 
ing from increasing the voltage. In t he case 
of changing from a three-wire 2,300-volt to a 
four-wire 4,000-volt system using a common 
neutral (in many cases the existing second¬ 
ary neutral), very little material will be 
required, in fact a lightning arrester and 
fuse cutout will be salvaged from each 
single-phase transformer installation and 
this increase in capacity may eliminate the 
need of replacing existing conductors with 
larger ones to provide additional capacity. 

Similarly increased capacities may be ob¬ 
tained by changing from 6,900, three wire, 
three phase to 12,000 volt four wire, three 
phase without replacing transformers. It 
may also be advisable in certain cases to 
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obtain the additional capacity by converting 
a system from 2,300 or 4,000 to 12,000 volts. 

Another way to conserve in material is in 
street lighting: where the work is neces¬ 
sary and justifiable. By the installation of 
modern luminaires, having double the ef¬ 
ficiency of the old equipment and using 
higher mounting heights, one-half the num¬ 
ber of lights now existing on the boulevard 
standards can be installed, and the old 
obsolete equipment salvaged for defense. 

The distribution engineer can and will 
change his practices in the interest of the 
conservation of material, but he could go 
much further in such conservation, if the 
walls of regulatory bodies and the require¬ 
ments of reliability of service are lowered for 
the duration of war. An earnest request is 
made at this time that suitable action be 
taken by our officers with this in view. 


H. E. McDowell (nonmember; Ebasco 
Services, Inc., New York, N. Y.): In the 
several papers, pages have been devoted to 
stating the problem and the conditions that 
are responsible. Simply stated: Many of 
our systems are short of capacity in certain 
respects or locations. There is a shortage 
of materials. Hence, the utilities will have 
to get themselves out of their predicament 
as best they can. 

Bench Marks 

Occasionally, one hears about the bold 
and courageous steps that must be taken to 
meet the present emergency. Without,any 
desire to disparage the thought, it might be 
considered that many, if not most, of the 
measures that have been suggested will 
closely parallel practices that are character¬ 
istic of companies whose finances never have 
permitted gold-plate or chromium trim. 
Bold practices in the eyes of some are but 
customary in the eyes of others. 

Select Plans That Have Multiple 

Advantages 

It should be obvious that the times call 
for extreme simplification. Further, it is 
not too late to work toward a higher degree 
of standardization. This refers to practices, 
basic designs, flexibility of application, 
rather than to detailed specifications. 

Whereas this discussion represents no at¬ 
tempt to boost the fortunes of the manu¬ 
facturers of capacitors, it is worthy of con¬ 
sideration that the capacitor presently is the 
most useful article for increasing system 
capacity, improving voltage, or providing 
load relief that can be obtained on short 
delivery. It carries the advantages of 
■multiple uses, referred to above, as well as 
the benefits of mobility or salvageability, 
means of reducing system losses—all being 
things that you are familiar with but which 
you may not have added up. It is well 
nigh axiomatic that a company cannot make 
a mistake in buying somewhat too many 
capacitors so long as its load is growing. 
They unquestionably have a great variety of 
uses. 

A recent example that will illustrate the 
point is that of a company short of generat¬ 
ing capacity, this being due in part to lack of 
reactive kilovolt-ampere capacity in its 
generators to supply lagging components 
of*loads, together with the necessary reac¬ 
tive required to import available power from 


neighboring systems. In order to release 
this "captive" kilowatt capacity, amount¬ 
ing to some 15,000 to 20,000 kw, plans 
were made to install 35,000 kva of capaci¬ 
tors. At the same time, load growth gener¬ 
ally had been such as to require load relief 
on approximately twenty four-kilovolt 
feeders. This would involve under usual 
practices a considerable construction pro¬ 
gram, including new feeders and allied im¬ 
provements. The installation of capaci¬ 
tors, which were fully justified by virtue of 
salvaged generating capacity, so altered the 
program for distribution-system construc¬ 
tion that but one new feeder became neces¬ 
sary, the remaining program consisting of 
shifting feeder regulators, installation of 
automatic switching on certain groups of 
capacitors, and other minor improvements. 
Cash required for the distribution-system 
program, exclusive of the capacitors which 
were justified by reason of generating ca¬ 
pacity salvaged, was a fraction of that 
which otherwise would have been required. 
The saving in use of critical materials was in 
like proportion. 

Another case in point involved the instal¬ 
lation of condensers, capacitors, or both, to 
strengthen transmission channels to a large 
section of the company’s territory. Choice 
lay between 15,000 kva of condenser ca¬ 
pacity, 15,000 kva of capacitors, or some 
combination of the two. The selection 
made was one 5,000-kva condenser and 
10,000 kva of capacitors, most of the ca¬ 
pacitors being installed on distribution cir¬ 
cuits (voltage regulation being largely 
controlled by existing synchronous con¬ 
densers). The net result so far as the dis¬ 
tribution systems were concerned was to 
obviate any general improvements to take 
care of the substantial load increases ex¬ 
perienced. 

Make Due Allowance for Flexibility in 

Planning 

Planning with an eye to future changes 
or growth always has been smart—how 
much more so when conditions are changing 
with such rapidity now! This refers not to 
overbuilding but to: 

1. Provision of ample ground space (usually a 
proportionately small item of cost;. 

2. Flexibility of arrangement of structures, cir¬ 
cuits, and so forth, for easy rearrangement. 

3. Mobility of equipment The accomplishment 
of these objectives is a matter of skill rather than of 
free use of money. 

Maximum Use of Transformers 

The writer questions whether due emphasis 
has been placed upon the possible benefits to 
be derived from paralleling distribution 
transformers as to capacity saving, voltage 
improvement, or both. The majority of 
utility companies in this country has been 
reluctant to adopt this method of operation, 
but the writer calls to mind a company that 
has for more than 20 years judiciously, but 
quite thoroughly, pursued this practice 
with entire success. This company operates 
in a metropolitan area and is in the class 
that at least enjoys a modest amount of 
"chromium trim." 

Considerable discussion has been given to 
more thorough utilization of substation 
transformers. The writer calls to mind one 
company that averaged between 300 and 
500 individual transformer shifts each year 


during a period of several years when load 
growth was rapid. Perhaps that might be 
charged to poor judgment or planning, 
but that particular system always enjoyed 
an exceedingly high degree of utilization of 
all of its components. 

Elimination of Nonessentials 

It is perhaps trite to say that the way to 
■ save materials is to exclude nonessentials, 
but there can be little question that an 
astounding saving could be made by elimi¬ 
nating from the conventional systems those 
gadgets that the simplest systems do not 
have. This reference in the main is to 
certain classes of apparatus that have for 
their justification service improvement. It 
is suggested that a good start on such a 
policy might be a visit to some of the poorer 
country cousins. 

Salvaging Operations 

But few companies have indulged in a 
comprehensive way in salvaging used mate¬ 
rials. Such companies as have done so 
justify the expense in part as an offset to 
pensions and by the greater satisfaction 
and happiness to old employees in being 
usefully occupied rather than idle. It 
would seem that all companies in the 
present circumstances are duty-bound to 
embark on a thoroughgoing salvage pro¬ 
gram, and they might well do so with an 
eye to its available "pension" features. 


R. G. Hooke (Public Service Electric and 
Gas Company, Newark, N. J.): About 
three weeks ago, at the request of the power 
group of the New York section of the In¬ 
stitute, I gave a paper on “Wartime Elec¬ 
tric-System Planning in a Major War-Indus¬ 
tries Area,” 1 and the remarks which I wish 
to make by way of comment on the papers 
presented this afternoon are supplementary 
thereto. 

First, as to methods of limiting the short- 
circuit duties on oil circuit breakers, there 
are two suggestions. We have for many 
years resorted to sequential tripping of 
breakers on substation transformers in 
cases where the breaker on one side was 
likely to be overstressed, while the switch 
on the other side was adequate. More re¬ 
cently, in a particular situation, we have ef¬ 
fected a major postponement of investment 
by adoption of a plan to operate with a tie 
circuit between two substations, open at 
one end under normal conditions. This 
involved two substations each supplied by 
four or five 13-kv cables and with a tie line 
between, which under normal conditions is 
only lightly loaded. The addition of several 
thousand kilovolt-amperes in war demands 
to one substation necessitated installation of 
a new transmission line, which in turn in¬ 
creased the short-circuit duties on the break¬ 
ers beyond the values considered safe. 
Since the tie line between the two substa¬ 
tions delivered heavy short-circuit currents 
in either direction, due to the many feeds 
to each substation from the source, and 
since it is an important part of the trans¬ 
mission network only when a circuit to one 
group or the other is unavailable, it was de¬ 
cided that under normal operation it might 
be left open at one end; in case of a fault, 
this end would immediately be closed. 
After the fault, with one line in the network 
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from the source out of service and the tie cir- for transformers. The problem, of course, tance—perhaps of greatest importance—is 

cuit in, duties on the breakers -were just is to balance the annual cost of new invest- the inherent capacity built into distribution 

within rating. ment against the increased maintenance systems for the purpose of providing dupli- 

There are three schemes for avoiding in- costs and retirement charges which will re- cate service to principal load centers, or for 


vestment in the circuit breakers which 
would ordinarily be considered necessary 
with increasing loads. All of these involve 
using available breakers with paired con¬ 
nections to them. Substation transformers 
may be paired on one breaker on each side 
with disconnecting switches, the arrange¬ 
ment being such that in case of a transformer 
fault, a defective unit can be disconnected, 
and the other quickly restored to service. 
Meanwhile short-time emergency ratings on 
other available transformer banks would be 
recognized. 

While we feel we have overcome the likeli¬ 
hood of simultaneous outages of open wire 
circuits on one pole line, due to lightning, 
we have not found any means of contro lling 
the auto driver who occasionally takes down 
our poles. It has, therefore, been our policy 
to provide in any transmission network for 
complete loss of any pole line. From this 
it follows that, if new transmission is 
needed in a network containing two circuits 
on a pole line as the maximum outage to be 
provided for, we may save the installation 
of switches for the new line by pairing the 
two open wire circuits on one switch at each 
end. By doing this we have lost nothing in 
firm capacity to the area, and if disconnect¬ 
ing switches are installed at the terminals 
of the paired lines, the loss of flexibility in 
the transmission system is almost negligible. 

In other cases we have found it economical 
to pair on one breaker at each end small- 
capacity transmission cables, when a new 
circuit to’ the substation is required, 
when the capacity of the new circuit is ap¬ 
proximately equal to the sum of the ca¬ 
pacities of the two lines to be paired. This 
same policy has been followed in situations 
where added load in future is expected to 
be handled by an increase in transmission 
voltage, thus making it desirable to prevent 
installation of more breakers than will be 
needed when the voltage change comes 
about. 

In the matter of investment in transform¬ 
ers, our experience like that of most other 
companies, has been that failures almost 
never occur, and that, consequently, every 
means should be employed to secure higher 
average use of the units without jeopardizing 
service, in case one should be unavailable 
for a brief time. About two years ago we 
accepted emergency ratings based on 115 
degrees centigrade maximum hot-spot tem¬ 
perature. We have also investigated each 
substation to determine the frequency of 
high loads and established a “probability 
allowance factor” for transformer ratings, 
based on the relative infrequency of oc¬ 
currence of high peak loads. For example, 
in a residential area that peak load may oc¬ 
cur only on Christmas or New Year’s Eve. 

In such a situation, the probability of con¬ 
currence of peak load and transformer out¬ 
age is very remote. We, therefore, con¬ 
sider that an increased emergency rating is 
justifiable, recognizing that if a fault should 

occur at the peak time, we would abno rmall y 
impair the life expectancy of the trans¬ 
former. 

We are very much interested in this 
matter of equipment life and have recently 
carried out some studies for transmission, 
similar to those discussed by Mr. St. Clair 
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suit from emergency operation at higher 
temperatures. It will be found that, in a 
great many cases, the investment required, 
if operating temperatures are to be held 
down to present accepted values, is far 
more costly than is the higher maintenance 
and retirement cost which results from 
higher temperatures and shorter life. 

In the transmission system, many of our 
circuits are limited in capacity by short sec¬ 
tions of cable at the ends. Where the lines 
are short so that voltage drop is not a prob¬ 
lem, we have found it highly economical to 
increase the capacity by either replacing 
cable sections with cables of larger size, 
or by putting in additional cables and 
pairing them at the ends with the present 
ones, so that one open wire circuit may 
have two cables in parallel wherever un¬ 
derground construction is required. 

By following these expedients and many 
of the others mentioned in the papers! here 
this afternoon, we have since 1938 expanded 
our system to meet a 37 per cent increase 
in peak demand at a total over-all cost 
from coal pile to customer’s meter approxi¬ 
mately equal to what, 15 years ago, was 
considered a reasonable charge per kilowatt 
for a new turbogenerator. 

Reference 

1. Wartime Elbctric-Svstem Planning, R. G. 
Hooke, E. C. Plant. Electrical Engineering, 
volume 61, April 1942, pages 192-6. 


E. V. Sayles (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The five papers dealing with the effect of 
wartime construction and operation on 
electric distribution systems should prove 
to be of much value, if reviewed and studied 
by engineers charged with the design and 
operation of electric systems. While much 
of the material presented constitutes a 
review of practices, some of which have long 
been in common use by some companies, 
it is doubtful if all companies have employed 
all of these suggestions to the fullest extent. 
Detailed study of these papers in the light of 
the present wartime status of the country 
should unquestionably be helpful. 

It would appear that the greatest effect 
of war on construction programs for trans¬ 
mission and distribution systems is to 
change us from our normal basis of “eco¬ 
nomic design” to a new basis of "material 
conservation.” Efforts to conserve mate¬ 
rials can be carried to great lengths, and 
there is little question but that all construc¬ 
tion should be carefully reviewed to. insure 
the minimum use of critical materials. In 
the case of transmission and distribution 
circuits, this may result in the use of smaller 
conductors and greater energy losses than 
would be permitted from an economic stand¬ 
point. However, reduction in conductor 
sizes cannot be carried too far, because 
voltage drop immediately assumes control, 
although in many instances voltages ma y 
permitted to be just a little bit lower “for the 
duration” than might otherwise be consid¬ 
ered proper. 

With the industry now confronted with 
carrying greater loads on electric distribu¬ 
tion systems, one factor of principle impor- 
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carrying these loads when certain normal 
facilities fail. For example, there are oc¬ 
casional primary distribution circuits sup¬ 
plied from one substation, which during 
emergencies can be served from another 
primary circuit supplied from another sub¬ 
station. In some cases there has been a 
tendency to keep these circuits lightly 
loaded in order that they could be used as 
tie circuits between these substations, in 
the event of failure of power supply to the 
distribution substations. While this is a 
frequent practice, it would seem that tran's- 
mission-and-distribution-substation design 
should be such as to permit greater con¬ 
fidence in it, thereby releasing primary- 
circuit capacity for the supplying of greater 
loads. It will be recognized that this gen¬ 
eral philosophy can readily be applied all 
along the line, starting from the low-voltage 
secondaries up through the transmission 
systems. Perhaps a relatively small expen¬ 
diture to improve the reliability of a single 
transmission circuit may obviate the neces¬ 
sity for construction of a duplicate circuit. 

Each of these papers emphasizes the con¬ 
servation of materials. This is particularly 
evident in the case of transformers and 
transformer loading—something which 
cannot be stressed too greatly, Mr. Cole 
has discussed this rather completely for 
line transformers and has referred to the 
ratio of demand on a circuit to the total 
installed transformer capacity. While it is 
true that this ratio is not a proper measure 
of loading of individual transformers, never¬ 
theless, it is a figure which is readily avail¬ 
able and, if used with discretion and judg¬ 
ment, may reveal a general condition of 
excess or possibly lack of line-transformer 
capacity. Obviously, if this ratio is 40 or 50 
per cent on one primary circuit and 100 
per cent or more on a similar circuit, an 
investigation is warranted, although such 
differences may be expected and justified 
on circuits serving loads of dissimilar char¬ 
acteristics. 

Many companies have thoroughly studied 
the overload abilities of substation trans¬ 
formers in the light of load curves and have 
already taken advantage of increased load¬ 
ing of these power transformers, actually 
finding that loads in excess of name-plate 
ratings were not overloads at all. .Excellent 
data are available regarding permissible 
loadings of power transformers, and a study 
of particular transformers may indicate that 
substantial overloads for short periods may 
result in no sacrifice in useful life or perhaps 
a small sacrifice which may be justified in 
the light of present conditions. In such 
analyses, proper allowances should be 
made for ambient temperatures at time of 
peak, possible low temperature rise of the 
transformer at full load as determined from 
original test data, possibilities of different 
types of forced cooling for short periods, 
and other factors brought out in these 
papers. 

Mr. Cole has stressed the matter of sec¬ 
ondary banking, and Mr. Gaty has called 
attention to the possibilities of secondary 
networks. Underground secondary net¬ 
works have received much attention in the 
past few years, and their possibilities must 
be' now generally appreciated. Much can 
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be accomplished with overhead secondary 
networks by occasionally banking trans¬ 
former secondaries in the less populated ur¬ 
ban areas to take care of spotty poor volt¬ 
age conditions. There should be many op¬ 
portunities where extending three-wire 
secondaries "around the corner” or installing 
a "couple of spans” to connect two small 
transformer areas may obviate the neces¬ 
sity of changing transformer sizes, estab¬ 
lishing new secondary districts, or changing 
secondary conductor sizes. The results of 
such practice may be surprising. It would 
seem that much greater consideration 
should be given to a limited use of such 
"baby networks,” particularly in view of 
the excellent service record of low-voltage 
secondaries, which, when properly installed, 
cause little or no trouble. 

None of the papers has referred to the 
increased capacity of a distribution system 
which results by changing from delta to wye 
operation. The entire history of overbead 
distribution is intimately associated with 
the changing of distribution systems from 
2,400 volts, three-wire delta, to 4,160 volts, 
four-wire wye, with a common primary and 
secondary neutral. Similarly, in recent 
years some 4,800-volt delta systems have 
been changed to 8,320 volts wye, and it has 
been common practice to change 6,900- and 
7,200-volt systems for wye operation. In 
the case of transmission lines, additional 
capacity has been secured by changing 
24,000-volt transmission to 41,600 volts, 
and so forth. In many cases, studies have 
been made to determine whether some of 
these changes could be justified economi¬ 
cally, and, if adverse decisions regarding such 
changes have been made, perhaps they 
should be reviewed in the light of material 
conservation. Certainly the capacity of a 
distribution system can be increased sub¬ 
stantially by such a practice without the 
addition of copper. In some cases, generat¬ 
ing equipment, synchronous condensers, 
or large motors now in operation may make 
such a change more costly, but the possible 
reconnection of this equipment or the use of 
autotransformers may be feasible. 

It would seem that in this series of papers 
there should be some reference to the service 
voltage furnished to residential customers. 
While two-thirds of'the lamps sold in the 
country are rated 120 volts (indicating 
voltage levels based on 120 volts), many 
systems are still operated on a 115-volt base. 
Since many of the complaints about low 
voltage result from unsatisfactory opera¬ 
tion of appliances, would it not be oppor¬ 
tune in the case of so-called 115-volt sys¬ 
tems to consider raising voltage levels to 
120 volts? By so doing, an improvement 
of from three to five volts can be secured 
for all types of utilization equipment with¬ 
out appreciably increasing complaints of 
high voltage except possibly for lamps. 
The 115-volt lamps would, of course, burn 
out more rapidly, but lamps sold in the area 
would be changed to 120 volts rating, and 
the voltage levels could be raised gradually 
over a period of several months until the 
120-volt level is reached. Therefore, it is 
believed that consideration should be given 
to this suggestion, especially in view of the 
recent utilization voltage recommendations 
by committees of. the Edison Electric In¬ 
stitute. • . 

Messrs. Poage and Reid have pointed 
out the desirability of power-customer co-: 
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operation to help reduce system peak loads. 
Power-customer co-operation should also be 
encouraged to the greatest degree in con¬ 
nection with the power supply to new plants 
and the facilities which a large power user 
should require in order to guarantee depend¬ 
able service. Surely the transmission, dis¬ 
tribution, and substation design engineers 
should be able to give these customers the 
benefit of much valuable advice in planning 
their substation facilities, to the end that 
much material and equipment can be con¬ 
served by simplified layouts, with due con¬ 
sideration being given to continuity of 
service. This co-operation might extend to 
helping the customer determine his own 
distribution voltage, type of switching 
equipment, and outdoor substation facilities 
with special consideration given to the kind 
of transformers used, their proper taps, the 
necessity for spare units, duplicate busses, 
duplicate metering, and so forth. 

The use of automatically operated air- 
break switches to take the place of high- 
voltage oil circuit breakers as pointed out by 
Mr. St. Clair is worthy of much study by 
many companies. It is surprising how 
much can be done by properly planned in¬ 
stallations of this type at enormous savings 
in materials used, cost of equipment, and 
time required for construction. 


M. M. Samuels (Rural Electrification Ad¬ 
ministration, St. Louis, Mo.): The worst 
feature of this symposium is the fact that 
it did not take place three years ago or even 
five years ago, but I suppose that if it were 
presented then, the authors would have been 
called warmongers or even worse names, 
and possibly would have lost their jobs. 

The symposium is certainly timely. The 
industry is struggling to keep up with pro¬ 
duction of additional generating capacity, 
even though some ostriches still claim that 
there is no shortage. There was no shortage 
of steel or copper either. Everything was 
lovely. 

But very little has been said about a 
shortage of distribution capacity. These 
papers, indeed, present a very pessimistic 
picture, but in the last few months we have 
become accustomed and acclimated to pessi¬ 
mistic pictures. We got so that we can take 
it, and let us hope that we can take this one 
too. 

The seriousness of the situation cannot be 
overemphasized. Reports .from cities in 
which there is an enormous war activity 
indicate that distribution systems find it 
difficult to carry the existing loads, to say 
nothing of carrying additional loads, in ex¬ 
isting industrial war plants and for war 
plants yet to be built. 

Stretching will not solve the great problem 
of distribution capacity, particularly when 
the beak periods are no longer just 30 min¬ 
utes or one hour but become four or five 
hours. We are in for a long war. Stretch¬ 
ing may solve the problem for a very short 
time but not for a long time. When we get 
the additional generating capacity, the new 
powerhouses may be all dressed up with no 
place to go, because there will be very in¬ 
adequate distribution. The problem must 
be considered as a part of our great war 
problem in general. No individual can 
decide or should take it upon himself to de¬ 
cide how important his activity is in the 
great problem of the war. This can only be 
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decided by those who are responsible for 
running the war. If additional capacity is 
required to follow through with the govern¬ 
ment program of production, those in charge 
of running the war will have to see to it 
that this capacity is made available, and 
they will see to it. 

Two years ago, before the Engineers 
Club at Raleigh, North Carolina (Novem¬ 
ber 13, 1939) and again before the Florida 
Engineering Society (April 12, 1940), I 
spoke of "Power for National Defense” 
and had to be careful not to use the word 
"war.” 

I called attention to the need of prepar¬ 
ing for this emergency. At that time many, 
things could have been done by every 
utility that would have made the present 
problem easier. But there is no use of 
even talking about spilt milk. They just 
were not done, and it is never too late to 
start. 

Mention is made in some of the papers of 
mobile substations as high as 15,000 kva. 

■ As an indication of how far behind we are in 
this respect from the viewpoint of a world 
war, I merely want to mention that in the 
London magazine, The Engineer, October 14, 
1938, there is a photograph of a German 
portable substation of 100,000 kva, 220,000- 
volt to 10,000-volt, with all kinds of taps, 
and it was reported that the Germans had 
quite a few such substations. This is big- 
time power for war purposes, and we have to 
begin to think in terms of big-time power for 
war purposes. 

Another item, a very important item, 
which is overlooked in all these discussions, 
and to which I called attention in North 
Carolina as well as in Florida, is the fact that 
in time of war, we must plan what we are 
going to do in case part of a power system is 
destroyed, either by enemies or by crackpots 
from within. 

Nothing is mentioned in the papers about 
how the power that is left will be scheduled 
to the most important places, and whether 
or not the circuits are so arranged that they 
can be so scheduled. How will it be possible 
to bring whatever power is left to such places 
as hospitals, cold-storage plants, police 
radio, traffic lights, water supply, and so 
forth? 

In case of a network, separate sources of 
supply to unusually important loads are 
very difficult to provide. I suggested on 
many occasions that every city, particularly 
those that have network systems, should 
provide themselves with a number of small 
mobile powerhouses that can run through 
the* streets like fire engines and then bring 
power immediately to hospitals, first-aid 
stations, bomb shelters, and other such 
places. Very little has been done along 
this line, and it is never too late to start. 
One of the reasons, probably, why utilities 
did not take up the idea is psychological. 
Most of the small units are Diesel-driven, 
and the Diesel to a utility man has always 
been like a red flag to a bull. 

To show what these little mobiles can do, 
I will recite an incident that happened only 
about a week ago. The army was about to 
start construction on a $26,000,000 camp 
and could not get a power supply brought it 
on time. One of the rural electrical co¬ 
operatives, quite a distance away, had 2,100- 
kw mobiles in temporary operation, pending 
completion of an incoming power circuit. 
The army asked for the mobiles to be able to 
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start construction. Everybody worked that 
night to compete the circuit. In addition, 
some complicated legal papers had to be 
made out. In spite of that, the mobiles 
were on their way next day and got to the 
army site ahead of time. I have been told 
that they were pulled on the highway at 50 
miles an hour. You all know, of course, 
that the Germans and the English have 
hundreds of small mobiles. We, too, should 
have had hundreds of them by this time. 

Mention is made in one of the papers of 
load-curve control. This, too, is a very 
important item that has received insufficient 
attention. According to the paper, the par¬ 
ticular company has been able to secure 
voluntary co-operation of the customers to 
reduce the peak. It should be possible 
everywhere to secure such co-operation and 
reduce peaks, thus adding considerably to 
the capacity of the power system. 

We hear so much lately about a kilowatt- 
hour shortage as against a kilowatt short¬ 
age. When you speak of water power, a 
kilowatt-hour shortage can only mean a 
shortage of water. We had that. If you 
speak of steam, a kilowatt-hour shortage 
may mean either a shortage of fuel or a low 
plant factor brought about by a high peak. 
By load-curve control, whether voluntary 
or by force, it should be possible to reduce 
peaks considerably, and when peaks are re¬ 
duced, both generating capacity and dis¬ 
tribution capacity can take care of more 
energy. 

In conclusion, I may say that, based on 
the papers presented here today, immediate 
action should be taken by all utilities to cor¬ 
relate distribution to generation and trans¬ 
mission, correlate the whole system to the 
government war purposes, and co-operate 
fully with those who are responsible for 
running and for winning the war. 

In time of war: “Our country, right or 
wrong.” Always, why not: “Country be¬ 
fore company”? 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): One of the main 
thoughts throughout the papers is to in¬ 
crease the loading on existing equipment in 
order to reduce sharply the amount of 
critical materials required for new installa¬ 
tions. As indicated in my 1939 AIEE 
paper, “Load Ratings of Cable,” 1 we have 
been establishing since 1930 new and higher 
temperatures for emergency operation of 
various kinds of cable, in order to postpone 
installations of new lines. I have been 
actively interested in the matter of opera¬ 
tion at high temperatures since about 18 
years ago when I had something to do with 
the research on paper insulation at the 
Massachusetts Institute of Technology. 

Nevertheless, I should like to call for 
caution and perspective on this whole 
matter of temperatures for transformers, 
contacts in circuit-interrupting equipment, 
cable, and so forth. Our planning from the 
standpoint of the war emergency has to be 
on a basis of several years, because our gov¬ 
ernment is planning the national efforts on 
the basis of the war’s lasting several years. 
A recent Gallup poll showed that half of 
our citizens thought the war would last more 
than two years. 

Tests and operating experience indicate 
that if one wishes to have a life of say 50 
years for a given piece of equipment, then 
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the operating temperatures may be any¬ 
thing up to a certain value, depending on 
the equipment. I have indicated this 
point at A in Figure 1. The limit may be 
determined by physical and chemical de¬ 
terioration of the insulation as in a trans¬ 
former, or by ionization as in an impreg¬ 
nated-paper-insulated cable, or by sheath 
cracking in the manhole as for a lead-covered 
underground cable, or by mechanical 
troubles as in a large alternator. 

With further increases in temperature, 
the life of the equipment decreases uni¬ 
formly, perhaps on a logarithmic basis 
down to a point, B, as indicated in the 
figure. In specifications and standards for 
cables and transformers in this country 
during the past few years or so, the industry 
has established temperatures for emergency 
operation ( which correspond to tempera¬ 
tures approaching point B. These tempera¬ 
tures are usually 10 or 20 degrees centi¬ 
grade above our previous limits for normal 
day-in-and-day-out operation. Research at 



Figure 1. Temperature scale and shape of 
curve varies with equipment 


the Massachusetts Institute of Technology 
for The Engineering Foundation-AIEE proj¬ 
ect on insulating oils and cable saturants 
has shown that with continuous exposure 
of oil-impregnated insulation to oxygen, 
charring of the insulation occurs in a matter 
of a couple of weeks at 105 or 115 degrees 
centigrade, which is the range of the upper 
emergency temperatures recently estab¬ 
lished for transformers. Other researches, 
including a current one by the Common¬ 
wealth Edison Company, have shown that 
with no oxygen present, the rapid loss of 
the mechanical integrity of the insulation 
begins to occur at 120 or 130 degrees centi¬ 
grade. 

If, during the war, equipment is normally 
operated at temperatures up to A and a little 
higher and equipment is operated at toward 
B during emergencies, in line with recently 
established limits, then we will increase our 
loading of existing equipment over past 
practice and cause some shortening of the 
life. However, the equipment will generally 
last without any particular trouble for the 


duration of the war. On the other hand, 
operation normally with temperatures to¬ 
ward B with occasional operation at tem¬ 
peratures above B during emergencies will 
greatly increase the likelihood of failures 
during the next few years. The new es¬ 
tablished temperatures for emergency opera¬ 
tion are, incidentally, much above the limits 
in European specifications and standards. 

Our operation in general should not be 
such that within a couple of years, and be¬ 
fore the war is over, reliability of service 
would become very poor, and much equip¬ 
ment would be ruined and would need to be 
replaced when the country is short of critical 
materials and labor. Instead, installations 
should be made judiciously and considera¬ 
tion should be given to measures to avoid 
very excessive temperatures by methods 
such as indicated in today’s papers and dis¬ 
cussions. 

I have a few special comments to make 
about Mr. Gaty’s paper, “Underground 
Distribution Systems in Wartime”: 

Method of Supply, beginning of first para¬ 
graph: Regarding the relative advantages 
of a network system over a radial distribu¬ 
tion system, our experience with the radial 
distribution four-kilovolt system has been, 
in general, quite satisfactory from the stand¬ 
point of service and economy of materials. 
Emergency temperature limits have been es¬ 
tablished for the underground cable and 
overhead wire and distribution transform¬ 
ers. Also, arrangements are made for emer¬ 
gency relief through emergency connections 
to take care of a load of a given feeder that 
has failed by having the load transferred to 
adjacent feeders. 

Reliability of Supply, fourth paragraph: 
We have installed 66- and 132-kv transmis¬ 
sion lines in the same conduit as lower- 
voltage cables without any bad conse¬ 
quences. The cables are each fireproofed 
in the manholes, and the relaying is fairly 
fast and has operated almost always as ex¬ 
pected. 

Reliability of Supply, fifth paragraph: 
The comments that the stock of cable and 
spare materials should be higher than nor¬ 
mal are interesting, but the requirements of 
the War Production Board preference order 
may not permit putting this idea into effect 
in many cases. 

Reliability of Supply, seventh paragraph: 
In connection with making quick repairs, 
one scheme that has been successful for 
many years in Chicago has been to connect 
the conductors of a joint and apply tape 
over the individual conductors, and omit 
soldering the joint sleeve to the cable, and 
omit filling the joint with compound. These 
open-air joints have been left to operate for 
several hours, until nighttime usually, when 
the joint construction has been completed 
with the line made dead again. Such opera¬ 
tion has resulted in no troubles. Of course, 
where the water level tends to be high in the 
manhole, steps have to be taken to keep the 
manhole pumped dry for the several hours of 
the emergency. This general scheme has 
been used on joints rated at 12 kv and less. 

The general ideas in the paper on the need 
and value of further work on limitations of 
insulations, conduit, and sheath are, to my 
mind, very much in order. It has been such 
work that has enabled industry in the past 
several years to establish emergency cable 
ratings that are 5, 10, or even 25 per cent 
above normal ratings. 
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Also. I want to emphasize point 4 in the 
author’s summary on the need to “maintain 
an adequate inspection and maintenance 
program.” With higher loading of equip¬ 
ment, the chances of trouble are greatly 
increased, but we may be able to give fairly 
reliable service if steps are taken to make 
relatively small expenditures for inspection 
and maintenance. This point, like many 
other points in this interesting paper, is one 
that many people agree on but do not always 
put into effect. 

Reference 

1. Load Ratings of Cable, Herman Halperin. 
AIEE Transactions, volume 58, 1939, October 
section, pages 535-53. 


M. S. Oldacre (Commonwealth Edison 
Company, Chicago, Ill.): Frequent refer¬ 
ence is made in this group of papers to “de¬ 
fense industries” and “emergency condi¬ 
tions” or similar phrases. We should say 
“war industries, and so forth,” so that it will 
be impressed on the minds of all of us at all 
times that we are faced with immediate 
problems and not with something we can do 
next week. 

The authors have covered a wide field and 
necessarily have been able to devote only 
small space to each item. I should particu¬ 
larly like to comment on some of the trans¬ 
former problems that we should face. 

As pointed out in several places,in the 
papers, most operating men try to avoid 
loading equipment so that any of the life 
will be consumed, find, in general, the name¬ 
plate rating is the limit. Under peacetime 
conditions this was justified as it has given 
some of the elasticity or slack in an electric 
distribution system that makes possible 
greater load capacity for war conditions. 

The authors have made very little refer¬ 
ence to how long the increased load is to be 
carried. 

Shall equipment be loaded to the utmost, 
without regard to effect on the life of the ap¬ 
paratus, thus shooting all our ammunition in 
one shot, or shall the best available data be 
used as a guide to load the transformer to 
the limit that will still leave the transformer 
available for service as long as needed? 

Most likely the latter method is the only 
one considered by most of us, and it is sug¬ 
gested that the recommendations in the 
American Standards Association standards 
for transformers be consulted as a guide for 
the average transformer. These data are 
based on the research of the larger trans¬ 
former manufacturers and present, in more 
usable form, data partially covered in the 
references in the papers. The ASA recom¬ 
mendations are of necessity rather conserva¬ 
tive, as they are intended to be applicable 
to almost any transformer, but I would not 
be surprised if many operating men voice 
loud objections. 

For larger transformers and special condi¬ 
tions, study of the individual transformers 
is justified, and it will generally be found 
that more actual capacity is available than 
indicated by the name plate. In several in¬ 
stances such studies have delayed for two 
or three years additional installations cost¬ 
ing a quarter to a half million dollars each. 
In still another instance a large transformer 
bank’s capacity was increased one third to 
take care of a temporary condition that 
has now continued for 12 years. 
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Such studies develop along several 
paths, some of which are: 

1. More extensive use of the transformers in their 
existing condition: 

(а) . This requires that the transformer will be 
loaded to the safe temperature limit for continuous 
operation, taking into account load cycle, ambient,' 
and actual characteristics of the transformer. 

(б) . It requires further that for emergencies 
due to equipment failures, and so forth, the trans¬ 
former will be loaded 'to at least the emergency 
limits of the ASA standards. 

2. Providing additional cooling facilities of some 
of the types mentioned in the papers. In this case 
all additional facilities reasonably feasible should 
be added as one operation. Then loading for 
regular and emergency operation along the lines 
mentioned above should be employed. 

New installations offer an additional prob¬ 
lem that is well worth study and adoption 
where possible to save materials needed for 
war purposes. 

In the larger installations load and load 
cycle is generally fairly well-known, and the 
transformers should be specified to provide 
conservative operation under normal condi¬ 
tions, but for emergency conditions the 
maximum temperature conditions that will 
still give a reasonable life should be specified. 

This is best illustrated by an example: 
It is proposed for a specified load and load 
cycle that three transformers be installed, 
each capable in an emergency of carrying 
one half of the total maximum load. Nor¬ 
mally all three will operate in parallel. An 
emergency may be of two days’ duration to 
repair the underground cables that feed 
the transformers, or it may last for a month 
or two, if a transformer repair is necessary. 
It is proposed that for the emergency rating 
with forced air cooling, the temperature 
rise of the copper may be 75 degrees centi¬ 
grade above the usual ambient of an average 
of 30, and a maximum of 40 degrees centi¬ 
grade in 24 hours. This emergency rating 
would be about 60 per cent above the usual 
self-cooled rating that would be applied 
to the core and coils. 

There is an indicated saving of materials 
of 35 to 40 per cent over a straight self- 
cooled transformer, and 15 to 20 per cent 
over the usual self- and forced air-cooled 
transformer. With other types of cooling, 
such as forced oil, circulation or spraying 
of water on the transformer might make 
further savings possible. 

A good share of the saving will be in steel 
and copper—two strategic materials.. 


Philip Spom: The striking fact brought 
out by all the discussions is not only that all 
utilities have been doing thinking on the 
problem, and that all have found particular 
ways and means of making existing distribu¬ 
tion systems more effective, or ways and 
means of extending the capacity of distribu¬ 
tion systems more economically than was 
felt desirable or even possible in peacetime, 
but that substantially they have been doing 
so for some time. One of the aims of the 
symposium was to bring all these ideas to¬ 
gether and to place them as a complete unit 
before the distribution engineers of the 
power-supply systems. I believe the dis¬ 
cussions show that it has accomplished that 
preliminary purpose. Once this has been 
done the final objective, that is, making 
existing distribution systems perform more 
work or making new systems perform neces¬ 
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sary tasks more efficiently can, I am con¬ 
fident, be left to the skill, industry, and 
patriotism of those carrying on the detail 
task of designing, constructing, and operat¬ 
ing the distribution systems of the country. 


H. P. St. Clair: As we had hoped, the 
authors of the papers in this symposium 
have not been disappointed in the many 
valuable comments and suggestions which 
have been contributed by the discussers of 
these papers. To mention a very few, I 
should first like to endorse Mr. Halperin’s 
timely warnings as to the possible dangers 
of going too far with the overloading of 
transformers to the extent that tempera¬ 
tures exceed or even closely approach the 
point B on the, curve in Figure 1 of his dis¬ 
cussion. While a considerable margin of 
safe overload capacity is undoubtedly avail¬ 
able in many transformers, particularly on a 
short-time emergency basis, it is quite true 
that loss of life goes up rapidly, on a logarith¬ 
mic scale with temperature, and also that 
temperature itself increases more rapidly as 
greater overloads are applied. It would 
indeed be false economy in the use of mate¬ 
rials to allow failure of distribution or of 
transformer equipment to occur in the midst 
of our war effort. This only emphasizes the 
importance of a careful analysis of the over¬ 
load capabilities of equipment so that the 
increased loading will be applied on a sane 
and sound basis. 

Referring to the arrangement described 
by B. M. Jones, whereby a single-phase 
ground is intentionally applied by closing a 
disconnecting switch actuated by the dif¬ 
ferential relays of a transformer bank where 
high-voltage circuit breakers are not pro¬ 
vided, I should like to say that the descrip¬ 
tion of our typical "medium-capacity” 
transmission substation shown in Figure 4 
failed to mention the fact that this station is, 
likewise, arranged for closing a disconnect- 
ing-switch ground when the differential re¬ 
lays operate. As a matter of fact, this 
scheme is employed on this and on one other 
132-kv stepdown station on our system for 
the same reason as that described by Mr. 
Jones, namely, to insure clearing the high- 
voltage line in case of a transformer fault 
which would in itself not provide suffi¬ 
cient fault current to relay the high-voltage 
line. 

The practice described by Mr. R. J. 
Hooke, whereby, in certain suitable in¬ 
stances, pairs of lines or cables can be paral¬ 
leled on a single breaker and operated as a 
single circuit, is quite sound, and a proper 
addition to the various schemes mentioned 
in the paper. While it was not brought out 
as such, the arrangement shown in Figure 9 
of the paper represents one such case 
where conditions were entirely favorable for 
t hi s expedient. The practice has been 
followed in one other case, on the system 
with which the author is associated, and we 
are in full agreement that opportunities for 
such economies should not be overlooked. 


Harold Cole: The discussion has brought 
out a number of valuable suggestions for 
conserving the use of material in overhead 
distribution systems' which were not men¬ 
tioned in my paper. Mr, Fuller and Mr. 
Sayles have pointed out the possibilities of 
converting 2,300-volt, three-wire delta sys- 
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terns to 4,000-volt, four-wire wye, and simi¬ 
lar changes at higher-voltage levels, as a 
means of securing increased capacity with a 
minimum use of material. Certainly, ex¬ 
pedience of this kind should be carefully 
studied, where the existing system connec¬ 
tions are such as to make the change possible. 

Mr. Sayles and Mr. McDowell have also 
advocated the "banking” of distribution 
transformers on the secondary side, as a 
means of conserving material. . It has 
seemed to me that, in most cases where the 
practice has not been followed in the past, 
a considerable amount of new conductor ma¬ 
terial would have to be installed to do a 
proper job of "banking.” It is, therefore, 
questionable whether a net saving of critical 
material would result. One of the principal 
advantages of "banking” is the reduction of 
voltage dips, and it has been pointed out 
that such minor inconveniences may have 
to be tolerated for the "duration.” I hasten 
to add that I do not want to be taken as dep¬ 
recating the practice of "secondary bank¬ 
ing” as poor engineering in peacetimes. 
For many years the practice has been fol¬ 
lowed by The Detroit Edison Company, 
wherever the conditions were at all favor¬ 
able, and its use justified from the point of 
view of economy as well as improvement to 
service. 

Mr. Vati Antwerp’s comments on the 


need for encouraging ingenuity, organiza¬ 
tion, and enthusiasm, to carry out a pro¬ 
gram of getting the most use out of the 
material available, is certainly very much 
to the point. The practice cited by Mr . 
Fiedler of the use of two-wire services, 
which could later be readily converted to 
three-wire, is a good example of the type of 
ingenuity which accomplishes very worth¬ 
while results. In this same connection, i 
understand that it is now possible to pur¬ 
chase meters which may be readily changed 
from three-wire to two-wire in place; at a 
very small increase in cost over the standard 
three-wire meter. This makes it possible to 
avoid the purchase of two-wire meters,' 
which would later be difficult to use, because 
of the increasing requirement for three-wire 
services. 


F. C. Poage and M. W. Reid: Mr. Samuels 
in attempting to cover the over-all situa¬ 
tion, refers to shortages of facilities in almost 
universal terms. This is not a strictly ac¬ 
curate picture. There are also surpluses in 
certain locations, and there will be others 
in the future as many peacetime activities 
are curtailed. To the extent- that facilities 
can be rearranged and reused, the apparent 
shortages will be relieved. 

We have pointed out a few of the means 


for conserving essential materials and man 
power by the electric-power industry for 
"the duration” to the end that "the dura¬ 
tion” may be shortened. 

The discussion by Herman Halperin is 
particularly appropriate in this symposium, 
because of its clear exposition of the basic 
relation between operating temperature and 
useful life of organic insulating materials. 
It is the application of the principles which 
he has cited to the loading of equipment 
that we have urged in our paper. 

It seems rather irrelevant, however, to 
speak of normal life of transformers and 
other equipment, when the life of the nation 
itself may be in jeopardy. If by loading 
equipment on a short-life basis, we can make 
more war materials and man power avail¬ 
able now—not sometime in the future—to 
put into planes, ships, tanks, and guns, and 
thereby shorten the war by ever so little, 
the failures that may later ensue and the 
replacements to follow will be well worth 
their cost. The country needs the materials 
and the men now, and we must be guided at 
present more by the point of view of what 
we have to do now rather than by the 
strictly technical concept of what might 
otherwise be altogether prudent. The elec¬ 
tric-power industry must and will, we are 
certain, make the necessary sacrifices to win 
the war and to win it quickly. 
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The Electric Strength of 
Nitrogen and Freon Under 
Pressure 

Discussion and authors' closure of paper 42-33 
by H. H. Skilling and W.' C. Brenner, pre¬ 
sented at the AIEE winter convention, New 
York, N. Y., January 26-30, 1942, and 
published in AIEE TRANSACTIONS, 1942, 
April section, pages 191-5. 


G. C. Nonken (General Electric Company, 
Pittsfield, Mass.): The authors have ex¬ 
pressed the breakdown voltage of the gases 
as tested between spheres in form of linear 
equations involving pressure and gap spac¬ 
ing. Their equations are of the form 

V = KPS+C 
when 

V is the breakdown voltage 

P is the absolute pressure (atmospheres) 

S is the gap spacing in inches 
K and C are constants for a particular gas 



Figure 1. Breakdown voltage gradient of 
Freon 


A —Skilling and Brenner—0.05-inch spacing 
B —Trump, Salford, and Cloud—0.2-inch 
spacing 

C—Nonken—0.39-inch spacing 

V 

0 — Proposed equation - = 2.44P°- 805 

£—Skilling arid Brenner equation V— 183P5 + 
4 (5*0.05 inch) 

F—Skilling and Brenner equation V=183P5 + 
4 (5=1 inch) 



ABSOLUTE PRESSURE- LB PER SQ IN. 


Figure 3. Breakdown voltage gradient of air 

A —Howell 5=0.25 inch 

B —Trump, Safford, and 

Cloud 5=1 inch 

C—Finkelmann 5=0.76 inch 

V 

D —Proposed equation j =6.15 P°- 985 

down of air. The equation suggested for 
this data is 

J=6.15P°-»« ' 

For this data the constant C varies between 
5.6 and 6.9, while the constant 6 varies be¬ 
tween 0.876 and 0.935. Paschen’s law is ex¬ 
pressed by the above equation when 6 = 1. 
Freon deviates the most from Paschen’s law 
with an average value of 6=0.805, while the 
values of 6 for nitrogen and air are 0.835 and 
0.925 respectively. The breakdown char¬ 
acteristics of gaps which have corona pre¬ 
vious to breakdown do not follow such a 
simple law as the one above. As the authors 
suggest, caution must be exercised in draw¬ 
ing any general conclusions or extrapolating 
any data in connection with the breakdown 
of sharp-edged gaps in high-pressure gas. 
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This equation is an expression of the well- 
known Paschen’s law. Many research work¬ 
ers have found that their data deviate widely 
from Paschen’s law at high pressures or at 
large gap spadngs. Figures 1, 2, and 3 give 
the breakdown data of Freon, nitrogen, and 
air taken from the authors’ and five other 
papers. 1-8 These tests are all made between 
spheres or uniform field gaps. The pres¬ 
sures range from atmospheric to 600 pounds 
gage pressure, and the spadngs vary from 
0.05 inch to 1 inch. 

With few exceptions, these data lie on 
straight lines when the voltage gradient is 
plotted against the absolute pressure in 
logarithmic co-ordinates. 

The general equation for these data is 

v 

s-o* 

when 

V is the breakdown voltage 

5 1 is the gap spacing in inches 

P is the absolute pressure in pounds per 
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Figure 2. Breakdown voltage gradient of 
nitrogen 


A—Skilling and Brenner 
B— Nonken 
C—Finkelmann 
D —Goldman and Wul 

£—Proposed equation 


5=0.05 inch 
5=0.39 inch 
5=0.76 inch 
5=0,079 inch 
V 

- = 7.6P°- 8S5 


square inch 

C and 6 are constants. 6 represents the 
slope of the line and C determines its 
position vertically 

The equation for the voltage breakdown of 
Freon is 

V 

— =24 4P°- 808 

5 

and is plotted in Figure 1. For these data, 
the constant C varies from 21.7 to 28 or over 
20 per cent, while the constant 6 changes 
only from 0.79 to 0.805 or slightly less than 
two per cent. The variation in C indicates 
the differences due to the different investiga¬ 
tors’ test setups, dectrodes, and so forth, 
while the constant 6 is affected very slightly 
by variations in test procedure but is a con¬ 
stant typical of the particular gas. 

The authors' equation 

F=183P5+4 


for the breakdown of Freon is also plotted in 
Figure 1. This equation has different values 
of V/S for each spacing. The authors have 
chosen the correct constant for a 0.05 inch 
spacing, which is represented by curve E. 
The curve for a one-inch spadng according 
to the equation is shown by F. It is neces¬ 
sary to choose different constants for each 
gap spacing to make this equation fit the 
curve. • •’ 

Figure 2 shows similar data for the break¬ 
down of nitrogen: The equation suggested 
for this data is 

V ’ : 

— = 7.6P°- 8S6 

S , ; .. V • . 

For this data, the constant C varies between 
12.5 and 6.4, while the constant 6 varies from 
0.8 to 0.835. 

Figure 3 gives similar data for the break- 


282-6. 

4. Breakdown of Compressed Nitrogen in a 
Nonuniform Elbctric Field —II, I. M. Goldman, 
B. M. Wul. Journal of Technical Physics (USSR), 
volume 3, 1935, pages 16-27. 

5. Breakdown Studies in Compressed Gases, 
A. H. Howell. AIEE Transactions, volume 58. 
1939, May sectioa, pages'193-204. 


G. W. Dunlap (General Electric Company, 
Schenectady, N. Y.): In these days of 
shortages and priorities much thought and 
effort are being expended toward the utiliza¬ 
tion of substitute materials, but in the 
fidd of insulations the search for new mate¬ 
rials has been going on for many years. 
More particularly and more recently much 
consideration has been given to the use 
of compressed gases in place of oil. This 
involves the comparison of the two medi¬ 
ums on the basis of not only didectric 
strength but of weight, heat transfer, fire 
hazard, mechanical construction, mainte- 
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nance, availability, and cost. These cannot 
be discussed at length here but must ob¬ 
viously be considered in detail for any given 
application. Since the paper under dis¬ 
cussion concerns the dielectric character¬ 
istics of gases, these remarks will also be 
confined to those characteristics. 

Gaseous insulation has been used satis¬ 
factorily in a number of special cases includ¬ 
ing cables, capacitors, electrostatic genera¬ 
tors, potential transformers, and probably 
with the most spectacular results in the new 
million-volt portable industrial X-ray unit 
described in AIEE Transactions for De¬ 
cember 1941. In addition, the increasing 
use of the air-blast principle in circuit break¬ 
ers, while not ordinarily thought of in the 
same category with closed system insula¬ 
tions, is truly a great application of gaseous 
insulation. These uses amply justify the 
work which has been done and should en¬ 
courage further investigation in this field 
where even now not too much is known. The 
following remarks, therefore, wherein they 
disagree with the authors should be taken 
as cautionary rather than discouraging in 
the application of gaseous ins ulation, 

To take up the authors’ .conclusions in 
order, the relative strengths of nitrogen and 
air between smooth electrodes do not re¬ 
main the same, even over the pressure range 
shown in Figure 1 if the length of gap is in¬ 
creased to the order of one centimeter. This 
is shown by Finkelmann 1 who found differ¬ 
ences up to 20 per cent for one-centimeter 
gaps between flat plates 13.5 centimeters in 
diameter at 16 atmospheres, and up to 15 
per cent at 10 atmospheres for gaps between 
18 and 20 centimeters diameter concentric 
cylinders. Conclusion 2 is, of course, con¬ 
sistent with this. 

Conclusion 3 regarding the relative 
strengths of Freon and nitrogen checks with 
the results of Charlton and Cooper (authors’ 
reference 3) and Nonken, 2 and also with the 
experience of the writer which indicates that 
the 2.5 ratio holds out to spacings of at 
least four centimeters between 6.25-centi¬ 
meter spheres. However, the form ula V~ 
183P5+4.0 does not necessarily hold for 
this same range as may be seen from Table 
I where some of the writer’s data which are 
comparable with Nonken’s are compared 
with values calculated from the formula 
Regarding mixtures of Freon and nitrogen 
(conclusion 4), the question might be raised 
as to the practicality of providing a fan for 

mixing the gases as the authors found neces¬ 
sary'. 

For the case of Freon between pointed or 
other corona-forming electrodes, irregulari¬ 


ties of such magnitude exist that the data 
presented by the authors—data which do 
not include some of these irregularities— 
may give too optimistic a picture of the gen¬ 
eral situation. It is true that the strength of 
Freon may be four times that of nitrogen as 
stated by the authors, and, in fact, the ratio 
may be even greater under some conditions. 
For example, Nonken shows about six times 
for a six-centimeter standard rod gap at 
atmospheric pressure. However, under con¬ 
ditions of , greater spacing and voltage than 
the range covered by the authors, Freon 
gives a "hump” in the pressure-voltage curve 
similar to that shown for air in Figure 7, 
except that the maximum occurs at a much 
lower pressure in the Freon. For this reason 
the strength of Freon may actually be less 
than that of nitrogen at some pressures, and 
the writer has taken data in which this was 
the case. 

In addition, and even more important in 
many applications, the high strength in the 
"hump” portion of the curve results in situa¬ 
tions where the 60-cycle strength may be 
twice the impulse strength, and an impulse 
ratio comparable to that of transformer oil 
is rarely obtainable. This phenomenon has 
been verified by both Nonken and the writer. 
As the authors point out, this high 60-cycle 
strength is found with corona-forming gaps, 
but it would seem to be a case of more 
corona shielding in Freon due to decreased 
mobility of the space charge rather than an 
impeding of corona formation as indicated. 

A number of investigators 2 '® have measured 
the corona starting voltage in Freon and 
other gases and have found no discontinui¬ 
ties corresponding to the “hump” in the 
breakdown voltage curve. 

As pointed out above, there have been 
several applications of gaseous insulation in 
which vei -y satisfactory performance has 
been obtained. Experience shows, however, 
that it is necessary to study each application 
in detail with careful consideration of its 
particular requirements. If these require¬ 
ments are such that conditions for optimum 
gas performance can be maintained, the use 
of gas may prove very advantageous. For 
such a case marked reductions in size and 
weight of equipment may be effected as was 
done with the million volt X-ray outfit 


Table I. Breakdown of 6.25-Centimeter 
Sphere Gap in Freon 


PS 

Test 

Kv 

Formula 

Kv 

Per Cent 
Deviation From 
Formula Kv 

0.39.. 

* 1 cm 

spacing 

... 76 


0.78.. 

1.58.. 

2.36.. 

..155_ 

.225.... 

•147.... 
...291.... 
...436.... 


0.78.. 

2 cm 
.130.... 

spacing 

... 147 


1.38.. 

* 3 is 

.255_ 

...291.... 


4.72.. 


•••580.... 
•868... , 

.-47 
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Henry M. Hobart (Consulting Engineer, 
Schenectady, N. Y.): Conclusion 6 of the 
authors paper states that, for dielectric 
purposes, compressed Freon would be in¬ 
terior to compressed nitrogen at compres- 

£cW?n? er th - n 150 pounds P er s ^re 
inch (10.5 metric atmospheres). At that 

f ° r a 50-11111 spacing between 
one-mch-diameter spherical electrodes, the 
60-cycle electric strength of Freon, esti¬ 
mated by the authors’ formula, is 2,000 
crest volts per mil. For that gap and 


Discussions 


spacing it is the writer’s opinion that the 
60-cycle electric strength of nitrogen will 
not exceed 1,600 crest volts per mil, no 
matter how great a compression is employed. 

Corresponding to a compression of 10.5 
metric atmospheres, the condensation tem¬ 
perature of Freon is 44 degrees centigrade. 
The writer would value an expression of 
opinion by the authors as to any difficulties 
foreseen by them in employing Freon in 
cases where (for the attainment of a particu¬ 
lar purpose) a temperature considerably 
greater than 44 degrees centigrade is re¬ 
quired. For example, at a temperature of 
100 degrees centigrade a compression of 25 
metric atmospheres would not condense 
Freon gas, and its 60-cyele electric strength 
for a 50-mil spacing between one-inch-diam¬ 
eter spherical electrodes almost certainly 
would be considerably more than 2,400 
crest volts per mil (that is, more than 50 per 
cent greater than nitrogen's limiting strength 
of not over 1,600 crest volts per mil for that 
spacing). 

The application which the writer has in 
mind, relates* to a compressed-gas trans¬ 
former in which the gas shall partly or com¬ 
pletely condense after each passage through 
the active material (core and windings) of 
the transformer, each time returning to its 
starting point cooled by having transferred 
its heat by the vaporization of a liquid of 
appropriately low vaporization temperature. 

It is evident that for such a cycle the condi¬ 
tions are improved, and the size and cost of 
the transformer and heat exchanger are de¬ 
creased, the higher the permitted tempera¬ 
ture. If, in such a vaporization-cooled 
transformer, there can be employed a tem¬ 
perature very much above 100 degrees centi- 
p-ade, the liquid to which the gas transfers 
its heat, can be water, and we have the ad¬ 
vantage of its wide availability, its usually 
almost negligible cost, and its very great 
latent heat. 

The writer would value the authors’ opin¬ 
ion (based on their considerable familiarity 
with Freon), as to how high a temperature 
could be employed for the Freon gas without 
encountering any prohibitive chemical diffi¬ 
culties. Owing chiefly to their higher con¬ 
densing temperatures for given compres¬ 
sions, and on account of their price and of 
their dielectric characteristics at high pres¬ 
sures, the writer considers SO- and CC1 4 to be 
attractive alternatives. Consequently he 
would also much appreciate the authors’ 
comments anent these materials for the pur¬ 
poses here described. Such a design ob¬ 
viously involves various compromises. It is 
believed that we now have available a con¬ 
siderable variety of adequate heat-resisting 
materials for the turn and layer insulations 
and for their impregnating constituents. 

Amongst other features which will be em¬ 
bodied in such transformers is the decreas¬ 
ing of the core loss by employing the “Mae- 
Iaren effect.” Since this feature requires a 
core temperature much in excess of desirable 
winding temperatures’ the core will be sepa¬ 
rated from the windings by a “thermal 
screen of asbestos or fiber glass or Mycalex 
or other suitable material. High-voltage 
compressed-gas power transformers embody¬ 
ing these various features will not require 
any high-voltage entrance bushing but will 
be supplied through a surge-attenuating 
underground transmission line comprising 
compressed-gas-insulated conductors en¬ 
closed m a welded-steel pipe line. 
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Thus we arrive at a system providing 60- 
cycle underground conductors for the long¬ 
distance high-voltage transmission of great 
amounts of power and for power pools. No 
time should be lost for seeking economical 
alternatives for our present outmoded over¬ 
head, high-voltage, power-transmission sys¬ 
tem with its aboveground, outdoor installa¬ 
tions of oil-type power transformers and 
switchgear. If the project here briefly 
sketched could be promptly developed and 
employed, then the impending annual ex¬ 
penditure of many hundreds of millions of 
dollars for the urgently required increase in 
the nation’s electricity supply need not per¬ 
petuate the decades old constructions with 
their serious susceptibility to interruptions 
from lightning, from storms of ice and sleet 
and wind, from enemy depredations in war¬ 
time, and from interference with aircraft 
traffic and with communications systems. 
The high-voltage transformers no longer will 
require expensive and none too dependable 
inlet bushings of awkwardly great height, 
nor internal shielding for surge protection, 
nor will they contain inflammable and sludg¬ 
ing oil which imposes a very low temperature 
limit. Their compressed-gas successors will 
be lighter, cheaper, and in all respects more 
dependable. The consequent conservation 
of the nation’s oil supply is also a factor not 
to be overlooked. 

Our present overhead tower systems and * 
our oil transformers are carryovers from the 
historic Frankfurt-Lauffen long-distance 
transmission installation built just 50 years 
ago. To meet the vastly more severe mod¬ 
ern requirements the fundamentals of this 
pioneer line have been retained to a great 
extent but revamped to provide for more 
power and higher voltages. For their pres¬ 
ent tolerable adequacy thanks are due to the 
skill and ingenuity of many able engineers. 
The result, however, has been attained at a 
cost which seriously handicaps the desired 
far wider use of electricity and with a dis¬ 
appointing degree of dependability. 

The writer recalls the interesting article by 
one of the authors of the present paper which 
was published in Electrical World a few years 
ago. The article was devoted to the descrip¬ 
tion and advocacy of a compressed-gas 
underground system in which the high- 
voltage transmission conductors were pipe- 
enclosed. It would be of much interest to 
learn from Professor Skilling to what further 
extent he has gone with the development of 
that project. 

The authors have done well in especially 
emphasizing the extremely important char¬ 
acteristic of Freon in virtue of which its 
electric strength is not so greatly impaired 
by increasing nonuniformity of the field as 
is the electric strength of nitrogen. Thus 
in analyzing the results published in Mr. 
Nonken’s recent AIEE paper entitled “High- 
Pressure Gas as a Dielectric,” the writer 
finds , that with a pressure of nine metric 
atmospheres and a spacing of 800 mils, 
Freon’s electric strength in the rod-gap test 
decreased to 40 per cent of its strength in the 
sphere-gap test, whereas the electric strength 
of nitrogen under these same conditions de¬ 
creased down to only 30 per cent of its 
sphere-gap strength. The authors’ tests 
with pointed electrodes as shown in their 
Figure 7, disclose the same trend, but much 
intensified, as they apply to a greater ex¬ 
treme of nonuniformity of field than corre¬ 
sponds to the rod gap. 
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This paper is certain to be of much value 
to those working on application problems 
involving the use of compressed gas as a di¬ 
electric. Already it has proved very useful 
indeed to the present writer. 


Wm. C. Brenner and H. H. Skilling: The 
principal purpose of this paper is to pre¬ 
sent experimental results on the electric 
strength of Freon gas and of mixtures of 
Freon and nitrogen, giving information 
covering a region of pressure and electrode 
spacing for which adequate data have not 
been published. As a convenience in esti¬ 
mating the sparking voltage under the con¬ 
ditions of the experimental work, an equa¬ 
tion for sparking voltage is given. 

Much of the discussion is related to the 
applicability of this equation to other ranges 
of pressure and spacing. Mr. Gordon Non- 
ken proposes an alternative equation in his 
discussion, of the form V — CP b S. He sug¬ 
gests the application of this form to sparking 
in air and nitrogen as well as in Freon. He 
says very truly that many investigators have 
found that their data deviate widely from 
Paschen’s law at high pressure and large 
spacing. This was emphasized in a pre¬ 
vious paper by the authors on "The Electric 
Strength of Air at High Pressures—II” (ref¬ 
erence 2 of the present paper). In that ear¬ 
lier paper a modification, of the familiar 
form of Paschen’s law was given to apply to 
the authors’ results in air. Paschen’s law, 
applicable at pressures up to atmospheric, 
and substantiated by physicists for over half 
a century, is of the form 

V=75.APS+1.7 kilovolts (1) 

P is in atmospheres, S in inches. The modi¬ 
fication to fit the authors' data at pressures 
up to twenty atmospheres was 

V= 76 '° - P " +1.7 kilovolts (2) 

1 +cP 

This equation 2 has the advantage of re¬ 
ducing to the accepted form of Paschen’s 
law at low pressure (c is a constant much 
smaller than unity). Mr. Nonken’s formula 
does not share this advantage; in particular, 
the constant term is absent from his ex¬ 
ponential form which approaches zero spark¬ 
ing voltage at low pressure. Paschen’s law, 
to be sure, fails to apply if the pressure¬ 
spacing product is below 0.05 inch-atmos¬ 
pheres, but an exponential formula will de¬ 
viate from observed data considerably 
sooner. 

Equation 2 has the further advantage of 
taking into account the length of spark gap. 
It will be seen from Figure 3 of Mr. Non- 
ken’s discussion that the 'voltage gradient is 
not independent of the gap length; the 
authors’ equation 2, above, takes this into 
account, and results computed from this 
equation may be plotted in Nonken’s Figure 
3 as a family of lines, one for each spacing. 
This appears somewhat more satisfactory for 
representing the family of experimental 
curves than does a formula giving a single 
line. Equation 2 gives excellent agreement 
with Howell’s results, and good agreement 
with Trump’s, if compared with the curves 
published by those authors. The equation 
also agrees with the present authors’ meas¬ 
urements in air (reference 2) which could be 
plotted in Mr. Nonken’s Figure 3 as a curve 
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lying above all those shown but approaching 
them at very high pressure. 

In devising a formula to apply to experi¬ 
mental results in Freon, the authors natu¬ 
rally sought a form similar to Paschen’s law. 

It seemed desirable not only for its simplic¬ 
ity and familiarity, but also because it is a 
form so well-established in air and other 
gases. Thus the equation suggested is: 

7=183PS+4.0 kilovolts (3) 

It must again be emphasized that this equa¬ 
tion does not apply near the pressure at 
which Freon condenses to a liquid and there¬ 
fore should not be used above about four 
atmospheres. 

Whether this form or another is used is a 
matter of choice at present. There is not 
yet enough data to permit a decision, al¬ 
though it seems likely that an equation, to 
take into account all the peculiarities of 
Freon, would necessarily be a fairly compli¬ 
cated one. The authors’ equation 3 gives 
reasonable agreement with their own results. 
It gives even better agreement with the re¬ 
sults published by Trump, Safford, and 
Cloud in their Figure 4 (of reference 9) at 
pressures below 60 pounds per square inch 
absolute. No attempt was made to derive a 
formula for a wide range of pressure and 
spacing, for it is our opinion that more in¬ 
formation is needed before that can profit¬ 
ably be done. 

Dr. Dunlap presents new and interesting 
data that substantiate this opinion; yet it is 
remarkable that the authors’ equation 3 
turns out to be as good as it is under condi¬ 
tions of board extrapolation. With extra¬ 
polation of the pressure-spacing product to 
five times that for which the formula was 
designed, the deviation between the experi¬ 
mental results and the formula is given by 
Dunlap as only about ten per cent. 

Dr. Dunlap shows that in other cases the 
deviation is as much as 30 or 40 per cent, but 
since his data were obtained at pressures 
practically as great as the vapor pressure of 
Freon at room temperature, and quite be¬ 
yond the range of equation 3, this is not sur¬ 
prising. It seems best that experimental 
sparking values in this pressure range be 
used directly, for generalization in any kind 
of formula would probably be unsafe. 

Regarding the mixing of Freon and nitro¬ 
gen, the authors suggest that in commercial 
applications of gaseous insulation it would be 
more convenient to mix the gases before in¬ 
jecting them into the equipment to be pro¬ 
tected. When once mixed they will, of 
course, stay mixed, and there is no need for a 
fan within the vital parts of a cable or a 
million-volt X-ray outfit. 

Mr. Hobart’s interesting discussion brings 
to attention several points that might be 
clarified. 

1. ' The conclusion fl to which Mr. Hobart refers 
should have been qualified for the sake of clarity, 
for it was intended to show that Freon at room 
temperature was inferior to nitrogen at 300 pounds 
per square inch for the various stated reasons, 
and it was meant to convey the idea that where 
structural or mechanical limitations would not 
allow pressures above 150 pounds per square inch. 
Freon (at room temperature) should be carefully 
considered. 

2. The equation V » 183KS+4 for the breakdown 
kilovolts (F) for sphere gaps (where S is in inches 
and P in atmospheres) was determined at tem¬ 
peratures ranging from 55 to 73 degrees Fahrenheit 
(considered to be constant at the time of measure¬ 
ment) and for pressures all below the vapor pres¬ 
sure of Freon at room temperature. 
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To extrapolate the curve for higher pres¬ 
sure regions, one should take into account 
the temperature effect realizing that the 
density of the Freon is the important factor. 
For constant temperature the density was 
adequately represented by pressure, but to 
be more complete the form of the breakdown 
equation should be of the type 

T7 P 

V = a - s +f3 

Again it should be mentioned that the 
original equation was not checked at the 
vapor pressure, and unless it is intended to 
use Freon at elevated temperatures where 
the gas has some degree of superheat, it 
would be well to check the equation for sev¬ 
eral points at the vapor pressure, lest un- 
happily saturation of the gas may be accom¬ 
panied by some sort of discontinuity. 

As to the stability of Freon and the other 
mentioned gases in Mr. Hobart’s discussion, 
it is well to consult the manufacturer as to 
the thermal decomposition of the various 
gases. As to the effects of electrical disinte¬ 
gration, none need be considered unless there 
is an electrical discharge taking place, and 
the degree and seriousness of this should be 
determined by the particular application. 
For smooth surfaces with no or only occa¬ 
sional arcing, decomposition may be disre¬ 
garded, but for applications where corona 
may possibly exist, the seriousness of the de¬ 
composition is to be determined by the effects 
of corrosion and the requirements of adding 
or changing the particular gas in question 
being used for its high insulating properties. 

Referring to the proposed Freon-cooled 
transformer feeding into a Freon-filled cable, 
one thing must be remembered, and that is, 
that if high pressures are to be utilized, the 
entire interconnected system must be main - 
tained at a temperature sufficiently high to 
prevent the Freon’s liquefying, thereby re¬ 
ducing its high insulating strength. 

It seems that Freon would best serve at 
ordinary temperatures and pressures below 
the vapor pressure where the entire system 
could be maintained at a constant pressure; 
otherwise, there would arise the above men¬ 
tioned problem of maintaining elevated tem¬ 
peratures for the entire system, or the need 
for gas tight bushings between the various 
elements of the system. However, for 
special cases the use of high-pressure Freon 
may prove quite valuable and should bear 
further investigation. 


Saturated Synchronous 
Machines Under Transient 
Conditions in the 
Pole Axis 


Discussion and author's closure of paper 42- 
y Kdnhold Riidenberg, presented at 1 
AIEE winter convention. New York, N ' 

™Ti2c! < SW2 4S ' ■" d puwiiUd i„ ai 

TRAN ™ C1,ONS ' 1,4! ' •>»»« sectk 
pages 297-306. 


S. B. Cnuy (General Electric Company, 
Scteaectady. N. V.): This paper prieaS 
an interesting graphical analysis of the effect 
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of saturation on synchronous-machine per¬ 
formance. Any analysis of the influence of 
saturation must necessarily be approximate. 
When such approximations are necessary, 
the value of the analysts is increased when it 
is used with a full knowledge of the assump¬ 
tions made. Dr. Rudenberg’s analysis is 
necessarily limited to the effect of saturation 
in the main flux paths rather than in the 
leakage paths and is more nearly correct 
when the major part of the saturation is in 
the pole body. The analysis, therefore, can 
be used for transient disturbances, which are 
for periods of time in which the relatively 
slow field transient is important, such as in 
the calculation of alternator swing curves. 

The method described in the paper is 
similar to that given by Mr. F. R. Longley 
in “Calculation of Alternator Swing Curves 
—Step-by-Step Method” (AIEE Transac¬ 
tions, volume 49, 1930, page 1129), except 
that Riidenberg suggests taking into account 
the additional effect of saturation by the 
addition of an equivalent field magnetomo¬ 
tive force acting along the direct axis. This 
method of taking saturation into account has 
been used in the calculation of swing curves 
with the network analyzer, except that the 
pole saturation was corrected, not only as a 
function of the direct-axis pole flux, but also 
as a function of the air-gap flux, in order 
more properly to take into account the effect 
of stator saturation. In terms of per-unit 
quantities and the nomenclature which has 
been established in this country, Ruden¬ 
berg’s equation for calculation of the effect of 
saturation when a machine is connected to an 
external reactance would take the form of 


T do pe^=ej 


d'x+x e 




where 


p &o = open-circuit field time constant 
e 4> ~ voltage behind transient reactance 
e i ~ voltage corresponding to exciter voltage 
e s = voltage corresponding to saturation 
magnetomotive force 

For swing-curve calculations the vector dia¬ 
gram is of the fortn shown in Figure 1. e s 
can be determined as a function of the volt- 
.age back of Potier reactance, which may be 
less than the transient reactance, as well as 
of the direct-axis pole flux. Although this 
method, as well as Rtidenberg’s method, is 
approximate, it does give an answer which 
more accurately describes the machine per¬ 
formance than if saturation were neglected 
entirely. The point of interest is that by 
using the main-field winding flux or voltage 
behind transient reactance, the calculations 
can be carried out, using the open-circuit 
time constant in the equation for the rate of 
change of field-flux linkages without concern 
as to the impedance of the external circuit. 
This was previously pointed out by Longley 
for the case of no saturation. 


The method described by Riidenberg is 
approximate in that: 

1. It neglects the effect of voltage produced by 
the rate of change of stator-flux linkages which, as 
he mentions, produces a d-c current or natural 
frequency oscillation. 

2. It assumes rotor flux as only a function of the 
open-circuit saturation curve and therefore neglects 

(a) Effect of saturation of the leakage paths due 
to stator currents. 

(b) Effect of field-current load saturation. Actual 
rotor saturation is a function of both field excita¬ 
tion and direct-axis rotor air-gap flux, as shown in 
reference 13. 

(e) Effect of change in leakage-path saturation 
due to redistribution of field-leakage flux. 

The errors due to these assumptions arc 
particularly appreciable under short-circuit 
conditions, and it becomes necessary, in 
any analytical method which attempts to 
approach actual conditions, to include prop¬ 
erly these effects. It has been previously 
shown that saturation of the leakage paths 
is the principal cause for low equivalent 
short-circuit reactance. It is not sufficient 
to assume, as Rudenberg has done, that the 
subtransient current can be determined at 
the first instant by including only the stalor 
leakage reactance and neglecting the effect 
of amortisseur or rotor leakage reactance. 
Actually the stator leakage reactance is re¬ 
duced, particularly in the case of turbine 
generators. Then the problem becomes one 
of determining the amount by which both 
the stator and rotor leakage reactances are 
reduced. 

As will be readily recognized, Rudenberg’s 
method assumes that the transient reactance 
and Potier reactance are equal to the sum 
of the stator- and rotor-field leakage react¬ 
ances. This is not the case. It is well known 
that Potier reactance varies, depending upon 
the amount of load saturation, and even at 
normal operating voltages is usually less 
than transient reactance (“Armature Leak¬ 
age Reactance of Synchronous Machines” 
by L. A. March and S. B. Crary, AIEE 
Transactions, volume 64, 1935, April 
section, pages 378-381). 


R. Riidenberg: The discussion by Mr. 
Crary indicates that he is still wholeheart¬ 
edly on the ground of the classical linear 
theory, which has had its great merits in 
clarifying the principles. Significantly, he 
begins with the assertion that “any analysis 
of the influence of saturation must neces¬ 
sarily be approximate” and with similar 
statements of axiomatic character. 

Fortunately, though, this is not the fact. 
The saturation in synchronous machines can 
be taken into account by methods having 
the same rigor as the classical methods have 
for the linear ,case. It is only necessary to 
develop a transient analysis which can be 
applied graphically rather than analytically, 


Figure 1 
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since for the most part the saturation func¬ 
tions of machines are given graphically. 

If Mr. Crary will go over the paper again, 
free from the bias of a nomenclature of pa¬ 
rameters developed solely for nonsaturated 
machines and not applicable therefore to the 
present case, I think he will be surprised to 
see how simply the rigorous consideration of 
the saturation under transient conditions 
actually works out. 

It is by no means necessary to develop 
first a nonsaturated transient theory as most 
authors, including those referred to by Mr. 
Crary, have done for fear of a too com¬ 
plicated saturated analysis, and then try to 
correct such a linear theory by “additional 
effects” of saturation. It is the object of 
my paper to consider saturation from the 
very beginning as a fundamental element 
and to show that a rigorous and yet a highly 
practicable nonlinear analysis can be de¬ 
veloped without the crutch of subsequent 
corrections. 

Mr. Crary deduces as an analogue to my 
main relation (equation 14) a similar but 
not identical equation expressed in terms of 
his preferred nomenclature. However, his 
is not a relation of equivalent value, since it 
contains parameters which are defined for 
nonsaturated conditions only and actually 
are not constant for saturated machines. 
Thus, although the analysis sketched by Mr. 
Crary may be, according to his own words, 
an approximate one, due to his introducing 
saturation a posteriori, the method of my 
paper is definitely a rigorous one in consider¬ 
ing saturation a priori. All the many omis¬ 
sions, assumptions, and approximations 
which Mr. Crary ascribes to the new method 
are by no means actually contained in it but 
are merely imaginary, caused by his viewing 
the present problem from an unsuitable 
angle. 

This may be verified by two examples 
among many others. Mr. Crary asserts in 
his second and third paragraphs from the 
end that I have neglected saturation of the 
leakage paths due to stator currents. How¬ 
ever, he seems to have overlooked paragraph 
9 of section 4 of my paper, with equation 29 
and Figure 16, where I show analytically and 
graphically the manner in which saturation 
of stator and rotor leakage paths enters 
this analysis and can be considered rigor¬ 
ously from the very beginning. Also, the 
last sentence of my paper, before the sum¬ 
mary, generally treating nonlinearity with 
current, seems to have been overlooked by 
Mr. Crary in writing his discussion. 

In his last paragraph, Mr. Crary asserts 
that my method would assume the “tran¬ 
sient reactance” and "Potier reactance” as 
equal to the sum of the stator and rotor 
leakage reactances. This is contrary to my 
statements. Actually, I have proved in 
paragraph 7 of section 5, by means of Figure 
19, that "transient reactance,” a classical 
notation which I do not use elsewhere in 
my paper, with saturated machines always 
appears materially greater than the sum of 
stator and rotor leakage reactances. “Potier 
reactance,” on the other hand, is, for good 
reasons, not used nor mentioned in my pa¬ 
per. 

And so it is with all the other objections of 
Mr. Crary. It seems to me that by the 
simplicity of the new method, which con¬ 
siders saturation as a primary effect, Mr. 
Crary is misled in believing that this method 
would not cover the many secondary effects 


which apparently he has in mind. Simplic¬ 
ity, however, is not of itself a preventive 
of accuracy. 

Formulas (or the Magnetic- 
Field Strength Near 
a Cylindrical Coil 

Discussion and author's closure of paper 42-27 
by H. B. Dwight, presented at the AIEE 
winter convention, New York, N. Y., Janu¬ 
ary 26-30, 1942, and published in AIEE 
TRANSACTIONS, 1942, June section, 
pages 327-33. 


A. IT. Welch (General Electric Company, 
Pittsfield, Mass.): The formulas in this paper 
form a very complete solution of the prob¬ 
lem of computing magnetic fields within and 
near a cylindrical coil. Where great ac¬ 
curacy is not required, the desired informa¬ 
tion could be given much more conveniently 
by curves. The writer had plotted such 
curves a number of years ago and has found 
them very convenient. They are, therefore 
offered here in the hope that they may prove 
helpful to others. 

These curves are plotted from formulas 
derived by the writer by integrating and 
differentiating well-known formulas for mu¬ 
tual inductance and magnetic potential. 
The formulas used were not so complete as 
those in the paper, and it was necessary to 
resort to numerical integration methods 
with formulas for circles similar to equations 
12 and 13 in the paper to bridge the gaps 


between the limits of convergence of the dif¬ 
ferent formulas. The curves used are as 
follows: 

Radial Flux. It will be seen by differ¬ 
entiating and integrating that the radial 
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Figure 2. Axial flux density at a point in the 
end plane of a cylindrical current sheet, point 
having smaller radius than the current sheet 
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Used for computing radial flux density 
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Figure 3. Axial flux density at 
the inside corner of a coil 
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Figure 4. Axial flux 
density at the out¬ 
side comer of a coil 


ones described in the Bellaschi, Armington, 
and Snowden paper, but the results were of 
similar character. The publication of the 
early Trafford tests, 1 contained a caution 
which may bear repetition. The reduction 
in resistance of what is termed a high-re¬ 
sistance ground achieved at high-surge cur¬ 
rents does not necessarily make it a good 
ground, since the discharge is accompanied 
by high voltage. The resistance as deter¬ 
mined with low-voltage measurements is a 
good guide to the efficiency of grounds. 

In regions of great geological age, the be¬ 
havior of grounds is of particular interest, 
since they are inherently high in resistance. 
Data on this would be of value. 


flux density at any point is a function of the 
difference of the mutual inductance between 
the ring which is the boundary of one end 
of the coil and a circle through the point, 
subtracted from the mutual inductance of 
the other end of the coil and the same circle. 
If the quantity m be so defined that the. 
mutual inductance is equal to Airym, then 

H r = 0.2nl(mi —w 2 ) 

where the definition of terms is the same as 
in the paper. 

Figure I and the above formula permit 
computation of radial flux density at any 
point having the same radius as the inside 
or outside of the coil. (Note that in the 
sketches on the curves the dotted lines are 
the center lines of the coils, and only one 
side of the coils is shown.) By subdividing 
a coil into parts or by adding fictitious parts, 
if the point is beyond the inner or outer 
radius of the coil, and weighting the contri¬ 
bution of each part according to its radial 
thickness (number of turns), the field can be 
computed at. any point within or near the coil. 

The radial flux caused by a cylindrical 
current sheet of zero thickness becomes a 
function of the difference of mutual induct¬ 
ance of circles. Since complete tables of 
mutual inductance of circles are available, 1 
no curve is necessary for this case. 

Axial Flux. Figures 2, 3, and 4 give axial 
flux density at points in the end plane of 
cylindrical current sheet and at the inside or 
outside comer of a thick coil. Axial flux 
density 

H x =Q.2nIm 

It should be noted that the direction of axial 
flux is opposite on the inside and outside 
comers of coils. 

By superposition of parts of coils the flux 
density at any point within or near a coil 
can be calculated as outlined above. 

The curves are unsuitable for computing 
fields at a large distance from the coil, since 
the result will be the difference between two 
nearly equal quantities. Formulas are avail¬ 
able which converge rapidly for this case.* 
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H. B. Dwight: The curves presented by Mr. 
A. U. Welch are a welcome addition to my 
paper. They can save computation by the 
formulas, which is a rather long piece of work 


in some cases. His discussion indicates that 
this general problem has practical applica¬ 
tions in engineering. For instance, the me¬ 
chanical force on a comer conductor of a 
current-limiting reactor can be computed 
as the product of the current in that con¬ 
ductor and the magnetic field strength at 
the comer of the coil. 

Example II of the paper is checked very 
quickly by Figure 2 of the discussion. At 
y/a— 0.6 and x/a = 0A, m as read from the 
curves is 1.45. Then 
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H x =—— X 1.45 = 2.90 —- 
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Impulse and 60 -Cycle 
Characteristics of Driven 
Grounds—II 


Discussion and authors' closure of paper 42-22 
by P. L. Bellaschi, R. E. Armington, and A. E. 
Snowden, presented at the AIEE winter 
convention. New York, N. Y., January 26-30, 
1942, and published in AIEE TRANSAC¬ 
TIONS, 1942, pages 349-63. 


Edward Beck (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): In a discussion of a contemporary 
paper by Messrs. Robertson, Lewis, and 
Foust, "Lightning Investigation at High 
Altitudes in Colorado,” the writer referred 
to effects of earth resistivity and geology. 
This relates also to the paper by Messrs. 
Bellaschi, Armington, and Snowden. The 
conductivity of the soil depends principally 
on the presence of moisture and salts. The 
ancient rocks are low in porosity, moreover 
during their long lifetime, soluble salts have 
been washed out. Where they lie near the. 
earth’s surface, resistivity is high. Where 
the ground resistance is low, there are mois¬ 
ture and soluble salts making electrolyte. 
In the writer’s opinion, the reductions in 
ground resistance observed at high currents 
in soil of relatively low resistivity are caused 
largely by the change in resistivity of elec¬ 
trolyte produced at high currents, whereas in 
soils of high resistivity the reduction in ap¬ 
parent resistance is produced largely by 
sparking in the earth as discussed by the 
authors. In fact, during similar tests made 
at Trafford in 1929, sparking was actually 
observed visually oh high-resistance grounds 
when surged with high currents. Those tests 
were not as exhaustive as the more recent 


Reference 

1. Railway Signaling, April 1929, pages 145 and 
146, and Electrical World, December 9, 1933, pages 
751 and 752. 

C. Francis Harding* (Purdue University, 
Lafayette, Ind.): This discussion empha¬ 
sizes the importance of the use of labora¬ 
tory tests and models in predicting probable 
characteristics of grounds in practice. All 
will recognize the desirability of having the 
tests made upon actual line installations in 
so far as possible. However, this is par¬ 
ticularly difficult, expensive, and slow of 
solution in the case of surge potentials. 
Even in the case of the additional protection 
against lightning of 4,000-volt distribution 
lines by means of the interconnection of 
secondary neutral to lightning-arrester 
grounds, several years ago, before this In¬ 
stitute, Mr. Roper stated the fact that the 
laboratory investigation had solved the 
problem in many years less time and at 
much less expense than would have been 
possible by awaiting actual lightning strokes. 

Professor J. H. Karr of Purdue University, 
among others, established a satisfactory 
close correlation between 60-cycle ground 
impedances in small volumes of various soils 
in the laboratory and in actual installations. 
With the apparently wide variations of 
such impedances with the shape and depth 
of grounding electrodes, and with the tem¬ 
perature, moisture content, density, and 
chemical analysis of various soils, it is ob¬ 
vious that laboratory tests should provide 
an early solution to such a problem. The 
authors of this paper have been fortunate in 
having several types of soil within reach of a 
surge generator. It is not evident from the 
paper, however, that ground electrode 
shapes other than rods of limited diameter 
were used. 

Mr. J. R. Eaton, of the staff of the new 
high-voltage laboratory of Purdue Uni¬ 
versity, in co-operation with Messrs. Lewis 
and Foust, is engaged in an attempt to se¬ 
cure further data involving the previously 
mentioned variables in volumes of various 
soils in the laboratory using the wide variety 
of grounding electrodes, sometimes adopted 
in wooden-pole transmission-line construc¬ 
tion. It is hoped that such tests will de¬ 
termine the conditions which contribute 
most to -low impedance offered to surges. 
Later, by means of a portable surge genera¬ 
tor, it is hoped to secure correlations be¬ 
tween such laboratory findings and actual 
installations. Such a procedure should be 
more rapid and much less expensive than a 
statistical analysis of actual lightning con- 

♦Deceased April 13, 1942. 
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ditions. Both may be necessary for a com¬ 
plete solution of this important problem. 


Hamilton Treadway (United States Depart¬ 
ment of Agriculture, Washington, D. C.): 
This paper is a valuable extension of the 
author’s previous work on this subject. 

There is one point which may give rise to 
some controversy. The author proposes that 
the decrease in the resistance of driven 
grounds with increasing impulse current is 
due to an increase in effective radius and 
length due to the increase in voltage gradi¬ 
ent. It cannot be doubted that the voltage 
gradient on the rod results in an increase in 
both the effective length and radius of the 
rod. However, it is doubtful whether this is 
the sole reason for the decrease in resistance. 

1. This conclusion assumes that the shell of earth 
around the ground rod, after the breakdown occurs 
at the critical gradient, has the same conductivity 
as the rod, and that the contact resistance of this 
shell of earth to the' surrounding soil is the same as 
that of the ground rod to the soil. This assumption 
is obviously incorrect but for all practical purposes 
may be justified. This point might be clarified by 
conducting tests on various size rods using values 
of crest current to give equal voltage gradients on 
each rod. 

2. This conclusion ignores the relation between the 
leakage resistance of the soil, the contact resistance 
between the rod and soil, and the capacitunce of the 
rod. The ground rod and lead circuit is essentially 
aU imperfect capacitance in series with a resistance 
and inductance. The contact resistance is in parallel 
with the capacitance of the rod. Under transient 
conditions as the circuit approaches series reso¬ 
nance, the contact resistance is effectively shunted 
out, and the resistance indicated is essentially the 
leakage resistance of the earth itself. 

The relation between the constants of the 
ground circuit is an important one. As 
pointed out by Mr. Hagenguth in his dis¬ 
cussion of the author’s first paper on this 
subject, the impulse impedance will rise 
rapidly during the first few tenths of a micro¬ 
second and in all probability will greatly 
exceed the 60-cycle value. The impulse im¬ 
pedance-time curve for the parallel combi¬ 
nation of grounds F, G, H, and I in Figure 13 
of the author’s paper substantiates the ex¬ 
istence of an initial impulse impedance ex¬ 
ceeding the 60-cycle value. This initial rise 
in the impulse impedance may result in 
voltage stresses which will exceed the single¬ 
shot breakdown voltage of the insulation of 
low-voltage equipment. This may explain 
many cases of meter failure which have oc¬ 
curred in rural areas of high lightning in¬ 
tensity. Furthermore, with or without inter- ’ 
connection of'lightning arrester and second¬ 
ary grounds, great danger to life can result 
from this characteristic of the impulse im¬ 
pedance. 

The relation between the inductance, 
capacitance, contact resistance, and leakage 
resistance of the ground circuit explains the 
V characteristic of the impulse resistance¬ 
time curves in Figures II to 15 of the au¬ 
thor’s paper. As the point of series resonance 
is passed, the impulse impedance of the cir¬ 
cuit increases, and the impedance again 
approaches the 60-cycle value. 

This V characteristic would be experi¬ 
enced, irrespective of the effect of voltage 
gradient. With much lower values of im¬ 
pulse currents, where the effect of voltage 
gradient would be minimized, Towne in his 
earlier work obtained similar results. 

A need is apparent for further research in 
this field. Work on the evaluation of the 
ground-circuit constants for the various 
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type soils and ground conductors is desir¬ 
able. This information will be of great 
value in the future study of the protection 
of apparatus from lightning. It is hoped 
that the author’s further investigation of the 
impulse characteristics of driven grounds 
will shed some light on the relationship be¬ 
tween the circuit constants. 


W. E. Berkey (Westinghouse Research Labo¬ 
ratories, East Pittsburgh, Pa.): The au¬ 
thors explain the lowering of the effective re¬ 
sistance of an electrical ground under im¬ 
pulse test in terms of an increase in effective 
area of the grounding electrodes caused by 
an electrical breakdown of the ground due 
to high-voltage gradients. With this as¬ 
sumption they are able to calculate the 
ground resistance of single or parallel 
grounds under impulse test conditions with 
a knowledge of the soil resistivity, the im¬ 
pulse current, and the dimensions of the 
rod. 

It see ms probable that the mechanism of 
conduction through the soil is mainly elec¬ 
trolytic. It is well-known that in elec¬ 
trolytes the conductivity increases (or the. 
resistivity decreases) when the voltage 
stress is increased. Dilute solutions show a 
larger increase in conductivity than more 
concentrated solutions. The increase of 
conductance depends upon the mobilities, 
valences, and concentration. This is known 
as the Wien 1 effect and is not due to temper- . 
ature or heating effects. For example, in 
Table I is shown the Wien effect for a bar¬ 
ium ferrocyanide solution with conductance 
k= 0.000125 ohm -1 centimeter -1 or re¬ 
sistivity =8,000 ohm-centimeters. The 
electrode spacing was 0.44 centimeter, 
and the time constant of the spark discharge 
was 10 microseconds. 

This effect, of course, varies with different 
electrolytes but may account for the ob¬ 
served lowering of ground resistance in a 
qualitative way, when it is remembered 
that probably the conduction through the 
earth is through electrolytic film-coated 
particles, in which the voltage gradients may 
be much higher at the particle contacts 
than over the particle itself. Debye and 
Falkenhagen 2 discovered ah increased con¬ 
ductance due to an increase in frequency in 
electrolytic conduction. The conductivity 
of soil was found by Banerjee and Joshi 3 
to increase with frequency of radio waves. 

Thus, it would seem possible to account 
for the lowering of the impulse resistance by 
assuming that the effective resistivity of the 
soil is a function of the voltage gradient. 
Have the authors considered this approach? 
In the case of ground M shown in the oscil¬ 
logram of .Figure 6 of the paper a real break- 


Table l. Wien Effect for BajFe(CN) s 


Kv 

R* 

Ro 

Kv 

X/Cm 


4.47 

.,.0.94.. 

....10 


7.96 

...0.83.. 

.... 18 


11.3 

...0.74.. 

....25 

Data fits curve 

14.3 

...0.85., 

....32.5 

R-AX*-BX* 

17.4 

...0.57.. 

_39.5 

where A and B 

20.3 

...0.50.. 

....46 1 

are constants 

26.1 

...0.41.. 

....59 1 


31.7 

...0.33.. 

....72 


37.3 

...0.28.; 

....85 
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down occurs, in which some of the particles 
act uall y flashed over, due to excessively high 
gradients caused by the abnormally high soil 
resistivity. 
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P. L. Beliaschi, R. E. Armington, and A. E. 
Snowden: The authors want to thank all 
who have discussed the paper for their con¬ 
tribution to the subject. 

Mr. Berkey cites interesting data on the 
lowering of the conductivity of a barium 
ferrocyanide solution with increasing volt¬ 
age gradient. It is suggested that the re¬ 
sistance of grounds in soils may be affected 
to the same extent by purely electrolytic 
action. The results of impulse tests we have 
made on tap water having a resistivity 
(2,200 ohm-centimeters) which is represen¬ 
tative of the ground water at the site of the 
grounds show that the resistance, of the 
water is practically constant, independent 
of the voltage gradient. Impulse currents 
of a 15x30 microsecond wave were applied 
to electrodes immersed in the water and 
both current and voltage oscillograms re¬ 
corded. The measurements cover gradi¬ 
ents up to 28 kv per centimeter. The water 
broke down at 50 kv per centimeter. Within 
the range of experimental accuracy, all 
these data show that the resistance of the 
water remains constant. 

The influence of the electrolytic effect in 
lowering the impulse resistance of natural 
grounds commonly encountered, similar to 
those investigated, does not appear to be of 
more than secondary importance. Excep¬ 
tion to this would probably be the case of 
low-resistance grounds, such as grounds in 
fills and artificial grounds treated with salts 
for the specific purpose of lowering the re¬ 
sistance. That is, the exception would be the 
low-resistance grounds—a point Mr. Beck 
also brings out in his discussion. 

The importance of geology, soil structure, 
and similar factors in determining the re¬ 
sistance of grounds in a given location, to 
which Mr. Beck refers, will require a good 
deal more attention and study. For the 
problem is of such wide scope that a clearer 
and more complete understanding of the 
underlying factors hardly can be reached 
without a combined approach of field experi¬ 
ence, analysis, and actual tests. 

As further progress is made, some of the 
factors Mr. Treadway suggests may be seg¬ 
regated and their respective influence and 
part in determining the characteristics of 
grounds better established. However, a 
good deal more experimental data will be 
required. In the opinion of the authors, 
contact resistance and capacitance are fac¬ 
tors of secondary importance. There are 
some exceptions to this statement. For 
instance, grounds do have a capacitance 
effect which in very high-resistance soils 
such as rocks, has a certain contributing 
effect on the characteristic of the grounds. 
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Again, the capacitance is a factor of some 
importance when an abrupt front is con- 
. sidered, particularly in the initial stage of 
the front discharge. 

We agree with Professor Harding that 
many a complex technical problem has been 
tackled effectively and economically in the 
laboratory. The complex nature of ground 
presents problems which are conducive- to 
fundamental approach in the laboratory. 
Gradually, the investigation should be ex¬ 
tended to the complex forms which the prac¬ 
tical problem of grounds in the field present. 
We always favor correlating field and labora¬ 
tory results. To accelerate progress and be¬ 
cause of favorable conditions, the method 
and approach presented in the paper were 
followed. That is, grounds such as em¬ 
ployed in service were driven in various soils 
adjacent to the laboratory and tested at 
current discharges corresponding to actual 
lightning. 


Shielding of Substations 


Discussion and authors' closure of paper 42-14 
by C. F. Wagner, G. D. McCann, and C. M. 
Lear, presented at the AIEE winter conven¬ 
tion, New York, N. Y., January 26-30,1942, 
end published in AIEE TRANSACTIONS, 
1942, February section, pages 96-100. 


G. D. Floyd (Hydro Electric Power Com¬ 
mission of Ontario, Toronto, Ont., Canada.): 
The degree of protection given to a substa¬ 
tion by masts or wires or by a combination 
of these has hitherto been largely conjecture. 
This paper should remove some of the un¬ 
known factors and permit design of shielding 
on a somewhat more sound basis. I do not 
think it is the authors’ intention that the 
data presented should be taken too literally. 
For example, are not the curves for 0.1 per 
cent exposure so close to the vanishing 
point that for all practical purposes all 
points lying on or below them constitute 
perfect shielding? ' Some details of the 
method by which the authors arrived at a 
curve where only one stroke per thousand 
contacted the protected object would give 
the reader a better idea of the use which 
might be made of these data- in design of 
shielding. 

As a general rule the low-voltage low-ca¬ 
pacity substation is not shielded deliber¬ 
ately j. the data in this paper offer an ex¬ 
planation. This type of substation covers 
only a small area and is generally designed 
to have relatively low 'elevation. Both 
factors contribute to the relative immunity 
enjoyed by such a station. It is rather a 
nice point to decide whether shielding is 
justified in the first place, and having de- 
cided that it is, to determine the degree in 
which it should be applied. Whether one 
per cent exposure is the maximum to be per¬ 
mitted is questionable. I doubt if any sub¬ 
stations have such excellent shielding, unless 
it has been acquired indirectly. 

A very common form of shi elding is by 
means of overhead grounded wires, sup¬ 
ported either on extensions of the main sta¬ 
tion structures, or on separate masts. It 
will usuallybe found that this combination 
is cheaper than masts alone for the same de- 
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gree of protection and can, in addition, be 
combined with the overhead ground wires 
of incoming and outgoing lines, to protect 
these lines as well as the live parts in the 
station proper. While the data of this 
paper would appear to cover this comb ing. - 
tion, I think the advantages of this arrange¬ 
ment might have beep shown a little more 
in detail. 

For a given coverage masts and wires are 
more economical than masts alone and, in 
certain cases, are also cheaper than struc¬ 
ture extensions. A standard height and de¬ 
sign of mast is also economical, regardless of 
the configuration of substation. The re¬ 
quired shielding is provided in this case by 
adjustment in location and number of masts. 

It is not quite clear that the cross-hatched 
areas of Figures 11c and lid of the paper 
represent the protected areas for 0.1 per cent 
exposure. If the locus shown in Figure 
11a represents the approximate limit for two 
masts, should not the corresponding total 
area for three and four masts be the super¬ 
position of the areas between each mast and 
every other mast ? If this be correct appre¬ 
ciable areas shown protected in Figure 11c 
and lid would actually be unprotected on 
the basis of 0.1 per cent exposure. 


C. F. Wagner, G. D. McCann, and C. M. 
Lear: Mr. Floyd’s first point is concerned 
with the choice of 0.1 per cent exposure as 
a basis for application. Because of the 
vagaries of lightning the phenomenon in¬ 
volved is statistical in nature. While it is 
possible to install a network of parallel over¬ 
head ground wires, so that perfect shielding 
is attained, the more conventional construc¬ 
tion that usually consists of one or two 
ground wires leaves large gaps through 
which a stroke might “infiltrate.” It is diffi¬ 
cult to assign limiting configurations to such 
construction that just provide perfect shield¬ 
ing. This may be seen from Figures 3 
through 7 in the paper which show consider¬ 
able displacement between the 1.0 per cent 
and 0.1 per cent curves. Had sufficient data 
been taken so that 0.01 per cent curves 
could have been plotted, some displacement 
between these curves would still exist. The 
laboratory difficulties encountered in obtain¬ 
ing such data are evident, inasmuch as to pro¬ 
vide data on one point for 0.01 per cent ex¬ 
posure would require something of the order 
of 100,000 shots. Thus it becomes imprac¬ 
tical to obtain data on perfect shielding. 
The authors have, therefore, chosen the 
value of 0.01 per cent exposure, as it repre¬ 
sents a low enough value upon which data 
could be obtained and, at the same time, a 
reasonable value for design purposes. Even 
these data involved some extrapolation. 

The authors agree with Mr. Floyd in the 
opinion that supporting masts with over¬ 
head ground wires are, in general, more 
economical for the shielding of large areas 
than masts alone. Some station, design engi¬ 
neers, however, fear the danger incident to 
the breakage of such overhead conductors. 

It would seem that this difficulty could be 
alleviated by sufficiently heavy construc¬ 
tion. , 

, question has also been raised regard¬ 
ing the extent to which all points within the 
shaded areas of Figures 11c and lid of the 
paper are protected. These areas were de¬ 
rived from general considerations provided 
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by the test data. Since presentation of the 
paper, additional tests have been made 
which definitely establish that all points 
within the shaded areas have an exposure 
not over 0.1 per cent for the range of vari¬ 
ables given in Figure 10c. 


The Influence of Towers and 
Conductor Sag on Trans¬ 
mission-Line Shielding 

Discussion and author's closure of paper 42-37 
by R. W. Sorensen and R. C. McMaster, pre¬ 
sented at the AIEE winter convention. New 
York, N. y., January 26-30, 1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
March section, pages 159-65. 


C. F. Wagner and G. D. McCann (Westing- 
house Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): A paper pre¬ 
sented before the Institute in 1940 by Wag¬ 
ner, McCann, and MacLane discussed the 
factors that must be correctly simulated in 
the laboratory so that tests on scale models 
can be used to obtain data regarding shield¬ 
ing. This paper also described test results 
concerning the shielding of transmission 
conductors by ground wires. This work has 
been extended by two papers presented at 
this session—one by Sorensen and McMas¬ 
ter which considers the shielding afforded by 
the presence of the towers and by the sag of 
the ground wires and conductors, and the 
other by Wagner, McCann, and Lear which 
considers the shielding of substations. 

The data presented by Sorensen and 
McMaster is interesting in that it shows, for 
the particular configuration assumed, the 
extent to which the tower structure shield s 
the conductors. For distances approxi¬ 
mately two times greater than the tower 
height, little shielding is provided. This ef¬ 
fect is epitomized in the curve of Figure 24 
of the paper which presumes to indicate the 
variation of the integrated shielding effect 
for different span lengths. The ordinate of 
this curve is labeled “Per Cent Added Pro¬ 
tection, ’ which, expressed more clearly but 
not so concisely, might be called “The Per 
Cent Decrease of Strokes to the Conductor 
Because of the Presence of the Tower.” The 
curve in Figure 24 is based upon the assump¬ 
tion that the relative shielding of the tower, 
as given in Figure 22 of the paper, is inde¬ 
pendent of the span length. Actually, how- 
®ycr» this is not the case. As shown by 
Figure 7 of the paper entitled “Shielding of 
Substations,” substantially perfect shiVlHi ng 
should be obtained for span lengths less 
than twice the conductor height. The full 



SPAN LENGTH -Vh 


Figure 1. Added protection resulting from 
presence of towers for various lengths of span 
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line of the accompanying Figure 1 is repro¬ 
duced from Figure 24 of the Sorensen and 
McMaster paper, and the dotted line indi¬ 
cates the more probable curve resulting 
when an estimate of the change in distribu¬ 
tion with span length is taken into considera¬ 
tion. The normal range of span length to 
tower height lies between 6 and 12, between 
which values the presence of the tower re¬ 
duces the strokes to the conductor between 
15 and 40 per cent. Thus the previous work 
on the shielding of conductors by ground 
wires is conservative to this extent. This 
represents about the same order of accuracy 
as one would expect upon extrapolating labo¬ 
ratory results to actual systems. It is as¬ 
suring, however, that the error by neglect¬ 
ing tower effects is on the side of conserva¬ 
tism. Correction for this effect involves an 
increase of but a few degrees in shielding 
angle, which is hardly worthy of considera¬ 
tion. 

The curve and the data presented by Sor¬ 
ensen and McMaster apply only to the par¬ 
ticular configuration tested which represents 
a shielding angle of 64 degrees. While this 
particular configuration was chosen to 
magnify the effects involved, it would have 
been interesting to have determined the 
tower effects for a smaller shielding angle, 
an angle between 35 and 45 degrees which is 
more representative of good practice. 


Robert C. McMaster (California Institute 
of Technology, Pasadena, Cal.): Since the 
writing of this paper, a further investiga¬ 
tion of the shielding effect of towers on short 
transmission-line spans has been completed. 
Results of model tests conducted under con¬ 
ditions identical to those reported in the 
paper, for a span of length equal to twice the 
tower height, are shown in the accompany¬ 
ing curves. Two identical model towers (see 
Figure 6 of paper for detailed dimensions), 
each 10 inches in height, were placed 20 
inches apart and supported taut conductor 
and ground wire at a protective angle of 
64 degrees as shown in Figure 7 of the paper. 
Cloud height was five times tower height, as 1 
before. 



Figure 2. Stroke distribution in plane = 


0.5> for span lengths of 2 h 
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Figure 3. Stroke distribution in plane B/h — 
1.0, for span length of 2 h 


With the cloud electrode in the plane of 
the tower, B/h =0, the distribution of Fig¬ 
ure 8 of the paper .was obtained for strokes 
to the system. With the cloud electrode in 
the plane B/h = 0.5 (one-quarter the dis¬ 
tance between towers) there was obtained 
the stroke distribution of Figure 2 of this 
discussion. In the plane B/h=1.0 (half the 
distance between towers) the distribution 
was found to be that shown in Figure 3 of 
this discussion. From the areas under these 
curves, Figure 4, showing the distribution of 
strokes along the span, was obtained. 

The per cent added shielding, resulting 
from the presence of towers, is found by com¬ 
paring Figure 4 of this discussion with Figure 
21 of the paper, and equals 88.9 per cent for 
this span length. The result obtained from 
the investigation of longer spans, shown in 
Figure 24 of the paper, gave 80 per cent as 
the added shielding for this case, a conserva¬ 
tive value which differs from 88.9 per cent 
by an amount which would have negligible 
effect upon the shielding calculated for an 
entire transmission line in which such short 
spans would be rare. Figure 5 of this dis¬ 
cussion shows this correction to Figure 24 of 
the paper. 

It is to be noted again that the results 
given in this discussion and in the paper ap¬ 
ply quantitatively only for the 64-degree 
protective angle chosen for the test meas¬ 
urements, as stated in the paper. For other 
protective angles, the trends and relative 
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Figure 5. Added protection resulting from 
presence of towers, for various lengths of span, 
showing small correction at l/h — 2 


shielding effects of towers and line sag can be 
determined only qualitatively from these 
data. 


R. W. Sorensen: The several papers of the 
session have each made a definite contri¬ 
bution to our knowledge of lightning and 
what to do with it in connection with the op¬ 
eration of electric power systems, and struc¬ 
tures to be protected. In 1926, some costly 
fires due to lightning occurred in oil-storage 
reservoirs, and a rather hurried study was 
made to determine the value of rods or 
towers as a means of providing protection 
against damage by lightning. One result 
of that study was the erection in southern 
California and other places of well-grounded 
towers to serve as lightning rods around oil- 
storage reservoirs. 

In general, the towers were located so that 
any spot to be protected came within a 
circle, such that the distance from the rod 
on the level of protection was within 2Va 
times the rod height from the rod. In other 
words, each tower is expected to protect 
around it an area included within a circle 
having a radius, of 2V 2 times the tower 
height. It is obvious that such a tower could 
not be in the center of the structure whose 
protection is desired. Therefore, in efich in¬ 
stallation, several towers sunrounding the 
object to be protected were used. 

These towers were placed at considerable 
distance from the reservoir to be protected, 
to guard against side flashing from the tower 
to the reservoir. 

Naturally, the protective circular areas 
for the several towers were made to overlap 
so that all parts of .the object whose protec¬ 
tion is desired will have the protection of one 
or possibly more rods. No guarantees were 
made that absolute protection could be pro¬ 
vided by rods, but up to the present time 
(15 years have, elapsed) all places provided 
with the protection planned have been free 
from damage by lightning. The statistical 
data are therefore favorable. 

The paper, "Shielding of Substations,” by 
Wagner, McCann, and Lear, adds greatly to 
the information that was obtained when the 
protective plan for the oil-storage reservoirs 
was developed. Their presentation, com¬ 
bined with the information contained in 
each of the papers presented at the session, 
well augment our knowledge as to what can 
be done in maintaining lightning protection 
by the use of rods—in some cases supple¬ 
mented by connecting grounded conductors. 

A comparison of the data presented in 
McMaster’s discussion, which show some 
slight changes from the data in the original 
paper, indicates that the original data re¬ 
garding the amount of shielding due to 
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towers and sag do not give an impression of 
more protection than might normally be 
expected in power lines with shorter spans. 

With regard to the dependability of re¬ 
sults as obtained from the tests on models as 
discussed in our paper, may I call attention 
to the fact that in studying actual lightning 
performances, as well as in the use of model 
tests, the results obtained are statistical. 
The probability law regarding the ratio of 
strokes that hit the rod, to strokes that hit 
elsewhere, holds both in model tests and in 
actual observation of lightning itself. 

It therefore seems to me that, notwith¬ 
standing our inability to exactly duplicate 
all actual conditions with small scale models, 
the statistical measure of protection pro¬ 
vided by the tests on models is well within 
the range of the statistical measure of pro¬ 
tection upon which one can rely in using 
data as they apply to actual lightning. It 
therefore does not seem unreasonable to as¬ 
sume that we are fully justified in consider¬ 
ing our model tests as indicative of actual 
ligh tning conditions, due regard, of course, 
being given to a reasonable engineering tol¬ 
erance factor. 

Lightning Investigation on 
132-Kv Transmission 
System of the American 
Gas and Electric Company 

Discussion and authors’ closure of paper 42-18 
by I. W. Gross and G. D. Lippert, presented 
at the AIEE winter convention, New York, 
N. Y., January 26-30,1942, and published in 
AIEE TRANSACTIONS, 1942, April sec¬ 
tion, pages 178-85. 


J. H. Hagenguth (General Electric Com¬ 
pany, Pittsfield, Mass.): The authors have 
presented a large amount of data accumu¬ 
lated Over the last eight years during the 
course of their lightning investigations. 
These data should be very useful to the utili¬ 
ties as well as to the designers of equipment, 
since the large amount of data available and 
presented permit drawing rather definite 
conclusions as to the severity of lightning 
currents, the effectiveness of ground rods 
and counterpoises and the effectiveness of 
modern lightning arresters. 

The authors mention, in connection with 
Table II, that the apparent line-surge im¬ 
pedance is of the order of 236 ohms or less 
when the calculation is based on the meas¬ 
ured bus voltage and on the measured line 
current. Conversely the traveling wave 
voltage using line current at station and 
surge impedance of 400 ohms is of the order 
of from 800 to 6,000 kv. 

I would suggest the following interprets- . 
tion: 

If traveling wave theory is used on a cir¬ 
cuit represented by an incoming line and 
outgoing line with ah arrester at the junc¬ 
tion, and the arrester is represented by a re¬ 
sistance corresponding to its maximum IR 
drop, the effective station resistance R' 
is a parallel connection of outgoing line- 
surge impedance Zj and arrester resistance 
RorR’^RXZt/R+Zi. 
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In the case of the currents presented in 
Table II of the paper, the IR drop is of the 
order of 315 to 355 kv, the arrester resistance 
between 140 to 260 ohms, and the effective 
station resistance R' between 105 and 157 
ohms if Z is taken as 400 ohms. The sum of 
the currents in the outgoing line and 
through the arrester is equal to measured 
line current. 

. , 2 E 

** " R' +Z 

where E is traveling wave voltage. 

The current associated with the incom¬ 
ing traveling wave is i t =E/Z; therefore, 
the ratio of traveling wave current to the 
total measured current is 

i t _ R'+Z 
*y“ 2 Z 

or 

. . , R'+z 

~zr 

*V represents the sum of the incident and 
reflected traveling current wave which is 
measured as line current. R r and Z are 
known impedances, and, therefore, the trav¬ 
eling wave current, the traveling wave volt¬ 
age, the current in the arrester and in the 
outgoing line can be calculated. Table I of 
this discussion shows these values for the five 
cases at Roanoke. 

Therefore, the bus voltage represents the 
sum of the incident and reflected traveling 
voltage wave; likewise, line current repre¬ 
sents the sum of the incident and reflected 
traveling current wave. Bus voltage di¬ 
vided by line current gives the value of the 
effective terminal impedance of the line. 

The traveling wave voltages range be¬ 
tween 560 and 800 kv which are reasonable 
values and are to be expected near a station 
on a 132 kv system. 

The bus voltages measured are, of course, 
at least as high as the arrester-gap break¬ 
down, which is 388 kv for AIEE lightning- 
arrester test. The IR drop following the 
arrester-gap breakdown is however, much 
lower for the low currents indicated in 
Table I of this discussion. The effective 
terminal impedance depends on the IR drop 
of the arrester rather than on the gap break¬ 
down voltage. 

The calculated and measured arrester cur¬ 
rent checks well for case 3 only. In all other 
cases, the calculated currents are higher than 
the measured values from 700 to 2,000 am¬ 
peres. It is not stated whether the meas¬ 
ured line current is the sum of the currents 
on the incoming and outgoing line. If it 
were the sum, then, of course, the calculated 
arrester currents would be considerably 
smaller. In case 3 for instance, the light¬ 
ning arrester current would be 800 amperes 
instead of 1,400' amperes. In calculating 
Table I, line currents have been assumed to 
be measured on one line only. 

The actual circuits involved in the ter¬ 
minal impedance at stations is much more 
complicated than the circuit used for these 
calculations. Especially if station capaci¬ 
tance is taken into account, the traveling 
wave current would be roughly one-half line 
current for relatively steep current waves, 
because the capacitance initially reacts as a 
short circuit to the incoming current wave 
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with a consequent reflected wave of ampli¬ 
tude and polarity equal to the incident wave. 
On that basis, the calculated arrester cur¬ 
rents check more closely the measured cur¬ 
rents, and the traveling wave voltages will 
range between 400 kv and 640 kv for the ex¬ 
amples in Table I of this discussion. A more 
exact calculation can be made when all the 
constants of the circuit are known. 

The low bus voltage of 300 kv in the fourth 
ease at Roanoke is indicative of a slow rate of 
voltage rise of the traveling wave. This is 
substantiated by the maximum rate of volt¬ 
age rise of 92 kv per microsecond given in 
the table for this case, the calculated IR drop 
is 320 kv with an arrester current of 1,600 
amperes. In the fifth chse at Roanoke, the 
high line current and low bus voltage with¬ 
out arrester operation suggest that the in¬ 
coming traveling wave was of the order of 
800 kv or higher but of short duration, prob¬ 
ably less than one- microsecond. Such a 
wave could be reduced by the station and 
bus capacitance to the measured value of 233 
kv and, therefore, would not cause arrester 
operation. It would be interesting to kuow 
whether records indicate a line flashover at 
the time this record was obtained. A short 
wave of only one-microsecond length would, 
however, have a relatively steep front of the 
order of 800 kv per microsecond or greater, 
while the wave-slope indicator indicated 
only 164 kv per microsecond. 

Similarly, the high bus voltages shown for 
cases 1 and 2 at Roanoke would indicate high 
rates of voltage rise to exceed the arrester- 
gap breakdown voltage of 388 kv. 

The rates of voltage rise indicated in the 
Table II of the paper for a few of the cases in 
Roanoke, therefore, seem to be too low to ac¬ 
count for some of the other simultaneous ob¬ 
servations in the station and on the line. 

If a wave-slope indicator, sueh as shown 
on Figure 1A of the paper was used in this 
station, the calibration of the instrument 
would have a dual calibration on account of 
the 35-tura coil which probably has an in¬ 
ductance of the order of 13 microhenries and 
the fact that a protective gap is provided. 
With rates of rise producing inductive volt¬ 
ages with amplitudes smaller than sparkover 
of the gap, the calibration should be de/dt <= 
i/2C. When the rates of rise are great 
enough to arc-over the gap, the current indi¬ 
cation can be equivalent to several times the 
rate of rise indicated by the above equation. 

On the basis of such calculations, it might 
be worthwhile to re-examine the records. 
Such an examination might show that a 
larger proportion of waves had steeper wave 
fronts. Due to the dual calibration charac¬ 
teristic, the correct rate of rise can be estab¬ 
lished only in such cases where other related 
data, such as in Table II of the paper, are 
available. 

Finally, with respect to the authors’ Table 
III, I would suggest a possible explanation 
for the apparent greater effectiveness of the 
tower legs to carry current than the counter¬ 
poise. If we analyze case 1 of Table III, we 
find that the tower-base voltages associated 
with tower leg, ground rod, and counterpoise 
currents are 360,000, 275,000, and 117,000 
volts respectively if currents are multiplied 
by resistance. Obviously, the three volt¬ 
ages cannot exist simultaneously. Now we 
know from tests 1 * 2 , that a counterpoise resist¬ 
ance varies between some 100 to 200 ohms 
initially to a value somewhat lower than the 
d-c resistance, provided the current fronts 
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Table I. Lightning Data at Roanoke Station as Calculated and Compared With Test Results of 

Table II of the Paper. Z=400 Ohms 


Measured 

Measured 

Calculated 

Bus 

IR 

Terminal 

Traveling 

Traveling 

Line 

Arrester 

Arrester 

Kv 

Drop 

Imped¬ 

Wave 

Wave 

- Current 

Currents 

Currents 

Meas¬ 

Calcu¬ 

ance 

Current 

Voltage 

(Amperes) 

(Amperes) 

(Amperes) 

ured 

lated 

Calculated 

(Amperes) 

(Kv) 


2,000. 

_ 500.... 

.1,220. 

...472.. 

...314... 

...157. 

... .1,400. 

_560 

3,200. 

_ 350.... 

.2,360. 

...•525.. 

...336... 

...105. 

_2,000. 

.800 

2,200. 

_1,350.... 

.1,400. 

...397.. 

.-..322... 

...146. 

... .1,500_ 

.600 

2,400. 

_ 450.... 

.1,600. 

...300.. 

...320... 

...133. 

_1,600. 

_640 

2,000. 

... No opera-... 

...233.. 

...314... 

,...157. 

.2,000_ 




tion 







"■Arrester did not operate. Indicates chopped traveling wave reduced to 233 lev by station capacitance. 


are steeper than the length of travel of the 
current wave on the counterpoise. On the 
other hand, the 200 ohms resistance of the 
tower leg probably does not vary consider¬ 
ably since its length is short (ten feet) and 
the registered current of 1,800 amperes is 
relatively low. The resistance of the ground 
rod probably is initially higher than the d-c 
value, since its length of 60 feet is consider¬ 
able. 

Calculations based on these considera¬ 
tions would indicate a probable maximum 
rate of current rise of the total current to 
groiind of 20,000 amperes per microsecond 
and an average rate of rise of 4,000 amperes 
per microsecond with a crest current of 
10,000 amperes. In other words, the three 
current crests measured do not occur at the 
same time. 

The rates of rise indicated above are well 
within the range of measurements made on 
the Empire State Building. 3 A rate of 
20,000 amperes per microsecond or more was 
recorded in 36 per cent of the records. Since 
the values shown in Table III are undoubt¬ 
edly the results of direct strokes, the results 
of such measurements seem to indicate a 
qualitative check to the measurements at the 
Empire State Building. If the data of 
Table III are interpreted in this manner, that 
the apparent high tower-leg conductivity 
indicates high rates of current rise, such 
measurements might be useful to obtain 
statistical data on rates of rise of lightning 
currents. 
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W. W. Lewis (General Electric Company, 
Schenectady, N. Y.): In Figure 10 of the 
paper by Messrs. Gross and Lippert are 
given curves of rate of change of voltage at 
stations. These curves, are based on a cer¬ 
tain interpretation of the wave-slope-indi¬ 
cator records. 

In a paper by Lewis and Foust, entitled 
“Lightning Investigation on Transmission 
Lines—IV,’’ which appeared in AIEE 
Transactions for August 1934, 1 Figure 1 
shows the time to reach crest of 46 waves 
caused by lightning on the 220-kv Wallen- 
paupack—Siegfried line, as recorded at the 
end of the line by cathode-ray oscillograph, 


and Figure 3 gives similar information for 16 
waves recorded at the mid-point of the line. 
I have taken the same data and calculated 
the kilovolts per microsecond* of the wave 
front. 

In Figure 1 of this discussion curve A 
shows kilovolts per microsecond as ordinates 
against percentage equal to or greater than 
ordinate for 44 waves recorded at the end of 
the transmission line near the station. 
Curve B gives similar information for the 16 
waves recorded at the mid-point of the line. 
It will be noted that curve B lies consider¬ 
ably above curve A . Three points of small 
voltage amplitude but very short time to 
crest account for the upper part of curve B. 
A possible explanation for the difference in 
these curves is as follows: The transmission 
line was covered with two overhead ground 
wires for 20 miles near the end of the line. 
Most of the waves recorded traveled in 
toward the station from a long distance and 
consequently suffered considerable attenua¬ 
tion before reaching the oscillograph. At 



PERCENTAGE EQUAL TO OR GREATER THAN OROINATE 

Figure 1. Comparison of wave-slope-indica- 
tor and cathode-ray-oscillograph records 

Curve A. 44 cathode-ray-oscillograph rec¬ 
ords at end of Wallenpaupack-Siegfried line 

Curve B. 16 cathode-ray-oscillograph rec¬ 
ords at mid-point of Wallenpaupack-Siegfried 
line 

0 

Curve C. 554 wave-slope-indicator records 
at stations on Glenlyn-Roanoke line 


the mid-point of the line, however, there were 
no overhead ground wires and it is possible 
that the waves originated nearer to the oscil¬ 
lograph. Consequently, these waves were 
steeper than the waves at the end of the line. 

Curve C is plotted from 654 records se¬ 
cured on the Glenlyn-Roanoke line in 1939, 
1940, and 1941, by means of the wave-slope 
indicator. These are the same data on 
which Figure 10 of the Gross-Lippert paper 
is based, but the data have been interpreted 
differently. The oscillatory surge interpre¬ 
tation has been used, making use of the data 
from all of the links. 

The data of curves B and C were both 
taken under similar circumstances, that is, 
from traveling waves coming into stations on 
conductors shielded by overhead ground 
wires. These, two curves check very closely 
and this circumstance gives considerable 
confidence in the wave-slope indicator and 
the oscillatory surge interpretation. 

Reference 

1. Lightning Investigation on Transmission 
Lines —IV, W. W. Lewis and C. M. Foust. AIEE 
Transactions, volume 53, 1934, August section, 
pages 1180-6. 


J. T. Lusignan, Jr. (Ohio Brass Company, 
Mansfield, Ohio): In commenting on the 
results of Table II of the paper the authors 
mentioned the apparent discrepancy in ar¬ 
riving at line impedance values. I assume 
that the bus voltage is measured next to the 
arrester so that applying this to the line cur¬ 
rent should result in a value for arrester im¬ 
pedance not line-surge impedance. Could 
that be a proper assumption? 

In the paper I note reference to the use of 
1 /u-inch-by-2-inch fiat iron strap for 
counterpoise. What are the advantages of 
this section ? I am wondering whether there 
have been any corrosion problems with such 
a section as yet. 

Should the range of 16.6-180 per cent for 
relative conductivity of the ground rods not 
be 31-180 per cent? The last column of 
Table III leads me to believe this. 

The field-investigation data described in 
this paper should prove most helpful not 
only to the operating engineer and line de¬ 
signer but also to the equipment manufac¬ 
turer. I was very interested in the figures 
given by the authors for rates of voltage rise 
recorded at the stations. While it is com¬ 
paratively easy to design line insulators to 
resist puncture under exceedingly steep 
wave fronts, it is rather costly to do so with 
such station insulation as bushings. Often 
some sacrifice of other worth-while properties 
must be made. So far we have designed to 
meet voltage rises in excess of 1,000 kv per 
microsecond. We note that the authors 
only measured a maximum of 600 kv per 
microsecond. I am wondering whether they 
felt that 1,000 kv are still a reasonable figure. 
It is not that we want to drop it any. We 
would just not like to have it hiked much 
higher. 


C. M. Foust (General Electric Company, 
Schenectady, N. Y.): The wave-slope 
measurements of conductor voltages at sub¬ 
stations included in the paper by Messrs. 
I. W. Gross and G. D. Lippert were obtained 
through an extension of our now extensively 
used surge-crest ammeter technique. 1 Sev- 
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eral steps in this adaptation, particularly as 
to details of calibration not included in the 
paper, are brought out in this discussion. 

The general arrangement of field setup as 
shown in Figure 1 of the Gross-Lippert paper 
consists of magnetic links located in the 
ground connection to the coupling capacitors 
to measure maximum capacitor currents. 
The design of the coupling-capacitor wave- 
slope indicator is based on the following con¬ 
siderations: 

1. A range of wave slopes from 25 to 5,000 kv per 
microsecond. 

2. Measurements of capacitor currents reversing 
in polarity with a wide range of relative front- and 
tail-slope ratios. 

3. Coupling capacitors of several capacitance 
values. 

For a unidirectional voltage wave on the line 
the coupling capacitor current will reverse 
in polarity, and when the charging and dis¬ 
charging currents are of the same order of 
magnitude, a simple unidirectional current 
calibration for the magnetic links will be in¬ 
accurate, giving values generally below true 
wave slopes. 

These considerations were provided for 
through the design of an eight-link recording 
station for each coupling capacitor with the 
links set in or adjacent to small coils in the 
ground connection of the coupling capacitor 
as shown in Figure 1A. The coil turns and 
link locations were designed to give a magne¬ 
tization ratio of 2.5 to 1 between adjacent 
links. On a surge-crest ammeter of 100 divi¬ 
sions and proportional to magnetization cur¬ 
rent, this 2.5 to*l ratio gives at least three 
adjacent link readings for each application of 
unidirectional current from 10 to 8,000 am¬ 
peres. This range of current provides for 
wave-slope readings from 25 to 5,000 kv per 
microsecond with the available coupling 
capacitors ranging from 0.00025 to 0.0015 
microfarad. Now with this overlapping of 
link magnetization, at the known link ratio 
of 2.5 to 1, an oscillatory calibration similar 
to those we have used for structure currents 
and checked by actual laboratory tests ran 
be used to obtain crest-current values with 
reasonable accuracy. 

On this basis of interpretation our firld 
records range up to 525 kv per microsecond 
with the distribution of frequency of occur¬ 
rence shown in Table II. These values do 
not depart greatly from those presented by 
Gross and Lippert in Figure 10 of their paper 
and based on a somewhat different inter¬ 
pretation. 

As far as available records indicate, these 
slopes were the result of traveling waves in¬ 
coming to the station from strokes to the 
line some distance out. For comparison 
with these distant strokes we have a direct- 
stroke oscillographic record made in 1930 of 


Table II 


Wave Slope Frequency of Occurrence 
^ >er Per Cent Above Magnitude 

Microsecond of Column 1 


525.. 

220.. 

... Maximum recorded 

150. 


100. 

__ d(\ 

60. 


35»»• •. 


25.... 





slightly under 2,000 kv per microsecond. 
This 2,000-kv-per-microsecond slope was a 
direct stroke to a high-voltage transmission 
line, the measurement having been made 
immediately at the point of a stroke to the 
line conductor of a 220-kv line. No over¬ 
head ground 'wires were in use at the time. 
The point struck was out on the line remote 
from the terminal stations, and no additional 
station capacitance was available to reduce 
the wave slope. This value of voltage wave 
slope, therefore, possibly ranges above that 
to be expected on well-protected lines at sub¬ 
stations. 

Reference 

I. Direct Measurement of Surge Currents, 
C. M. Foust and J. T. Henderson. AIEE Trans¬ 
actions, volume 54, 1935, April section, pages 373- 
8 . 

J. G. Hemstreet (Consumers Power Com¬ 
pany, Jackson, Mich.): This paper presents 
very valuable information pertaining to the 
effects of lightning on high-voltage trans¬ 
mission systems. We compliment the auth¬ 
ors on the splendid way that they have col¬ 
lected and presented such a large amount of 
pertinent data and concur on the conclusions 
that have been derived. 

The statistical curves for lightning cur¬ 
rents appearing in the various elements of a 
transmission system should be of interest to 
all concerned with ligh tning protection and 
performance of high-voltage transmission 
facilities. 

The writer has been associated for the past 
five years with an investigation of the rela¬ 
tive effectiveness of radial counterpoise and 
deep driven ground rods. This investiga¬ 
tion has been conducted on towers situated 
on a sandy plane where tower footings and 
counterpoise offer very high measured resist¬ 
ances to ground. Deep driven ground rods 
extending to depths of approximately 100 
feet below the surface offer very low meas¬ 
ured resistances and are connected in paral¬ 
lel with the counterpoise to p aHi tower. 
Counterpoise and rods are so equipped that 
contributions of each to the total tower cur¬ 
rent may be measured. It has been found in 
our investigation that where the measured 
resistance of the ground rods is very low as 
compared to that of the counterpoise, the 
ground rods contribute three to four times 
as much cun-ent as does the counterpoise, 
thus indicating that the deep driven ground 
rods are very effective for dissipating stroke 
currents. The ratio of per cent current to 
per cent conductivity of the counterpoise 
has been found to be as much as 8.6 or more 
when the same ratio for the combined tower ' 
footings and ground rods is in the order of 
0 . 6 . 

Data presented in Table III of the paper 
for cases 1, 2, and 3, when rearranged to 
compare the counterpoise contribution with 
that of the ground rods and tower footings 
combined, give ratios of per cent current to 
per cent conductivity for counterpoise as 
0.72 to 0.78, while the same ratio for ground 
rods plus tower footings is about 1.6 to 2,0. 
This, differs somewhat from our experience 
and is probably due to the different conduc¬ 
tivity relations of counterpoise and ground¬ 
ing system. 

It is, therefore, possible that the counter¬ 
poise may contribute much more current 
than a measure of its conductivity would 
indicate, while means for grounding the 
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towers directly by ground rods and tower 
footings would carry current more nearly in 
the order of their conductivities. 

The writer is curious to know the general 
nature of the surface and soil conditions for 
the towers listed in Table III, since the 
measured resistances of the counterpoise are 
somewhat less than either tower footing or 
ground-rod resistances in every case. 


W. G. Roman (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): 1. In discussing Table A of the 
paper, the authors attempt to estimate the 
conductor voltage by multiplying the ob¬ 
served line currents by an assumed surge 
impedance of 400 ohms. This leads to er¬ 
roneous results, as the current recorded in 
the line is not a single traveling wave cur¬ 
rent, but the totalized current consisting of 
all traveling waves including reflections from 
arresters, flashovers, and junction points, as 
well as the original traveling wave current. 
The actual line voltage is determined by the 
impedance of paths to ground particularly 
the tower and tower ground or the station 
arresters and ground. 

2. The same comments .apply to the at¬ 
tempt to calculate the line-surge impedance 
from the observed line current and bus volt¬ 
age in Table II of the paper. The bus volt¬ 
age is determined by the impedance drop 
through the station arresters, the station 
ground, and the drop from the bus to the ar¬ 
resters. 

3. In Table II, there are discrepancies 
between the observed line currents and the 
arrester discharge currents. Is this due to 
currents leaving the station on other lines 
connected to the same bus? If so, are rec¬ 
ords of these currents available, and do the 
sum of all the currents into the station bus 
correlate with the observed arrester cur¬ 
rents? 

4. When a traveling wave enters a sta¬ 
tion, the rate of rise of voltage on the bus is 
not necessarily the same as would be meas¬ 
ured on a line when the same wave passed. 
A typical station is a complex network of 
parallel capacitances from the bus to ground 
through leads of various lengths. These 
station constants determine the rate of rise 
of voltage on the bus for a given traveling 
wave entering the station. For a given 
traveling wave, the rate of rise will be higher 
in a small station having low capacitance 
to ground than in a large station haying high 
capacitance to ground. Also, a station hav¬ 
ing more than one line connected to the bus 
will show lower rates of rise than a station 
having only one line on the bus. For these 
reasons, caution should be used in applying 
data on rates of voltage rise obtained in a 
given type of station to stations or equip¬ 
ment in general. 


C, F. Wagner and G. D. McCann (Westing- 
house Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): A single mag¬ 
netic link can be used to determine the crest 
magnitude of a unidirectional current. 
When, however, the current is oscillatory or 
has values of opposite polarity subsequent 
to the crest, two or more links are required 
to estimate the crest magnitude of the cur¬ 
rent. The reason for this is the demagnetiz¬ 
ing action of the current of opposite polarity. 
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A demagnetizing current of but one or two 
per cent of the original magnetizing current 
might produce an error of 25 to 50 per cent 
of the true indication, and larger currents 
larger errors. 

The magnetic link in the wave-slope indi¬ 
cator described in the paper by Gross and 
Lippert will be magnetized by a current 
which is proportional to the rate of change 
voltage across a capacitor. The authors 
recognize the interference of switching surges 
in most of their links and limit their light¬ 
ning measurements to the indications of a 
single link. Due to the complex nature of 
voltage surges, especially at terminal equip¬ 
ment, the magnetic links are, in all probabil¬ 
ity, subjected to demagnetizing influences 
subsequent to the maximum magnetizing 
force. This would, undoubtedly, throw con¬ 
siderable doubt upon the records so ob¬ 
tained. Most, if not all, of these devices 
were located adjacent to transformers pro¬ 
tected by arresters. It is likely that the 
maximum rate of change of voltage occurs 
when the arrester gap breaks down. Curve 
I of Figure 10 of the paper is, therefore, more 
likely to be a measure of the rate at which 
the arrester breaks down, influenced, of 
course, always by the extent to which any 
subsequent rate of change of opposite polar¬ 
ity might affect the reading. 


I. W. Gross and G. D. Lippert: In present¬ 
ing the data given in this paper, the authors 
hoped that sufficient detail was included to 
enable others interested in the lightning field 
to analyze it and draw their own conclusions, 
which, it was recognized, might not in every 
case conform to that given in the paper. 
Comments along this line are certainly most 
welcome, as it is recognized, in exploring new 
fields in lightning field research with newly 
developed instruments and even with some 
of the older ones, there are discrepancies 
which have occurred and may continue to 
exist for some time to come. 

Regarding .the matter of correlating meas¬ 
ured bus voltages with line currents and 
surge impedances, it is recognized that the 
technical solution of this problem involves 
complicated mathematics together with a 
knowledge of terminal constants which it is 
difficult if not impossible to obtain. In pre¬ 
senting data, therefore, such as given in 
Table II of the paper, it was realized in sug¬ 
gesting this analysis that complete correla¬ 
tion might not be obtained. However, it is 
impractical to attempt to calculate light¬ 
ning voltages and impulses with any degree 
of certainty in a complicated network consist¬ 
ing, for example, of one incoming line, four 
outgoing lines—one being on the same tower 
circuit as the incoming, and, in addition, 
coupling capacitors, station capacitance, 
terminal equipment, and the like at the sta¬ 
tion. 

Table II merely attempts to show what 
correlation, if any, does exist on a very 
simple basis. It is hoped that the presenta¬ 
tion of the data in Table II and the discus¬ 
sions which have followed will lead to more 
extended work on this problem in an attempt, 
to reach a much more simple and easy solu¬ 
tion than now required by extensive mathe¬ 
matical calculations. 

Mr. Hagenguth uses a relatively simple 
mathematical analysis which seems to have 
promise of placing a reasonable interpreta¬ 
tion on the data. The currents recorded in 
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the paper are actually measured currents in 
the line wires and are not a value obtained 
by the addition of currents in separate wires. 
In the fifth case of Table II, there was no evi¬ 
dence found that there was a line flashover 
associated with this record. 

Regarding the possibility of the protective 
gap flashover affecting the results, there was 
only one field station where evidence of this 
gap flashing over was obtained. 

The data obtained in our field investiga¬ 
tion, when interpreted, give rates of current 
rise comparable to those obtained on the 
Empire State Building. It has always been 
a question in the minds of the authors 
whether or not it was possible to convert 
satisfactorily records in lightning strokes to 
a building such as the Empire State Building 
to practical application to an elevated trans¬ 
mission system such as a 132-kv line or cir¬ 
cuit. 

Dr. Lewis’ comparison of rates of voltage 
rise measured at stations and out on the line 
with the data presented in our paper is most 
interesting, considering that they were ob¬ 
tained by two entirely different methods. 
We subscribe heartily to the suggestion that 
higher rates of voltage rise undoubtedly oc¬ 
curred near the region of the stroke. This 
means that on lines which are not shielded, 
higher rates of voltage rise may be expected 
than on lines partially or adequately 
shielded. 

Regarding the use of galvanized iron strap 
for counterpoises on which a query has been 
made by Dr. Lusignan, this material was 
used on account of its low cost, expected 
freedom from theft, and the further belief 
that it would be reasonably unaffected by 
•soil corrosion. Digging up and inspecting 
this material after some six years indicated 
that there was relatively no trace of any cor¬ 
rosion whatsoever. 

The percentage range of 31 to 180 instead 
of 15.6 to 180 for the relative conductivity of 
ground rods is correct. Regarding the ques¬ 
tion raised by Dr. Lusignan as to whether 
the 1,000 kv per microsecond furnish a rea¬ 
sonable basis on which to design equipment, 
we believe that there is nothing in the pic¬ 
ture as brought out from the data reported 
in the paper relative to natural rates of rise 
of natural lightning on transmission lines 
which would indicate that the 1,000-kv-per- 
raicrosecond figure is too low. Until further 
evidence is available, there certainly seems 
to be no justification for decreasing this 
value as a design basis. 

The question of the method of determin¬ 
ing rate of voltage change in the field with 
the surge-crest ammeter has been mentioned 
by Messrs. Wagner and McCann, and per¬ 
haps Mr. Foust’s discussion has already 
cleared up this point. We recognize that 
this wave-slope indicator is a relatively new 
instrument in the field and will be subject to 
some scrutiny until records obtained there¬ 
from have been correlated with other data 
obtained by different methods. Considering 
the relatively large amount of data that is 
obtainable by the use of this instrument at a 
reasonable cost, in comparison with a single 
cathode-ray field installation and the uncer¬ 
tainties coupled even with this more accu¬ 
rate measuring instrument, it is believed that 
the wave-slope indicator has yielded some 
very valuable information, although it may 
be later subject to some modification in the 
instrument itself or detailed refinement in 
calibration. 
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The results Mr. Hemstreet has mentioned 
in connection with his field work in measur¬ 
ing the effectiveness of driven ground rods, 
counterpoises, and tower resistances are 
interesting. The fact that they do not show 
the same trend as those reported by the 
authors may be due in part at least to differ¬ 
ent soil conditions. The conditions under 
which our reported measurements were 
made were in flat country with sandy loam- 
type soil. We hope to continue further in¬ 
vestigation on this subject, and perhaps the 
results may show why there is a discrepancy 
between the grounding results shown in Mr. 
Hemstreet’s field study and those reported 
by the authors^ 

Lightning Investigation at 
High Altitudes in Colorado 

Discussion and authors' closure of paper 42-16 
by L. M. Robertson, W. W. Lewis, and C. M. 
Foust, presented at the AIEE winter conven¬ 
tion, New York, N. Y., January 26-30,1942, 
and published in AIEE TRANSACTIONS, 
1942, April section, pages 201-08. 


J. H. Hagenguth (General Electric Com¬ 
pany, Pittsfield, Mass.): The paper is very 
interesting from the point of view of extend¬ 
ing lightning-stroke records into regions of 
high altitude. The conclusion is drawn that 
there may be no lightning strokes within re¬ 
gions of altitudes of 18,000 feet and above. 

I should expect that this conclusion is cor¬ 
rect as far as currents of sizable amplitude 
are concerned. On the other hand, the 
existence of long continuous discharges of 
relatively long duration might be expected 
to take place between differently charged 
portions of the clouds, as well as between 
cloud and ground. Data are available. 
The fact that the terrain extends into the 
cloud should hot preclude formation in the 
clouds, especially since air currents at such 
altitudes are frequently extremely violent. 

It is interesting to note from Figure 1 and 
Table 1 of the paper that the average num¬ 
ber of strokes per mile per year, over the 
whole section above 6,000 feet, is approxi¬ 
mately 0.25; in the section 6,000-8,000 feet 
—0.43; 8,000-10,000 feet—0.1; 10,GOO- 
12,000 feet—0.17, and in the short section 
above 12,000 feet—1.76 strokes per mile 
per year. 

In conclusion 2 of the paper, it is shown 
that of the 145 strokes registered, 56 per 
cent caused faults and 44 per cent caused 
no line disturbances. It would be interesting 
to know the distribution of faults with re¬ 
spect to the altitude on this line. From the 
data presented, it would appear that flash- 
overs should occur frequently at altitudes, 
such as are attained by this line, because: 

1. The number of strokes per mile is high. 

2. The ground resistance of tower footing, and 
probably also of counterpoise, increases rapidly 
with altitude as shown in the paper. 

3. The flashover voltage of the air decreases 
considerably at high altitude. 

Therefore, the reduction in current ampli¬ 
tude should not have so great an effect on 
the fault record as would appear from the 
current data alone. I would appreciate 
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the authors’ comments on this phase of 
their investigation. 

Edward Beck (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh. 
Pa.): Mr. Robertson and his coauthors con¬ 
clude that there is little likelihood of light¬ 
ning strokes at altitudes of 18,000 feet or 
more. Although the data adduced in the 
paper are hardly complete enough to prove 
the case, there is some logic in the assump¬ 
tion that altitude influences lightning. Is it 
not likely that this influence varies with 
climatic conditions and geography? In the 
tropics, thunderstorms are reported to be of 
somewhat different nature than in the tem¬ 
perate zones, with a greater prevalence of 
strokes between clouds. This may be a 
manifestation of an effect as discussed by 
authors in so far as the freezing isotherms 
shown in Figure 10 of the paper are, no 
doubt, at higher altitudes than in the 
United States, so that the separated charges 
may lie at higher altitudes. It would be 
interesting if more data were made avail¬ 
able on this subject. 

Another factor that may color the dis¬ 
tribution of the current records is the in¬ 
fluence of earth resistivity and geology on 
the nature of the lightning currents that 
flow after the stroke has been established. 
Some lightning investigations and observa¬ 
tions of arrester performance, as discussed 
before the Institute 1 last summer, indicate 
that such an influence exists. This is logi¬ 
cal, since the earth, as well as the cloud, is 
a terminal of the lightning battery. In 
regions of ancient geology and high resistiv¬ 
ity currents of lower amplitude may pre¬ 
vail. Such regions exist in Colorado, and 
the effect may be magnified on the tops of 
rocky mountains. The authors have men¬ 
tioned geology, and continued investigation 
of its effect on lightning currents is of im¬ 
portance. This relates also to the paper by 
Messrs. Bellaschi, Armington, and Snow¬ 
den, on impulse and sixty-cycle characteris¬ 
tics of driven grounds, presented at this 
meeting. 
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C. F. Wagner and G. D. McCann (Westing- 
house Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): As stated by 
the authors, operating experience of trans¬ 


mission circuits at high altitudes over a 
period of 30 years has shown that there is 
less damage to equipment than at lower 
altitudes. The authors, from the data sub¬ 
mitted, conclude that this is due to the 
absence at the higher elevations of lightning 
currents of large magnitude. It may be 
that the simple explanation is the less fre¬ 
quent occurrence of lightning strokes of all 
magnitudes; that is, the current distribu¬ 
tion curve might be the same but the total 
strokes per sedson be fewer. 

All the points obtained are tabulated in 
Table I and plotted in Figure 5 of the paper. 
For a given range in altitude, fewer records 
are obtained at high altitudes than at the 
lower altitudes. In the absence of informa¬ 
tion regarding the distribution of the number 
of instruments as a function of altitude, it is 
impossible to say whether this is due to 
fewer instruments at higher altitudes or 
fewer discharges per instrument. In any 
event, because of the statistical nature of 
such investigations, the number of records 
obtained above 8,000 feet is insufficient to 
warrant the conclusion that currents of 
large magnitudes do not occur. Had a 
larger number of instruments or a longer 
period of time been considered, currents of 
large magnitude might have been recorded. 

The bench marks which form the points 
at zero elevation in Figure 5 were obtained 
from the low-altitude record of Figure 6 of 
the paper, the Lewis and ‘Foust curve. The 
accompanying Figure 1 shows a similar 
curve obtained by Waldorf. If will be ob¬ 
served that this curve shows much smaller 
currents than,that of the Lewis and Foust 
curve, and had the bench marks at low 
altitudes obtained from this curve been 
used, the straight lines of Figure 5 would 
have been entirely different. 

In Figure 1 not only are the Lewis and 
Foust and Waldorf curves plotted, but also 
the mean curve for all the records of Table 
I, which represents data for altitudes in ex¬ 
cess of 5,000 feet. Comparing this curve 
with the Waldorf curve shows that the effect 
of altitude is very small, the difference being 
much smaller than the difference obtained 
by different investigators at low altitudes. 

Not being able to identify the particular 
points from which the different curves in 
Figure 6 were plotted, the authors replotted 
the data in Table I for the four ranges in 
altitude given. The results are shown in the 
accompanying Figure 2. These curves do 
not appear to indicate a very definite trend 

Figure 1. Comparison of current St 
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in the effect of altitude, the differences being 
smaller than are obtained from year to year 
or from season to season on the same line. 

In conclusion, while the surmise of the 
authors may be correct that the magnitude 
of lightning strokes decreases with increase 
in altitude, the data presented appear in¬ 
sufficient to draw definite conclusions. 

E. A. Evans (General Electric Company, 
Pittsfield, Mass.): The authors have stated 
in conclusion 1 that 36 per cent of the cur¬ 
rents they measured were positive, while 
64 per cent were negative. This is of con¬ 
siderable interest since, as they have also 
indicated, stroke currents measured on low- 
altitude transmission lines have been found 
to be roughly five per cent positive, and 95 
per cent negative. They suggest as a pos¬ 
sible contributing factor, the probability 
that the high-altitude lines may at times be 
within the clouds. Under this condition 
one might expect that the line would be 
nearer the upper positively charged portion 
of the cloud, and that it, therefore, would be 
more likely to receive discharges from it. 

There is one section of the Shoshone- 
Denver line which I feel certain is seldom, 
if ever, within a thoundercloud. Therefore, 
a re-examination of the data on strokes to 
that part of the line will be of value in 
determining whether Colorado thunder¬ 
storms have charge distributions which 
differ from the distributions in low-altitude 
storms. The section referred to is that be¬ 
tween 5,000 and 8,000 feet at the Denver 
end of the line. Judging from the authors’ 
profile of the line, its length is about 27 miles. 

This end of the line is subjected to the 
same types of thunderstorms which I stud¬ 
ied from the top of Devil’s Head Mountain, 
roughly 35 miles south of the line during the 
summers of 1930 and 1931. The two sea¬ 
sons were spent there, through the courtesy 
of the United States Forest Service, for the 
sole purpose of studying the phenomena oc¬ 
curring during thunderstorms. 

Devil’s Head Lookout is 9,348 feet above 
sea level, while the immediately surrounding 
country for some distance lies between 7,000 
and 8,000 feet elevation. Although the 
lightning discharge centers of 37 storms 
passed within three miles of the lookout in 
1930, and a number more in 1931, in no case 
was I within the thundercloud. 

Figure 2. Cumulative curves of probable 
stroke currents as a function 
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Several measurements were made of the 
distance between ground level and cloud 
base. Most of these fell between 3,000 and 
6,000 feet above the surrounding country 
and from 1,200 to 4,200 feet above the look¬ 
out. Only on very rare occasions were 
storms seen in which the cloud base appeared 
to be less than 1,000 feet above ground. 
These cases may have been optical illusions, 
for storms viewed at a distance, particularly 
when the rain area is dense, appear to be 
much lower than they actually are. 

In view of this, it seems reasonable to as¬ 
sume that the section of line referred to was 
seldom within the cloud. Therefore, if a re¬ 
examination of data for it shows a consider¬ 
ably higher percentage of positive strokes 
than that obtained for storms at low altitude, 
a difference in charge distribution for low- 
and high-altitude storms may be indicated. 

Based on my observations of thousands of 
lightning strokes, the shape of a number of 
which could be explained only by assuming 
that both positive- and negative-charge con¬ 
centrations were present near the base of 
the cloud, and based on cloud field measure¬ 
ments, I am of the opinion that some of the 
positive currents measured by the authors 
were caused by discharges from centers of pos¬ 
itive charge in the lower regions of the cloud. 

Other positive records may have resulted 
from strokes which began as negative dis¬ 
charges from the base of the cloud to ground 
but ended as positive discharges, due to the 
discharge channels extending into the upper 
positively charged regions of the cloud. In 
Colorado on September 2, 1930, while 
watching a storm under conditions in which 
the cloud was clearly visible from its base to 
its top, I saw several discharges in succession 
which were probably of this type; In each 
case a stroke occurred from the lower part 
of the cloud to ground. Each stroke was 
followed by a progressive illumination up¬ 
ward through the cloud, which ended with 
several discharge channels visible near the 
top of the cloud. McEachron has recorded 
strokes to the Empire State Building 1 which 
started as negative discharges and ended as 
positive discharges. It is possible that the 
structure of Colorado mountain thunder¬ 
storms, resulting from their special condi¬ 
tions of formation, is such that this type of 
discharge occurs more frequently. 

With regard to the decrease in current 
magnitude with altitude, the roughly seven¬ 
fold increase in tower-footing resistance 
between 7,000 feet and 11,000 feet possibly 
deserves some consideration. Using the 
tower-footing resistance as a crude measure 
of earth resistivity, a foot of counterpoise at 
11,000-foot elevation should have of the 
order of seven times as much leakage resist¬ 
ance to ground as a similar length at 7,000- 
foot elevation. The difference in resistance 
offered to the discharge of a lightning stroke 
at the two locations will be less than this, 
due to breakdown of the air pores in the 
ground, but it should still be substantially 
higher at the 11,000-foot elevation. Con¬ 
sidering the discharge of a stroke into a 
counterpoise (after Bewley 8 ) as a combined 
leakage discharge and traveling wave phe¬ 
nomenon, the leakage resistance met by the 
stroke should be one that starts relatively 
high an d continually decreases, as the surge 
travels along the counterpoise and thereby 
taps more and more paths in parallel to 
ground. Bewley’s and Wade’s 2 measure¬ 
ments of the velocity of propagation of an 


artificial lightning surge along a counter¬ 
poise indicate that after three microseconds 
between 900 and 1,000 feet of counterpoise 
should be picking up current from the earth. 
With this length of counterpoise in action, it 
appears doubtful that its resistance either 
at 7,000- or at 11,000-foot elevation would 
be high enough to substantially influence the 
maximum current of the stroke. Further 
evidence that a sufficient section of counter¬ 
poise probably comes into action quickly 
enough to offer a low-resistance path for the 
lightning. current is given by one of the 
authors. 3 Still, in view of the nature of the 
ground under the Shoshone-Denver line at 
high altitude, ground resistance should not 
be entirely dismissed as a possible contribut¬ 
ing factor toward the decrease in current 
with altitude found by the authors. 

The authors’ suggestion that decrease in 
temperature with altitude is a factor in 
limiting the formation of lightning is inter¬ 
esting. The rapid decrease* in moisture con¬ 
tent of the atmosphere with altitude is also 
important. Based on the data given, it ap¬ 
pears improbable that thunderstorms can 
form above an extended ground level of say 
18,000-foot elevation, if tjie temperature at 
that level never exceeds 32 degrees Fahren¬ 
heit. Thunderstorms could, however, form 
at lower elevations and strike from the 
upper regions of the cloud to ground at that 
elevation as they moved toward it. Meteo¬ 
rologists believe, as shown by the generalized 
cloud diagrams in Figures 10 and 11 of the 
paper, that charge concentrations can oc¬ 
cur in thunderstorms several thousand feet 
above the 18,000-foot level. 

The study of corona discharge currents 
from points subjected to thundercloud fields 
appears promising as a means of increasing 
our understanding of the nature and 
strength of these fields. I would expect that 
refinements in calibration methods as the 
investigation proceeds will show the field 
strengths to be lower than those given in 
Table IV of the paper. 

It should be possible to considerably in¬ 
crease our knowledge of the locations, 
polarities, and magnitudes of the charge 
concentrations causing thunderstorm fields 
by a continuation of the above measure¬ 
ments, combined with simultaneous obser¬ 
vations of thundercloud position and char¬ 
acteristics, discharge center locations, and 
rain area locations. The records should also 
yield information on the charging processes 
going on within the storm cloud. 

A few measurements of the discharge cur¬ 
rent from a 40-foot length of 0.011-inch- 
diameter bare wire, subjected to thunder¬ 
cloud fields, were obtained at Devil’s Head 
in 1931. These yielded some interesting in¬ 
formation on thunderstorm field characteris¬ 
tics. The maximum current which I meas¬ 
ured was 314 microamperes. For this record 
a flow of positive electricity from wire to 
air was indicated showing that a negatively 
charged region in the cloud was dominating 
the field at the lookout. 
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L. M. Robertson, W. W. Lewis and C. M. 
Foust: Several of the discussers point out 
that the apparent decrease of lightning cur¬ 
rent with altitude may be due to causes 
other than those suggested by the authors, 
for example, climatic conditions and geog¬ 
raphy, influence of earth’s resistivity and 
geology, and less frequent occurrence of 
lightning strokes of all magnitudes. Some 
or all of these points may have a bearing on 
the results. 

Our data permit us to comment on the 
relative frequency of occurrence of strokes. 
All our results were obtained on the sections 
of line equipped with ammeter links, as in¬ 
dicated on Figure 1 of the paper, that is, on 
about 46 miles of the approximately 150 miles 
of line. With 145 total strokes recorded in 
four years, this would indicate about 0.8 
stroke per mile per year. Bell 1 showed 356 
towers flashed on the section of the Wallen- 
paupack-Siegfried line not equipped with 
overhead ground wires (about 36.9 miles) in 
a period of 13 years, or about 0.74 tower 
flashed per mile per year. Assuming each 
flashover represents a stroke, it will be seen 
that figures for high altitude in Colorado and 
low altitude in Pennsylvania arecomparable. 

In Mr. Hagenguth’s discussion, he de¬ 
duces from Figure 1 and Table I of the 
paper the average number of strokes per 
mile per year in the different altitude ranges. 
He overlooked the fact that data were se¬ 
cured only on about 45 miles of the line. 
The correct figures for strokes per mile per 
year would be approximately as follows: 

Over the whole line.. 

6,000 to 8,000 feet...• *. » 

8,000 to 10,000 feet.. 

10,000 to 12,000 feet.... 

Over 12,000 feet. 

Messrs. Wagner and McCann show a 
curve of lightning current against frequency 
plotted from Waldorf’s data, and they com¬ 
pare this with the Lewis-Foust curve and 
with Figure 6 of the present paper. It is 
interesting to note that of the 734 records 
plotted in the Lewis-Foust curve, 457 rec¬ 
ords are from Waldorf’s data on four sys 
terns. This is 62 per cent of the Lewis- 
Foust data and 78 per cent of Waldorf s 588 
records plotted by Wagner and McCann. 
The remaining 277 records, or approximately 
38 per cent of the Lewis-Foust data, are 
from four other eastern low-altitude power 
systems. From a comparison with various 
other curves we believe that the Lewis 
Foust curve is representative of the range or 
current magnitude that may be expected at 
altitudes near sea level. It should also be 
noted, as mentioned in the paper, that 
years operation indicated much less destruc¬ 
tion, for example, shattering of wood poles 
and crossarms, at higher altitudes than at 
lower altitudes on the Colorado system. 

We wish to thank the discussers for their 
interesting and constructive discussion, we 
intend to continue our investigation and 
hope to secure additional data which will 
confirm or revise our present conclusions. 
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Large Adjustable-Speed 
Wind-Tunnel Drive 


Discussion and author’s closure of paper 42-65 
by C. C. Clymer, presented at the AIEE 
winter convention. New York, N. Y., January 
26-30, 1942, and published in AIEE 
TRANSACTIONS, 1942, March section, 
pages 156-8. 
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M. M. Liwschitz (The Polytechnic In¬ 
stitute of Brooklyn, Brooklyn, N. Y.): Mr. 
Clymer recommends in his very interesting 
paper that the rotors of both doubly fed 
machines in the wind-tunnel drive de¬ 
scribed by him be connected in series with 
the synchronous machine, in order to intro¬ 
duce a source of positive damping in the 
circuit of the doubly fed machines. Were 
the rotors directly connected in parallel, 
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Figure 1 



there would be only a negative damping in 
e circuit of the doubly fed machines, and 
these could oscillate independent of the 
total system without any restraining force 
This statement by Mr. Clymer is correct 
as far as normal doubly fed machines are 
used, machines having the damping char¬ 
acteristics shown in the paper “The Doubly 
Fed Machine,” presented at the AIEE 
winter convention by Messrs. C. Concordia, 
b. B. Craxy, and G. Exon. 1 

But there is a possibility to build the 
doubly fed machine by using special wind¬ 
ings, so that its negative damping is con¬ 
siderably reduced, and so that the damping 
torque of the system, consisting of the 
doubly fed machines and the fans, is not 
negative but slightly positive in the range 
between about 12 per cent slip and stand- 
still. Doubly fed machines built in this 
way do not need a source of positive damp- 
mg between the rotors and- can operate 
without danger of nonrestrained ‘oscilla¬ 

456 


tions, when their rotors are connected 
directly in parallel. 

There is another point in the paper by 
Mr. Clymer on which I would like to make 
a remark. Mr. Clymer recommends the 
variable-speed drive as described in his 
paper for the use as frequency converter. 
For this purpose also the arrangement can 
be used that is shown in Figure 2. Two 
sets of this kind I have described in the 
Siemens- Zeitschrift 1926. The doubly fed 
machine is used here as a frequency changer 
only. The motors that drive the fans or 
pumps will be connected to the secondary 
line having the frequency ft and will be 
synchronous motors. 

There is no danger of negative damping 
here, since the doubly fed machine is con¬ 
nected on one side with d-c machines, which 
produce positive damping, on the other side 
with synchronous machines which have 
damper windings. 
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L. A. Umansky (General Electric Company, 
Schenectady, N. Y.): In reviewing these 
two papers, and in listening to the discus¬ 
sions, I was particularly impressed with 
one fact: a good and sound solution of an 
engineering problem depends not only on 
the kind but on the size of the equipment 
involved. 

Take, for instance, the frequency changer 
described by Dr. M. M. Liwschitz. This 
arrangement is neat and probably is eco¬ 
nomical when the difference of frequencies 
between the two power supplies is small, 
and the capacity of the set is moderate, 
But suppose we must provide a 20,000- 
kw frequency changer to tie together a 60- 
cycle and a 26-cycle system. The d-c ma¬ 
chines on the frequency changer and on the 
regulating set will be about 12,000 kw each. 
The high resulting cost is obvious; each 
d-c machine will have to be subdivided into 
three or four units. The whole arrange¬ 
ment will not be practical. 

Or, let us take the remark made by Mr. 
Kilgore in reference to the slip-regtdator 
control as a feasible application for wind- 
tunnel drives. Undoubtedly, for smaller 
drives of this kind, say of a few thousand 
horsepower, such control can be considered 
particularly if a low efficiency is not a factor! 
But, for a 30,000-horsepower or a 40,000- 
horsepower drive, the matter of efficiency 
cannot be ffisregarded, and some means 6f 
slip-energy recovery should be provided. 
Furthermore, the slip-regulator control for 
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a 40,000-horsepower drive will not solve the 
problem of starting current inrush which 
the described drives have successfully 
solved. 

The system discussed here and first sug¬ 
gested by Mr. Clymer is not at all the 
Kraemer system. In the latter, as we all 
know, the slip energy of the main induction 
motor is converted into d-c power by means 
of a synchronous converter. Could this be 
done in case of 40,000 horsepower with a 
6:1 or greater speed range? The capacity 
of the converter would be an equivalent of 
30,000 kw; would have to be split into six 
or more units, and the problem of hunting, 
load division and so on, would be ag¬ 
gravated. Starting of the main drive would 
be just as difficult (considering the power 
system) as with a slip regulator. 


C. C. Clymer: Mr. Liwschitz makes sonic 
very interesting observations concerning the 
possibility of obtaining damping on doubly 
fed machines operating in parallel. The use 
of a series connection for the rotor is, of 
course, only one way of achieving stability. 
There are other ways. For example, a six- 
phase synchronous machine, and the use of 
inductive coupling. The series connection 
is, shall we say, an economical and con¬ 
venient method since it permits the use of 
perfectly standard induction motors with 
simply a reconnection of the synchronous 
machine. 

Since Mr. Liwschitz does not describe the 
connection by which positive damping may 
be obtained with parallel rotor connections, 
a discussion on the various methods is not 
possible, however intriguing the subject may 
be. 


Variable-Speed Drive for 
United States Army 
Air Corps Wind Tunnel 

Discussion of paper 42-63 by A. D. Dickey, 
C. M. Laffoon, and L. A. Kilgore, presented 
at the AIEE winter convention, New York, 
N-J-/ January 26-30,1942, end published in 
AIEE TRANSACTIONS, March section, 
pages 126-30. 

L. A. Umansky: See discussion, this page. 


Equivalent Circuits for the 
Hunting of Electrical 
Machinery 

Discussion and author's closure of paper 42-3 
by Gabriel Kron, presented at the AIEE 
winter convention, New Yoik, N. Y., January 
J5" 3 P,/ 194 2, and published in AIEE 

TRAN «£ CTIONS ' 1942 ' May ’ection, 
page* 290-6. 

S. B. Crary (General Electric Company, 
Schenectady, N. Y.): Kron's equivalent 
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circuits for the damping and synchronizing 
coefficients of rotating machines already 
have been used in our company for many 
problems, and we can attest to their prac¬ 
ticability and usefulness. We have ob¬ 
tained results which would never have been 
realized by ordinary numerical methods. 
Numerical methods may rapidly become 
impractical from an engineering standpoint 
when the number of factors to be taken into t 
consideration increases only moderately. 
It may take more time to make an analysis 
in such a manner than it does to build the 
apparatus. This difficulty of the analytical 
method can be largely removed by methods 
which eliminate or simplify the numerical 
work. Network analyzers and differential 
analyzers provide means by which this may 
be accomplished. 

The circuits developed by Kron for use 
on an a-c network analyzer may be used 
for an important class of problems: specifi¬ 
cally, for the determination of the damping 
and synchronizing torques over the range 
of system conditions and design parameters. 
These parameters may include the fre¬ 
quency of oscillation, the effect of circuit 
elements to which the particular apparatus 
being studied is connected, and the effect 
of change in the design details of the ap¬ 
paratus or equipment itself. The method 
using damping- and synchronizing-torque 
coefficients allows a study of a particular 
part of the system and for particular modes 
of oscillation separately, without introduc¬ 
ing the additional complexity of all of the 
other elements and all possible modes of 
oscillation at once. This then allows for a 
best design to be obtained for this particular 
element as -it may be applied to different 
systems and under varying conditions. If 
necessary, additional tests for the stability 
and performance of the whole system may 
be made by using Routh’s criterion, or a 
differential analyzer solution. The use of 
the circuits developed by Kron does not re¬ 
place the usfc of other stability criteria and 
methods of analysis, but rather they increase 
their value by making them more easily 
applied. 

BaneshHoffmann (Queens College,Flushing, 
N. Y.): In his paper “Equivalent Circuits 
for the Hunting of Electrical Machinery,” 
Kron transforms the nonsymmetric im¬ 
pedance of a machine to a symmetric form, 
which is then taken to be the impedance of 
an equivalent network. The manner of 
bringing Z to symmetric form has certain 
interesting features which seem worthy of 
discussion. 

The process used by Kron has two es¬ 
sential steps: 

A. The introduction of complex quantities, and 
the application of a symmetric components trans¬ 
formation. 

B. The subsequent multiplication by a diagonal 
matrix n'~ l . 

Let us discuss B first. In one place Kron 
regards this as the process of dividing each 
component equation of the vector equation 
of voltage by an appropriate scalar. In 
this form it has no tensor significance. I 
wish to show that the operation may 
actually be regarded as a valid tensor trans¬ 
formation, employing a well established 
teinsor device known as a mixed reference 
frame. 
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Let the equation of voltage after step A 
has been performed be 

e a—Zapi b (1) 

and denote the real, diagonal matrix n'~ l 
by N\ a . Since equation 1 is a vector equa¬ 
tion, we may transform it to a new reference 
system using N\ a as the transformation 
matrix. The tensor law of transformation 


gives e a the new components 

ex'»iVx% (2) 

The vector (Z a t,i b ), treated as a unit, will 
have the new components 

(Z U ty = Nx a (Z a ^) • (3) 

It is thus a valid tensor transformation to 
write equation 1 in the form 

e\' = N\ a Z ab i b (4) 

If we define 

ZW=Nx a Z ab (S) 

l 

we may write equation 4 in the form 
ex'=2x6'^ (6) 


It is this quantity Z\ b which Kron takes as 
his symmetric impedance. A full tensor 
transformation on equation 1, applying to 
each individual tensor therein, would give 

ex'-Zx/*" 4 (7) 

with 

Z^' = Nx a N b Z ah ( 8 ) 

and 

( 9 ) 

In equation 6 the e has been transformed to 
a new reference frame, the i has been left in 
the old, and the Z has been placed partly in 
one frame and partly in the other. The 
quantity Zxi' is merely the impedance ten¬ 
sor Zab expressed in a mixed reference frame. 
Since N\ a happens to be diagonal, the effect 
of the above transformation is merely to 
change the scales along the individual refer¬ 
ence axes so far' as the e’s are concerned, 
while leaving the scales for the i‘s unaltered. 

At this point let us recall the well-known 
theorem of tensor analysis which states 
that an unsymmetric tensor is unsymmetric 
in all reference frames. This theorem effec¬ 
tively prevents the transformation of Z to 
symmetric form by means of a full tensor 
transformation. But it is inoperative if we 
use a mixed reference system^ and there 
seems no theoretical reason why the use of a 
mixed reference system should not alone 
suffice to bring Z to symmetrical form. On 
the other hand, in step A , by his introduc¬ 
tion of complex transformations, Kron 
automatically takes the problem out of the 
restricted realm of tensor analysis into the 
more general one of spinor analysis. The 
impedance, when regarded as a spinor, has 
one dotted and one undotted index. For 
such a spinor symmetry is not an invariant 
property, the symmetry theorem being re¬ 
placed by one which states that a hermitean 
spinor is hermitean in all reference frames, 
and a nonhermitean spinor nonhermitean in 
all reference frames. Thus, the introduc¬ 
tion of spinors could theoretically alone 
suffice to bring Z to symmetric form. 
Nevertheless Kron uses step A merely to 
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simplify the appearance of Z and makes Z 
finally symmetric by means of the mixed 
reference system introduced in step B. It 
would thus seem that he has been lavish in 
the theoretical resources used to combat the 
asymmetry of Z, since either the introduc¬ 
tion of a suitable complex full spinor trans¬ 
formation alone or else the introduction of a 
suitable mixed tensor reference frame alone 
could theoretically make Z symmetric. 
When p is replaced by jo>, and so on, the Z 
of a rotating machine and the Z of a net¬ 
work become alike in being nonhermitean, 
and this is an invariant characteristic, while 
the property of symmetry is neither in¬ 
variant nor common to both. The use of a 
mixed reference frame obscures this in¬ 
variant similarity. Therefore, in view of 
Kron’s statement that only tensors’(or more 
generally spinors) can be represented as 
measurable quantities in the equivalent net¬ 
work, it might ultimately prove of practical 
value to investigate the possibility of re¬ 
ducing Z to symmetric form by the use of a 
full spinor transformation only. The cal¬ 
culations required, though, would be of 
considerable length. Kron’s main object 
was actually to make Z symmetric, and this 
he has done not only with elegance and real 
economy of labor, but also, as I have 
shown above, by the use of legitimate 
spinor operations. 

The following remarks are the fruits of 
correspondence with Mr. Kron. They con¬ 
cern the reasons why the method by which 
Kron reduces Z to symmetric form is actu¬ 
ally successful in accomplishing its purpose. 

Initially we have equation 16 of Kron’s 
paper, with R and L symmetric. If we 
apply a spinor transformation we are liable 
to destroy the symmetry of R and L. And 
if we do happen to preserve this symmetry 
under step A, we are liable to destroy the 
symmetry of R on multiplying it by » ,_1 in 
step B. Clearly, therefore, the method of 
reduction cannot be generally valid. The 
following calculations show that it is actu¬ 
ally made exactly to measure for the 
problem in hand. 

By matrix multiplication we have 

1 j a c 1 1 
1 -j c b -j j 

(a+b) , (a—b) +2jc . . 

(a—b)—2jc , (a+b) ^ 

Thus only a diagonal spinor, originally 
symmetric, will remain symmetric under 
step A. Now R is always diagonal, pro¬ 
vided there are no resistances common to 
any meshes, and L will be diagonal if there 
are no mutual inductances. But the trans¬ 
formation to symmetrical components is 
always applied to the d and q axes of a layer 
of winding, and since these are taken at 
right angles they have no mutual induct¬ 
ances. Thus step A does not disturb the 
symmetry of R or L, It does however 
change them from diagonal to nondiagonal 
form, as equation 10 shows. This is im¬ 
portant since R‘, the new R, is multiplied in 
step B by the diagonal matrix n f ~ l . By 
matrix multiplication we have 

x 0 la' c' _ xa f xc‘ 

0 y jc' 6' ~ yc' yb' 

Thus n'~ l R' will be symmetric only if 
either n‘~ x or else R' is a multiple of the unit 
matrix. Now on the rotor it is assumed 
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that the windings are symmetric. This 
means that R, and thus, by equation 10, 
R', is a multiple of the unit matrix, so that 
the condition is satisfied. On the stator, 
however, there may be asymmetries, and R 
is generally not a multiple of the unit 
matrix. But on the stator we have »=0, 
and this makes « /_1 a multiple of the unit 
matrix, thus fulfilling the condition in the 
other possible manner. Any asymmetries 
on the rotor, such as from an outside load, 
would destroy the effectiveness of the 
method. 


Gabriel Kron: Mr. Crary’s discussion 
brings out rather emphatically the fact that 
analytical methods of investigating engi¬ 
neering structures become, from a practical 
point of view, valueless just when these 
studies are most needed, unless the method 
offers a means also for quick numerical 
solution. The need for and usefulness of 
c alculating devices and models such as the 
a-c network analyzer is attested by the fact 
that the number of such devices is increas¬ 
ing, and in our company the analyzer is 
being worked two shifts. 

The limitation of the hunting equivalent 
networks, as presented here, is that they 
are restricted to one frequency of oscillation. 
However, these circuits may be transformed 
so as to be valid for all frequencies, that is, 
for transients, such as the sudden short- 
circuit and acceleration phenomena of 
machines and interconnected systems. 

Professor Hoffmann’s points are all well 
taken. It is an excellent suggestion that 
the multiplication of Z and e with n /_1 
should be considered as a transformation to 
a mixed reference frame, in which the trans¬ 
formation consists in changing the scale of 
the voltages. 

That the use of symmetrical components 
takes the problem out of the restricted 
realm of tensor analysis into the more 
general one of spinor analysis, as stated by 
Dr. Hoffmann, is indicated also in the intro¬ 
ductory equations 1-4 by the use of barred 
indices.* 

The question whether the two steps A 
and B can or cannot be replaced by one 
spinor transformation must be left open. I 
have tried repeatedly to discover such a 
single transformation, but did not succeed. 

There seems to be no agreement as yet 
among authoritative mathematicians 
whether the word “tensor” should include 
physical (or geometrical) entities that are 
functions of both real and complex vari¬ 
ables or whether it should be restricted to 
functions of real variables, while the word 
“spinor” is introduced to denote physical 
entities that are functions of complex vari¬ 
ables. Personally, I prefer to. use the ex¬ 
pression “tensor” for all physical entities. 

That R and L both must be of special 
form in order that the method of sym¬ 
metrical components should reduce them to 
symmetrical form is, of course, well-known. 
There is a real need in electrical engineering 
for transformations that reduce more gen¬ 
eral types of tensors to symmetrical form, 
and, if possible, to diagonal form. So far 
Fortescue's method is the only workable 
tool available. Professor Hoffmann, be- 


* See referenced of the paper, May 1935, page 239, 
Where the method of symmetrical components has 
already been presented as a full-fledged spinor 
transformation. 


Figure 1. Two forms 
of the equivalent 
circuit of the salient- 
pole synchronous 
machine 

T real of Q f E f *i b E b *) 
A —With impressed 
field voltage 
B —With impressed 
field current 



cause of his immense background of trans¬ 
formation theory, may be of help to elec¬ 
trical eng ineers along these lines of develop¬ 
ment. 

He correctly points out that R must be 
a multiple of the unit matrix along the 
reference axes, in which the equivalent cir¬ 
cuit is to be established, if it is to be brought 
to a symmetrical form. That condition is 
not satisfied with unbalanced load on the 
rotor even for the reference axes under dis¬ 
cussion, and Z then becomes hopelessly 
asymmetrical. 

However, it must be emphasized that it is 
not at all necessary that Z should expres¬ 
sible by a symmetrical matrix in order to 
represent e=Z-i by a stationary network. 
The only necessary (though not sufficient) 
condition that Z should be representable 
by a stationary network, is that Z should 
be a tensor (or rather a spinor). The con¬ 
dition of symmetry only enters if the re¬ 
quirement is to use a mesh network. But 
if one cares to use an orthogonal network 
(a network with both impressed voltages 
and currents) the symmetry of Z is not a 
necessary condition. 

As an example, let the steady-state 
equivalent network of a salient-pole syn¬ 
chronous machine Figure 2a of the paper 
be considered reproduced in the enclosed 
Figure 1A. The original equation e-Zi 
in which Z is not symmetrical has been 
given in reference 5, equation 14 (dividing 
row f a by v and b a by.-») as 



-Z-T 

fa K 


e=| 

«tf/ 1 

“ 1 o 1 
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Even though this matrix with three rows 
and two columns is not symmetrical, it can 
be represented by the equivalent circuit of 
Figure IB containing three meshes in which 
an impressed field current & also exists. 
That current remains constant while the 
speed v changes. 

The disadvantage of the circuit of Figure 
IB is that on the network analyzer, the 
generator supplying has to be adjusted 
each time v varies, while on the circuit of 
Figure 1A, all generators remain unchanged 
as v varies. On the other hand Figure IB 
with its constant field current corresponds 
more nearly to the physics of the actual 
machine. In fact, it gives the resultant 


flux Eaf linking the field winding, that 
could not be represented on Figure 1A. 

In the problem of connecting a synchro¬ 
nous machine to a transmission line Z is 
asymmetrical and Eaf has to be known. 
Hence the circuit of Figure IB must be 
employed then and not the simplified form 
Figure 1A, in which the row and column 
of df (and the corresponding mesh) had 
been eliminated. 

Temperature and Electric 
Stress in Impregnated- 
Paper Insulation 

Discussion and author’s closure of paper 42-10 
by J. B. Whitehead and W. H: MacWilliams, 
Jr., presented at the AIEE winter convention, 
New York, N. Y., January 26-30,1942, and 
published in AIEE TRANSACTIONS, 1942, 
January section, pages 10-13. 


L. J. Berberich (Westinghouse Research 
Laboratories, East Pittsburgh, Pa.): Doc¬ 
tors Whitehead and MacWilliams have 
shown that oil-impregnated paper subjected 
to high stress and temperature undergoes 
large increases in power factor in a rela¬ 
tively short time. They offer the explana¬ 
tion that this behavior may be caused by 
electrolytic dissociation of the oil and the 
effects of temperature and stress in acceler¬ 
ating this dissociation. 

This problem can be viewed somewhat 
more broadly when the behavior of oil-im¬ 
pregnated paper is contrasted to that of the 
modern capacitor dielectric which consists 
of paper impregnated with chlorinated di¬ 
phenyl. It is common practice to operate 
capacitors at voltage stresses in the neigh¬ 
borhood of 400 volts per mil and tempera¬ 
tures only a little lower than the 80 degrees 
centigrade used by the authors are reached 
in service. Little or no increase in power 
factor over long periods of time is observed 
under these conditions, which appear to be 
disastrous for oil-impregnated paper. 

What is the explanation for this difference 
in the observed behavior of the two dielec¬ 
trics? As for the synthetic impregnant 
used in capacitors, it has a greater residual 
electrolytic dissociation than oil which is re¬ 
flected in a greater ion content and conduc¬ 
tivity. This dissociation is probably equally 
well accelerated by voltage stress and tem¬ 
perature. The answer may lie partly in the 
fact that the dielectric constant of the syn¬ 
thetic material is greater than that of oil, 
and consequently there is less stress on the 
liquid component in the case of the capaci¬ 
tor dielectric for the same over-all voltage 
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stress. The rest of the answer may possibly 
lie in the fact that there is some evidence 
that the synthetic liquid has a greater af¬ 
finity for paper than oil because of its polar 
nature. Both the higher dielectric constant 
and the greater interfacial tension between 
the synthetic liquid and paper should make 
the formation of gas pockets less likely than 
in the case of oil-impregnated paper. 

At this point I should like to ask the au¬ 
thors if they have any definite evidence 
which would exclude the formation of gas 
pockets and the ensuing gaseous ionization 
as another possible cause of the behavior 
they observed ? This evidence may be diffi¬ 
cult to obtain, because even if dry spots exist 
in the paper while stress is being applied, 
reimpregnation may take place before they 
can be found, by dissecting the sample. How¬ 
ever, if the test is run for a long time, suffi¬ 
cient X wax should be formed to become 
easily visible. Assuming that gas pockets 
can form in some way, explanation of the 
observed behavior on the basis of gaseous 
ionization is easy. It is known 1,2 that gase¬ 
ous ionization can cause a rapid increase in 
ion content of the oil which is reflected in an 
increase in conductivity and power factor. 

Even assuming that gaseous ionization 
may be a possible cause of the power-factor 
increase, there still remains to be explained 
why the effect is less at lower temperatures. 
This may be shrtply a matter of greater vis¬ 
cosity of oil, making it more difficult for the 
oil movement to take place which is neces¬ 
sary for void formation. It would be par¬ 
ticularly interesting to repeat this work with 
a lower viscosity oil which should answer 
some of the questions raised. It should also 
throw further light on the mechanism pro¬ 
posed by the authors. 

Figure 9 of the paper shows a very large 
accelerating effect of temperature on the 
power factor increase. I should like to ask if 
the power-factbr data for the various points 
were all determined at the same tempera¬ 
ture? 
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Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): At the beginning 
of the third paragraph of this paper it is 
stated that “Little attention has been paid to 
the study of the long-time effect of combined 
high temperature and high stress.” Then 
the paper proceeds to give the results of 
tests of durations up 'to about 100 hours with 
stresses of 400 volts per mil on the impreg¬ 
nated-paper insulation. 

In Figure 4 of my 1939 AIEE paper, 
“Load Ratings of Cable,” 1 are given power 
factor data obtained in a series of tests on 
experimental high-voltage oil-filled 132-kv 
cable installed in conduit. The maximum 
stresses on this cable ranged from 220 to 259 
volts per mil, which are somewhat above the 
highest stresses on commercial oil-filled 
cable in this country. The duration of the 
test was several years, as indicated in the 
1939 paper, and the maximum total duration 
of voltage application to the termination of 


the tests was over 60,000 hours. The copper 
temperatures were 80 to 95 degrees centi¬ 
grade average for the 1,000-foot lengths for 
total periods of 9 and 24 months on two 
samples, respectively, and in some portions 
of the cables the copper temperatures were 
120 and even as high as 140 degrees centi¬ 
grade, in contrast with temperatures of up 
to 80 degrees centigrade in the paper under 
discussion. 

In addition, we have been conducting, in 
our high-voltage laboratory, tests of oil- 
filled cable with maximum stresses of 294 
volts per mil and with heating up to 100 de¬ 
grees centigrade. The tests have been going 
for many months, and only small changes in 
power factor have occurred. 

On the other hand, the Whitehead and 
MacWilliams paper gives data showing a 
very high rate of increase in the power factor 
(nearly 0.04 per week) for insulation sub¬ 
jected to 80 degrees centigrade and voltage 
stress of 400 volts per mil. Then, after giv¬ 
ing other data, it is stated in conclusion 1 
that deterioration of impregnated-paper in¬ 
sulation due to temperature and stress may 
begin earlier and increase more rapidly than 
commonly supposed. An exhaustive study 
of stresses of impregnated-paper insulation 
in operation, not> only of cable but of capaci¬ 
tors, together with a study of the enormous 
amount of data obtained with experimental 
cable, indicates definitely that for the tem¬ 
peratures and electric stresses in effect in 
normal operation of impregnated-paper in¬ 
sulation, deterioration and chemical in¬ 
stability do not start anything like as early 
as indicated in the article. Perhaps there is 
some phenomenon that is peculiar to higher 
stressing, that is, at about 400 volts per mil, 
such as was used by the authors. 

Long-time tests of oil-filled cables in Chi¬ 
cago showed little effect of superimposed 
voltage during heating periods upon changes 
in power factor as compared with similar 
periods of heating without voltage. In fact, 
it was found that application of voltage 
produced a decrease in power factor for 
hours or even days, while removal of voltage 
caused corresponding increases. This find¬ 
ing appears to be in contrast with the con¬ 
clusions from test 3. However, Figure 7 
of the paper seems to indicate further in¬ 
crease with power factor after removal of the 
voltage. We tried to explain the phe¬ 
nomena found in Chicago by assuming that 
application of voltage causes a shift in the 
balance of oxidation or deterioration prod¬ 
ucts. Further careful studies of these phe¬ 
nomena should give valuable information on 
the mechanism of deterioration of insulation. 

The conclusion is drawn from tests 6 and 
7 that oxidation plays a relatively small role 
in the deterioration process. This conclu¬ 
sion is in contrast with the results of studies 
of oil-filled cables in Chicago and with the 
results obtained in the research project on 
insulating oils and cable saturants at the 
Massachusetts Institute of Technology 
under the auspices of The Engineering 
Foundation and AIEE. It should be noted, 
however, that the reported amount of oxy¬ 
gen of 0.7 per cent by volume is small, and 
the length of the test of about five days is 
very short. In aging tests of oil-filled cable 
in Chicago it took for one sample about one 
year and for another more than three years 
before considerable increases in power fac¬ 
tor developed due to presence of some oxy¬ 
gen. 


From the results of power-factor meas¬ 
urements of the individual layers, the con¬ 
clusion is drawn that there was no chemical 
action from the electrodes. These tests were 
made at room temperature. Studies in Chi¬ 
cago showed that radial power-factor curves 
at room temperature show very little varia¬ 
tions, while at 60 degrees centigrade they 
may show significant changes. 

In order to obtain a better understanding 
of the processes involved in the power-factor 
changes observed, careful studies should be 
made of the effect of such variables as elec¬ 
trode materials, purity of the paper, oxygen 
content, and purity of the oil. 
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Robert J. Wiseman (Okonite-Callender 
Cable Company, Inc., Passaic, N. J.): I 
have read with considerable interest the 
paper by Dr. Whitehead and Dr. MacWil¬ 
liams. They show that when their samples 
of impregnated paper, without oxygen or 
electric stress present, are heated for a week 
at 80 degrees centigrade, practically no 
change in power factor results; when tested 
without oxygen and with stress, there is a 
change in ionization with temperature and 
stress; and with oxygen and stress present, 
about the same results are obtained. These 
results are of interest, but it would have been 
helpful if the authors had been able to con¬ 
tinue their time of tests for many weeks in¬ 
stead of one week. Each of us has our par¬ 
ticular method of testing impregnated paper 
for its power-factor stability, and we find it 
is possible for the first few days to show a 
decrease in power factor and then a slow 
steady increase or even a very large increase, 
depending upon the type of oil being tested 
and the kind of metal used as electrodes. 
Perhaps at some time Dr. Whitehead will 
repeat his tests, varying the oil and kind of 
electrodes with samples under a high tem¬ 
perature for two to three months. 

I like the explanation offered by the au¬ 
thors for the increase in power factor with 
stress, namely, possibly due to electrolytic 
dissociation; yet I wonder if it is actually 
dissociation—that is, is it a permanent 
change in the oil? We have made tests on 
samples of impregnated paper which we are 
quite certain permitted no chance of gaseous 
ionization to take place, and yet we did find 
a change in power factor with stress. It has 
been customary to assume that when there 
is a change in power factor, voids are present 
and gaseous ionization takes place. Dr. 
Berberich has referred to this condition in 
his discussion of the paper. I do not believe 
Dr. Whitehead’s samples had gaseous ioniza¬ 
tion. Where we believe that there is no 
chance of gaseous ionization, and we do 
find a change in power factor for want of a 
better term of what happens, we call it “elec¬ 
trolytic ionization.” The change in power 
factor is usually very much lower than takes 
place when gaseous ionization takes place. 
As we view it, it takes place due to the ioni¬ 
zation by impact of free ions as the electric 
stress is increased, if one will accept the as¬ 
sumption that there are free ions present in 
oil. Perhaps Dr. Whitehead’s electrolytic 
dissociation and our electrolytic ionization 
are synonymous. 
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R. W. Atkinson (General Cable Corporation, 
Bayonne, N. J.: During one period we 
tested a large number of impregnated-paper 
condensers in communication with the body 
of oil used for saturation of the paper. Like 
the condensers of the authors, these were 
subjected to voltage stress at an elevated 
temperature. We finally concluded that 
our tests were seriously affected by diffusion 
of oil between the condensers and the sur¬ 
rounding oil body which was freely exposed 
to oxidation and absorption of oxygen from 
the air. Altogether different results are ob¬ 
tained on condensers (such as a cable) when 
the dielectric is completely sealed from any 
communication with the atmosphere. I 
believe the authors should give careful 
thought as to the possibility that their re¬ 
sults may also have been influenced by inter- 
diffusion of oil between the saturant of the 
paper and the surrounding oil body. 


Hubert H. Race (General Electric Company, 
Schenectady, N. Y.): The conclusions drawn 
from the data presented in this paper are 
quite contrary to information obtained 
either from service or other experiments on 
miniature cables. In my opinion, the rea¬ 
son is that the authors failed to recognize 
that when specimens are tested at 80 degrees 
.centigrade in an open oil bath, oxygen is 
present in sufficient quantity to produce 
oxidation products in sufficient concentra¬ 
tion to account for the results obtained. 

At high temperature in an open bath the 
rate of transfer of oxygen from the air to the 
specimen is increased greatly because of con¬ 
vection currents set up in the oil bath. No 
doubt the specimens were prepared sub¬ 
stantially oxygen-free but as soon as they 
were opened to air and submerged in an open 
bath of oil they started to absorb oxygen. 
Oxidation products of both the oil and the 
paper would contribute to increased power 
factor. 

For this reason I believe oxidation was the 
cause of the results presented in Figures 1-5 
which were marked "no oxygen" just as 
much as for the subsequent experiments in 
which a limited amount of oxygen was pur¬ 
posely admitted at the beginning of the ex¬ 
periments. For both types of experiments 
the observed time rate of increase in power 
factor probably is determined largely by the 
rate of diffusion of oxygen into the speci¬ 
men. This would account for the fact that 
the authors found little difference between 
the specimens which contained no oxygen 
at the beginning and those to which oxygen 
was admitted before the heating and meas¬ 
urements started. 

In Figure 9 the authors state that in the 
absence of oxygen they have found a rate of 
increase of power factor at 80 degrees centi¬ 
grade of 0.02 per cent per hour or about 
0.5 per cent per day. At the 1939 summer 
convention I presented a paper 1 summa¬ 
rizing life tests oh oxygen-free miniature oil- 
impregnated-paper specimens assembled, 
evacuated, impregnated, and tested in glass in 
which the five specimens having longest life 
had been tested at high voltage between 400 
and 800 days before failure. Up to July 1937 
these specimens were heated to 60 degrees 
centigrade for about 20 hours each day and 
afterwards to 100 degrees centigrade. After 
dissembly, the oil-soaked paper taken more 
than 1 inch from the breakdown path in these 
specimens had a power factor of only about 
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one per cent. Furthermore, many specimens 
had practically constant power factor 
throughout their life. These data are not 
consistent with those presented by White¬ 
head and MacWilliams. The differences are 
reconciled, however, if it is understood that 
continuous oxidation was possible in their 
specimens. 

In the paper to which I refer we point out 
unexpected metal migration and concentra¬ 
tion in the region of highest stress adjacent 
to the electrode surfaces. My explanation 
has been that under conditions of high elec¬ 
trical stress and elevated temperature, 
chemical reactions occur which would not 
otherwise be possible. Therefore, I am in 
complete agreement with Whitehead and 
MacWilliams in believing that the electrical 
stress is a very important factor in deteri¬ 
oration resulting from heating and oxidation. 

Reference 

1. Tests on Oil-Impregnated Paper— IV, 
Mechanism of Breakdown, Hubert H. Race. 
AIEE Transactions, volume 69, 1940, pages 
721-9. 


Wm. A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
It is well-known from accelerated aging 
tests of cables that electric stress causes a 
deterioration power factor at a rate which 
increases rapidly with rise of temperature 
above 60 degrees centigrade, but these tests 
do not indicate rates even approaching those 
shown by the authors’ tests. It has gener¬ 
ally been assumed that this action has been 
due entirely to the increase of ionization 
caused by vacuums resulting from oil con¬ 
traction after thermal expansion. That this 
is the main reason for the temperature effect 
is obvious from the fact that when precau¬ 
tions are taken to prevent voids, the deterio¬ 
ration of power factor is practically stopped 
at temperatures even higher than that used 
by the authors. The authors claim an effect 
apart from and additional to that caused by 
ionization of voids. 

As load cycle tests are usually conducted 
at stresses of one half, or less, of the stress 
employed by the authors, the phenomenon 
they report must be peculiar either to the 
high stresses used or to their test method. 

I cannot dismiss the test method, because 
I note from the characteristics of the oil 
used to impregnate the samples that, unless 
there is an error in the viscosity figures, the 
oil is of tiaphthenic base, and therefore while 
its power factor is not greatly susceptible to 
change by oxidation under the given test 
conditions, its power-factor stability against 
electrical discharges would be greatly im¬ 
paired by the presence of oxygen. In view 
of the nature of the oil, I do not consider 
that the open tank method of test used by 
the authors is a satisfactory guarantee 
against electrical instability due to oxygen. 

We have tested a well-known naphthenic 
base cable oil in the electric discharge cell 
described on page 209 of AIEE Transac¬ 
tions, volume 60,1941, and have found the 
results shown in Table I. 

This may be the key to the authors' data. 

It must be remembered that a paper-in¬ 
sulated cable is a completely enplosed device 
and that it is unsafe to draw conclusions 
about cable behavior especially in relation 
to power factor from tests on unenclosed 
specimens. 
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At Mr. Halperin’s suggestion I made some 
load cycle tests with heat periods lasting 
over days instead of hours and found some 
increase in power factor during the 80 and 
115 degree centigrade test periods, but the 
magnitude was not of the order found by 
the authors. 

The other alternative is that something 
happens at stresses of 400 volts per meter 
that does not happen at 200 volts per meter, 


Table I 


Power Factor at Power Factor at 100 C 
100 C Before After 1,000-Minote 
Condition Discharge Cell Discharge Cell Test at 
of Oil Test Room Temperature 


New.0.86. 2.2' 

Partially 

oxidized.... .6.00.Unmeasurably high at 

or over 80 C 


that is something different in kind, rather 
than in degree. The authors suggest that 
this may be "electrolytic dissociation." 
Undoubtedly a number of free ions disso¬ 
ciated from impurities in the oil, if not from 
the oil itself, will increase with increasing 
stress, because ions of opposite sign tend to 
segregate and so reduce the rate of recom¬ 
bination without reducing the creation of 
new ions. 

It is also true that heat will further this ac¬ 
tion by agitation, but I can see nothing new 
happening at 400 volts per meter which does 
not happen although in less degree at 200 
volts per meter, nor can I see why the agita¬ 
ting effect of 80 degrees centigrade should be 
vastly greater than that at 60 degrees centi¬ 
grade, a difference of only six per cent in ab¬ 
solute temperature. 

K. W. Wagner's AIEE paper of 1922 1 
shows characteristic curves of impregnated- 
paper insulation in which, at high current 
densities the stress actually decreases with 
increasing current density, or to put it an¬ 
other way, the current density increases 
even with decreasing stress. Does this con¬ 
dition indicate a combined electrical and 
thermal instability, under extreme condi¬ 
tions, such as the authors assume? 

I do not believe that the authors have 
given us sufficient data to permit us to give 
a final evaluation of their work. 

The series of papers on impregnated- 
paper insulation which Dr, Whitehead and 
his associates have brought out over a num¬ 
ber of years should be regarded as parts of a 
unit which is not yet complete. I hope that 
the experiments which are described in the 
present paper will be amplified in the light 
of the discussions offered, for some future 
number of the series. 

Reference 

1. Physical Nature ok the Electrical Break¬ 
down of Solid Dielectrics, K< W. Wagner, AIEE 
Transactions, volume 41, 1922, pages 288-98. 


J, B. Whitehead: The results reported in 
the paper have been criticized as showing a 
temperature plus stress increase of the power 
factor of impregnated paper much higher 
than that found in load cycles on impreg¬ 
nated-paper power cables, and also in labo- 
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ratory tests. The most important points 
made are: 

(а) The relatively small values of power-factor in¬ 
crease found in long load-cycle tests on cables. 

(б) That the results found by the authors are 
probably due to oil oxidation, the oxygen entering 
the sample by diffusion, since the tests are conducted 
under an oil bath with air at atmospheric pressure 
above it. 

The principal data on (a) are those given 
by Mr. Halperin from the well-known and 
valuable cable stability tests conducted by 
his company. The particular results he cites 
are the tests on oil-filled cables; and from a 
large array of data on such cables he has 
selected a few in which the increase in power 
factor in long load-cycle tests is relatively 
small. In response to this it should be 
pointed out that from the same data there 
are a number of cases in which substanti al 
values of power factor increase are evident. 
The text of the paper itself points out a num¬ 
ber of such cases, and, in particular, Figure 
1 of Mr. Halperin’s paper shows results on a 
solid cable in which there is an excessive 
rise of power factor due to combined tem¬ 
perature and stress. Moreover, in many of 
the load-cycle tests the temperature cycle 
is 24 hours, which is scarcely long enough 
for the detection of power-factor increases 
such as we have reported. 

Load-cycle tests on finished cables such as 
those of Mr. Halperin are not of the best 
type for investigating the combined influ¬ 
ence of temperature and voltage. Tests on 
finished cable and under the usual load- 
cycle programs introduce many variables 
other than those here in question. It is quite 
probable that the oil-filled cables referred to 
by Mr. Halperin have good temperature- 
voltage stability, due either to the proper¬ 
ties of the particular oil they contain, or per¬ 
haps due to the oil-filled type of construc¬ 
tion. It should be noted that our own tests 
were made with a solid cable oil. Inci¬ 
dentally, the increases reported by C. F. 
Prpos, referred to in our paper, were found 
in load-cycle tests oh oil-filled cables, and 
the author emphasizes the noticeable effect 
of combined high stress and high tempera¬ 
ture, an effect which is absent under the 
same stress at lower temperatures. 

As to (6), the suggestion that our results 
are due to excessive oxidation, the principal 
comment is that by Dr. Face who suggests 
that within the six-day period of our test, 
enough oxygen will diffuse into our 0.04-inch 
thick sample to account largely for the 
rapid rise in power factor we have reported, 
as an oxidation process. In reporting oui 
results we have assumed that a comparison 
of behavior of two samples, one practically 
entirely free of oxygen, and one containing 
over 500 times as much oxygen, would be 
sufficient to test a possible influence of oxy¬ 
gen on our results. In the latter case, the 
results did indeed show a substantially 
higher rate of inprease due to high tempera¬ 
ture alone, but not by any means compar¬ 
able in amount to the increase of power fac¬ 
tor found in both these samples when under 
combined influence of temperature and 
stress. However, Dr. Race goes' further 
and states that it is possible that the amount 
of oxygen absorbed in the test in an open 
bath is so great that it completely masks 
the difference observed in our two samples, 
and that both samples are substantially the 
same in the matter of oxygen content. 
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We do not concur with Dr. Race in this 
view, and fortunately we have available the 
results reported by T. B. Jones, AIEE 
Transactions, volume 56,1937, page 1492) 
who, working with the same apparatus and 
a similar oil measured the time increase of 
power factor of impregnated paper for sam¬ 
ples in which the oil had been saturated with 
oxygen at pressures up to 76 centimeters of 
mercury, and temperature up to 80 degrees, 
saturation having taken place before ad¬ 
mission to the sample, and saturation of the 
paper taking place at the same temperature 
in an atmosphere of oxygen. The results of 
Jones show that the rise of power factor due 
to the absorption of oxygen from the bath 
open to the air is of the order of up to 0.01, 
that is, little greater than those reported in 
our paper for the oxygen sample, and the 
value observed at the end of one day in our 
combined voltage-temperature test. These 
values are on the assumption that the sam¬ 
ple has become completely saturated with 
air from the bath, which fact we seriously 
question. It is qlso to be noted that in 
Jones’ experiments on samples containing 
different amounts of oxygen, the measuring 
cell was evacuated immediately after each 
power-factor measurement and therefore 
remained throughout the test at the par¬ 
ticular pressure corresponding to the amount 
of contained oxygen, except for the brief in¬ 
tervals in which power factor was measured. 

Incidentally I may also mention that we 
have allowed cylindrical impregnated-paper 
specimens such as used in our accelerated life 
tests, to stand for weeks at a time sub¬ 
merged in an open bath, and have found 
no material change in the value of power 
factor measured immediately after impreg¬ 
nation. 

Most important in the present work, how¬ 
ever, is the difference in behavior We have 
found when the specimen is subjected to 
stress and when it is not. If our power- 
factor increases are due to oxidation alone, 
they should certainly show up in the absence 
of stress, and this they do not do. Is it pos¬ 
sible that Dr. Race has overlooked this im¬ 
portant fact? 

With reference to Dr. Wiseman’s prefer¬ 
ence for the term "electrolytic ionization,” 
no serious objection can be taken to it. The 
word "ionization” has been overworked to 
such an extent that it applies to almost any 
unfavorable phenomenon in a cable. The 
word "ionization” arose first, I believe, from 
the phenomena in gases, and it was therefore 
natural that the term should be introduced 
to describe the phenomena going on in gas 
spaces in cables. However, it has always 
seemed to me undesirable to use this word 
when describing the behavior of liquids and 
solids, particularly those in which there is 
no free gas. Moreover, "dissociation” is a 
well-known term applying to all electrolytic 
solutions, and many authors consider that 
insulating liquids including oils have an in¬ 
herent electrolytic dissociation. Dissocia¬ 
tion in this sense, of course, means the con¬ 
tinuous process of the separation of mole¬ 
cules into ions and the recombination of the 
latter, there being, however, on the average, 
always a certain number of free electrolytic 
ions. It is this type of ion that we have in¬ 
voked in our suggested explanation of the 
phenomena repotted in our paper. 

We are glad to note that there is general 
admission that there may be conditions 
under which combined temperature and 
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stress may lead to unlooked for increases 
in power factor. We heartily agree in the 
general comment that the matter should be 
investigated further with a variation of ma¬ 
terials and other obvious variables. We rec¬ 
ognize freely that we have tested only one 
oil and one paper, but we emphasize again 
that if any insulating oil presents the .be¬ 
havior such as we have noticed, attention 
should be called to it. 

Field Investigation of the 
Characteristics of Light¬ 
ning Currents Discharged 
by Arresters 

Discussion of paper 42-17 by I. W. Gross, 
G. D. McCann, and Edward Beck, presented 
at the AIEE winter convention. New York, 
N. y., January 26-30; 1942, and published in 
AIEE TRANSACTIONS, 1942, May section, 
pages 266-71. 


E. R. Whitehead (Duquesne Light Com¬ 
pany, Pittsburgh, Pa.): This paper is an¬ 
other valuable contribution aimed at round¬ 
ing out our knowledge of lightning and pro¬ 
tective systems by filling in a vital gap con¬ 
cerning the wave shape of natural surge 
currents. 

The difficulty of obtaining such data has 
been overcome by persistence and resource¬ 
fulness, and if we add patience we shall in 
time accumulate a firm foundation for 
sound design and application of lightning 
protective devices. 

The low magnitudes and slow rates of 
rise so far measured explain the highly 
satisfactory over-all performance of modern 
lightning arresters. There is, nevertheless, 
a number of instances in which failure to 
provide protection demands currents whose 
rate of rise and magnitude greatly exceed 
those indicated. None of us is satisfied 
with such inferences, however, and it is to 
be hoped that some light will be thrown on 
this question by the authors in the course of 
continued investigations. It should be 
realized that direct strokes quite close to 
stations are required to produce such cur¬ 
rents, and for this reason these data may 
not be secured for some time. 

In many instances it is possible to plan 
economical protection for discharges of this 
character and if application engineers give 
this problem appreciative attention, we may 
expect protection methods to keep pace with 
fundamental research. 


W. J. Rudge (General Electric Company, 
Pittsfield, Mass.): The data contained in 
this paper are a valuable addition to the 
basic information essential to the economic 
design and application of protective devices, 
It is hoped that the authors will continue 
their investigation in the future. 

In Figures 3 an£ 9 of the paper, the 
authors compare the results obtained with 
those obtained by Gross and McMorris. 
It is pointed out that the difference in the 
two results may be due to the difference in 
instrument sensitivity. This is apparently 
true as the surge-crest-ammeter links used 
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by Gross and McMorris were set to have a 
threshold of measurement at 300 to 400 
amperes; therefore, discharge current below 
this value would not be recorded. In 
Figure 9 of the paper by Gross, McCann, 
and Beck, it appears that currents as low 
as 100 amperes or perhaps less were re¬ 
corded. Since low currents occur more fre¬ 
quently than high currents, it is natural to 
expect that with a lower threshold of meas¬ 
urement a larger number of discharges will 
be obtained. 

It is of particular interest to note that the 
highest current measured in this investiga¬ 
tion is 9,600 amperes, although five of the 
installations described in Table I were on 
wood-pole construction with no overhead 
ground wires where one w'ould expect the 
highest dis char ge currents to be measured. 
The highest discharge current recorded by 
Gross and McMorris through a single ar¬ 
rester pole was 15,000 amperes with'a prob¬ 
able maximum of 18,000 amperes (if the 
currents were added in two arrester poles 
on the same phase). In view of these 
results, it appears that the lightning ar¬ 
rester subcommittee reports, publishing the 
performance characteristics of arresters 
available to the industry up to discharge 
currents of 20,000 amperes, cover the range 
of lightning currents most frequently encoun¬ 
tered on high-voltage transmission systems. 


H. A. P. Langstaff (West Penn Power Com¬ 
pany, Pittsburgh, Pa.): The West Penn 
Power Company has had the equivalent of 
five to six years experience with fulchrono- 
graph installations on our 25-kv system, 
the first of three being installed August 
1939. A number of records have been ob¬ 
tained, one of which I understand is the 
maximum rate of rise obtained to date: 
namely, 7,800 amperes per microsecond. 
From a total of 40 surge recorders on this 
same system during this past year we have 
obtained 11 records varying from 4,500 to 
10,000 amperes; nine between 10 and 20,000 
amperes; one between 20 and 30,000 
amperes; three between 30 and 40,000 
amperes, and one over 40,000. All arresters 
involved were of the line type, and a number 
of them were of the 20-kv rating. The one 
discharge over 40,000 amperes destroyed the 
25-kv arrester. One 20-30,000-ampere dis¬ 
charge was through a 20-kv arrester with no 
resulting, damage. We are continuing our 
application of 20-kv arresters on the 25- 
kv system with desirable economical results, 
and most all of the line-type arresters are 
mounted on suspension, thereby allowing 
all damaged arresters to clear the circuit 
and allow service to be re-established. 


Lo$s-of-Field Protection 
for Generators 

Discussion and author's closure of paper 42-20 
by G. C. Crossman, H. F. Lindemuth, and R. 
L. Webb, presented at the AIEE winter con¬ 
vention, New York, N. Y., January 26-30, 
1942, and-published in AIEE TRANSAC¬ 
TIONS, 1942, May section, pages 261-6. 


S. B. Griscom (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
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Pa.): This paper brings out an interesting 
point in connection with the stability of 
metropolitan power systems. On transmis¬ 
sion systems when stability is a serious prob¬ 
lem, it is usually due to such factors as large 
initial phase-angle displacements, low inertia 
factors, reduction of synchronizing power by 
switching out lines, and large reductions of 
generator output by line short-circuits. 
These considerations are practically never a 
factor in the stability of metropolitan sys¬ 
tems because of the close proximity of gener¬ 
ating capacity and loads, the multiplicity 
of tr ansmiss ion circuits, and the inherently 
better stability characteristics of steam tur¬ 
bine generators compared with water-wheel 
generators. 

As may be expected, general instability of 
metropolitan power systems is very rare, 
possibly occurring at intervals of from 5 to 
20 years on any given system. When in¬ 
stability does occur, it is more apt to be 
caused by some major apparatus failure, or 
to an operating error. In other words, with 
metropolitan systems, the problem is not 
improvement of stability, but the elimina¬ 
tion or neutralization of incidents which 
might cause instability. The most frequent 
causes of instability of metropolitan systems 
have been prolonged short circuits at points 
of high-power concentration and loss of 
generator excitation. Recent advances in 
bus differential and backup protection sys¬ 
tems have largely solved the short-circuit 
problem, and the loss-of-field protection 
system described by the authors appears to 
satisfactorily solve the excitation problem. 

The combination of an undervoltage relay 
with the reactive current relay is of par¬ 
ticular interest in that it gives double as¬ 
surance against false tripping. In the minds 
of most operators, this requirement is prob¬ 
ably paramount. 


Harold A. Bauman (Brooklyn Edison Com¬ 
pany, Brooklyn, N. Y.): Those of us who 
are operators of generating stations are pri¬ 
marily concerned with improving the relia¬ 
bility of our service by reducing the possi¬ 
bility of serious system disturbances. 

These loss-of-field protection relays were 
welcomed by all of our operators as filling a 
gap in our generator protection. The first 
installation, at Hudson Avenue station of 
the Brooklyn Edison Company, proved the 
extreme reliability of this equipment. The 
only maintenance required has been the half 
yearly operation check. 

Tests made by actually tripping out the 
field of one of our generators while on the 
bus carrying load proved that the protective 
relays functioned so well that even the high 
board operators could hardly observe any 
disturbance on their station meters. 

We are confident that: this new loss-of- 
field protection will prevent serious system 
disturbances and that a long wanted need 
has been filled in our system protection. 


Earle Wild (Commonwealth Edison Com¬ 
pany, Chicago, III.): The use of this relay 
for locating complete or partial loss, of ex¬ 
citation on a turbogenerator should be very 
valuable, as this is a rather rare and often a 
difficult type of trouble for an operator to 
analyze. This relay would remove any 
doubt in the operator’s mind as to the cause 
of the severe oscillations on his generator. 


It should be pointed out, though, that it is 
neither desirable or necessary in the metro¬ 
politan operating company to remove the 
generator from the system. The ability of 
nonsalient pole turbogenerators to resyn¬ 
chronize themselves is very pronounced 
and the correct procedure would be for the 
relay to indicate by alarm the nature of the 
trouble. By either reducing the steam in¬ 
put or restoring the field, the generator 
would very quickly come back to synchro¬ 
nous speed. In the short interim the speed 
has been increased considerably to the slip 
speed of an inductive generator. On large 
systems the reactive requirements of an in¬ 
duction generator are met with only a slight 
drop in voltage for the few seconds before 
an operator could act. 

This conclusion is based on the analysis of 
approximately 18 cases of trouble and tests 
on the Chicago system which were made 
over ten years ago and reported in a paper 
in the December 1931 Transactions of the 
AIEE. 


E. E. George (Ebasco Services, Inc., New 
York, N. Y.): The scheme of relay protec¬ 
tion outlined in this paper seems to provide 
satisfactorily for a reasonable range of 
operating conditions and to be adaptable in 
principle to different sizes and types of units. 

Apparently, the scheme always operates 
to disconnect the generator if the field is 
lost or is reduced so low that predeter¬ 
mined conditions of voltage, current, and 
phase angle prevail. It is not clear whether 
any consideration has been given to reducing 
the turbine throttle opening so as to lower 
the generator kilowatt output and prevent 
instability in those cases where no hazard 
to equipment is involved in continued opera¬ 
tion. 

On hydroelectric machines it has been 
found possible to clear up an out-of-step 
condition in which the generator was slip¬ 
ping poles rapidly by merely reducing the 
turbine gate opening. This procedure was 
satisfactory even in the case where the field 
was completely removed from the genera¬ 
tor, and it permitted the field to be re¬ 
stored without ever opening the generator 
oil circuit breaker. 

There would seem to be cases in some sys¬ 
tems where reduction in generator kilowatt 
loading might be preferred to opening the 
generator oil circuit breaker. This provides 
further argument for the idea of position 
limit interlocking between the generator 
voltage regulator and the turbine throttle 
or gate opening. 

G. C. Crossman: In reply to Mr. George’s 
comments on reducing turbine throttle 
opening to lower generator kilowatt output 
and thus prevent instability during loss or 
material reduction of generator field excita¬ 
tion, the authors would like to point out 
that such throttle control has been con¬ 
sidered. However, since the system with 
which the authors are connected is designed 
to stand the loss of capacity represented by 
the disconnection of any one unit in any sta¬ 
tion, it has been felt that the added compli¬ 
cation of such control could not be justified, 
especially in view of the speed with which 
serious voltage reductions can occur with 
loss of field on this system. 

Mr. Wild has indicated that on the Chi- 


Discussions 


AIEE Transactions 



ca 'g° system it has not been felt desirable or 
necessary to remove an unexcited genera¬ 
tor from the system since only a slight volt¬ 
age drop is experienced for the few seconds 
before the operator could act to reduce gen¬ 
erator load or restore field. As indicated 
in the paper, the authors recognize that there 
are some systems where loss of field may oc¬ 
cur without serious voltage disturbance and 
where corrective measures may be taken 
without disconnecting the generator from 
the system. However, studies and experi¬ 
ence indicate that on the New York metro¬ 
politan system serious voltage disturbances 
can occur within a relatively short tW 
sometimes as short as one or two seconds. 
Furthermore, when such a disturbance does 
occur, and the unexcited machine loses syn¬ 
chronism, it is often very difficult for the 
station operator to determine which ma¬ 
chine is in difficulty and what that difficulty 
is. Several years ago loss of field occurred 
on a 160-megawatt 25-cyde unit. A serious 
voltage disturbance resulted over the entire 
26-cycle system, with considerable equip¬ 
ment damage. Due to the confusion pro¬ 
duced by the fluctuations occurring in prac¬ 
tically all the station instruments, consider¬ 
able time elapsed before the operator was 
able to identify the machine in trouble and 
remove it from the system. 

In connection with Mr. Wild’s comments 
as to restoring field without disconnecting 
the generator from the system, it should be 
pointed out that probably the majority of 
excitation system troubles cannot be cor¬ 
rected without removing the mar b ine from 
the system. Of the six cases of complete 
loss of field which have occurred on the New 
York system, only two resulted from open¬ 
ing of excitation system breakers, while the 
other four resulted from such various causes 
as: field rheostat control circuit trouble; 
pilot exciter rheostat open circuit due to 
over travel and contact trouble; and con¬ 
tact failure of a pilot exciter brush during 
replacement of the paralleling brush. 

At the time the paper was written, there 
had been no operating experience with the 
loss-of-field relays described in the paper. 
Subsequently, however, on the evening of 
January 23, 1942, loss of field occurred on a 
65-megawatt, 60-cycle, 3,600-rpm unit 
equipped with these relays. The unit was 
carrying a load of 60 megawatts. Through 
an operating error in shutting down another 
machine, the pilot exciter breaker on this 
machine was tripped, causing complete loss 
of field. The relays quickly disconnected 
the machine from the system without ap¬ 
preciable disturbance in bus voltage. 


Linear Couplers for 
Bus Protection 


Discussion and authors' closure of paper 42-40 
by E. L. Harder, E. H. Klemmer, W. K. Sonne- 
mann, and E. C. Wentz, presented at the 
AIEE winter convention. New York, N. Y., 
January 26-30, 1942, and published in 
AIEE TRANSACTIONS, 1942, May section, 
pages 241-8. 


C. D. Hayward (General Electric Company, 
Philadelphia, Pa.}: Bus protection con¬ 


tinues to be a most popular subject at the 
protective-relay sessions. Fortunately for 
the relay designer, the attention of in¬ 
terested engineers continues to focus (and 
rightly so) on the- current transformer 
rather than on the relay as the piece of 
equipment most susceptible to improvement. 

The paper on transient characteristics of 
current transformers during faults by 
Messrs. Concordia, Weygandt, and Shott 1 
today clearly demonstrates the impractica¬ 
bility of using standard current trans¬ 
formers for generator bus protection. 

At the Toronto convention last summer 
Messrs. Kennedy and Sinks 2 showed that a 
nonsaturating transformer with linear char¬ 
acteristics was necessary, if adequate bus 
protection was to be provided. They 
chose the air-gap-core current transformer 
in preference to the nonmagnetic-core or 
linear coupler, as described by the present 
authors, because of the higher level of power 
which it affords to operate the relays. 

The nonmagnetic-core transformer, or 
linear coupler, is by no means a new device. 
The interesting magnetic properties of 
toroidal coils which make them attractive 
for use as current transformers have been 
known for a long time. The mathematical 
demonstration of the complete freedom of 
the ideal toroidal coil from mutual coupling 
effects has been used as a textbook example 
in volumes on electricity and magnetism 8 
for many years. It has long been common 
practice to use toroidal loading coils in 
telephone circuits to reduce inductive 
■“cross talk." 4 The use of air-core current 
transformers for differential protection was 
covered by United States patents 6 issued 
ten years ago. 

The chief stumbling block which dis¬ 
couraged the use of air-core transformers, 
or linear couplers, in the past was the low 
amount of power which could be obtained 
from them to operate the relays. This 
trouble has been overcome in the air-gap- 
core current transformer by making the 
air-gap portion of the core just long enough 
to prevent saturation of the remaining iron 
portion on the highest fault currents to be 
encountered, but no longer, so that the 
power delivered is not unnecessarily re¬ 
duced. Since the maximum power which 
can be obtained from a given sized current 
transformer on a given primary current is 
proportional to the square of the effective 
permeance of its total core magnetic circuit, 
and since the air gaps in a typical air-gap- 
core current transformer constitute only 
about one sixth of the total magnetic cir¬ 
cuit, it will be evident that a current trans¬ 
former with an air-gap core can deliver 
about 36 times as much power under opti¬ 
mum conditions as it could if its core were 
all air. 

The authors of this paper have apparently 
accepted the low power level of their linear 
couplers as inevitable and have been forced, 
therefore, to use delicate low-energy relays 
in order to obtain pickup on acceptably 
Ipw values of internal fault current. The 
much higher power level afforded by the 
air-gap-core current transformer makes it 
possible to use standard-type sturdy reliable 
relays and to obtain operation on lower fault 
currents. 

The air-gap-core transformer due to the 
greater power available, can also readily be 
used with'standard types of relays having a 
small percentage of through-current re¬ 


straint where minimum settings for internal 
faults are desirable, whereas the extra 
burden of restraint coils and connecting 
leads would probably be excessive for the 
linear coupler. With the air-gap current 
transformer only a small percentage of 
through-current restraint is required, just 
enough to overcome the tendency to oper¬ 
ate on the small differential current due to 
the slight mismatching of the mutual re¬ 
actances of the transformers. It is not 
necessary to have a separate restraint mag¬ 
net on the relay for each bus circuit, as it 
is nearly always possible to group the cir¬ 
cuits so that the three separate restraints 
available on standard relays are sufficient 
for busses having any number of circuits. 
With this arrangement the tendency of the 
relay to operate on heavy through faults is 
entirely eliminated, leaving the sensitivity 
of the relay as the only limitation on the 
minimum fault setting. Thus with stand¬ 
ard relays and the air-gap-core transformer, 
the setting can be made low enough for any 
practical bus installation. 

Since theoretically the linear coupler 
should be free from mutual coupling effects 
of external ffclds, it would be interesting to 
know whether the authors have any ex¬ 
planation to offer for the seemingly high 
error of 1.6 per cent given as due to astatic 
effects, especially when the air-gap current 
transformer without its shielding case was 
only one per cent and was too small to be 
accurately determined with the shielding 
case in place. 

Also the linear coupler would appear to be 
easier to manufacture with close tolerances 
than the air-gap transformer; hence, we 
are disappointed to see the authors state 
that the couplers can be built with an ac¬ 
curacy of plus or minus 1.6 per cent which 
is no better than that given for the air-gap 
transformer at the summer convention. 

Since no greater accuracy is claimed for 
the linear coupler, and since its power level 
is very much lower than that of the air- 
gap-core transformer with similar linear 
characteristics, it would appear that con¬ 
siderably more development would be neces¬ 
sary before the linear coupler can be ac¬ 
cepted as a desirable transforming means 
for bus differential protection. 
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G. Camilli (General Electric Company, 
Pittsfield, Mass.): The authors have de¬ 
scribed an interesting application of the 
linear couplers to the operation of differen¬ 
tial relays for bus protection. Unfortu¬ 
nately, the output which can be derived from 
the toroids described in this paper is very 
limited and requires highly sensitive relays. 

It might be of some interest to those not 
familiar with the art to know that linear 
couplers have been Used in the past for the 
measurement of losses at low power factors 
(see: Method of Measuring Losses in 
Reactors at Low Power Factor, by K. G. R. 
Wilkinson & T. W. Carter), BEAM A 
Journal, May 1939, pages 145-60. 

As in the paper under discussion, m this 
also, the purpose of the toroids is to 
obtain a voltage which is directly propor¬ 
tional to the primary current. 

The scheme of measuring losses is quite 
accurate, because practically no load is 
derived from the toroids. The voltage 
across their secondaries is balanced with 
the voltage obtained across the apparatus 
to be tested in a potentiometer network. 

Careful adjustments and very accurate 
calibrations are necessary when couplers 
are used to supply even very limited loads. 

W. R. Brownlee (The Commonwealth and 

Southern Corporation, Jackson, Mich.): A 

bus-protection scheme, having the well- 
known advantages of differential protection 
a nd yet being free from transient effects, 
should be highly useful in overcoming the 
reluctance of many operators to install 
any bus-protective equipment. This re¬ 
luctance is not too difficult to understand, 
in view of the fact that if one false operation 
of a bus-protective equipment occurs, per¬ 
fect performance must then be secured for 
many years, if the scheme is to have as good 
an operating record as conventional trans¬ 
mission-line relays. Also the seriousness of 
an incorrect bus clearing is such that false 
operations are next to intolerable. Accord¬ 
ingly it is well to consider carefully whether 
a setting margin of six per cent is sufficient 
to take care of an expected manufacturing 
tolerance having a three per cent spread, 
assuming that there are no other possible 
sources of error. 

In considering the desirable operating 
range of bus-protection relays, another fac¬ 
tor in addition.to the range of nprmal 
maximum and minimum connected genera¬ 
tion is of importance. Particularly in the 
case of outdoor busses, it may be highly 
desirable after a bus-protection operation 
to make a brief inspection and then energize 
the bus from a single generator. The bus- 
protection relay should, of course, operate 
with positive margin for this condition. 

The lower operating limit given by the 
authors for the low energy plunger relay is 
1,500 amperes or about 7 x /a volts. For a 
high voltage system (such as 138 kv), this 
setting amounts to some.360,000 kva which 


may not be low enough. The sensitive 
polar-type relay apparently has an available 
setting of about one third of this value. 
What is the opinion of the authors on the 
necessity of any special precautions m 
control cable elements to prevent the possible 
induction of some two volts in the high 
impedance relay circuit? 

Mention is made of adjusting the mutual 
reactance of the couplers to the correct 
.value after they have been wound. Details 
of the adjusting method would be of in¬ 
terest. 

E. L. Harder, E. H. Klemmer, W. K. 
Sonnemann, and E. C. Wentz: The discus¬ 
sion by Mr. Hayward indicates that he 
believes that the paper on “Transient Char¬ 
acteristics of Current Transformers During 
Faults,” by Messrs. Concordia, Weygandt, 
and Shott, clearly demonstrates the imprac¬ 
ticability of using standard current trans- 
’ formers for generator bus protection. The 
wave forms and error currents calculated m 
the paper referred to are quite interesting 
in that they do not appear to be too much 
out of line with what is to be expected. 
However, to interpret the results of that 
paper in such a way as to conclude that 
generator bus protection using standard cur- 
rent transformers is impracticable is entirely 
out of line. It has been clearly shown by 
calculation, test, and operating experience, 
that the principle of utilizing variable per¬ 
centage characteristics in rday design, to¬ 
gether with utilizing fault current for re¬ 
straint, is and has been quite feasible. 
Furthermore, standard current transformers 
are used, selected so that they meet well- 
established criteria with respect to a-c per¬ 
formance which are neither difficult to 
specify nor hard to meet. It should be 
borne in mind that the whole story is not 
given when a study of current-transformer 
characteristics shows that a false differen¬ 
tial current will flow during certain external 
fault conditions. The picture is only com¬ 
pleted when a satisfactory relay design has 
been evolved to meet these conditions, or 
when the problem is given up as being hope¬ 
less. The situation, as it exists today, is 
tha t the limitations in current-transformer 
performance under transient conditions have 
been satisfactorily offset by adequate relay 
design. 

Mr. Hayward puts emphasis on the fact 
that the toroidal coil is not new. The 
justification for his attention to this point 
is probably the fact that in our paper we 
stated that a new principle was applied to 
bus differential protection. What the 
authors meant, of course, was that while 
the toroidal coils in themselves are not new, 
the application to bus differential protection 
is new in that it has not been done before. 
The fact that the principles involved in the 
accurate performance of air-core toroidal 
coils are not new is a positive advantage in 
that it adds an unquestioned background of 
accuracy fully justifying the application of 
these devices. 

The fact that a limited amount of energy 
is available from the air-core transformers 
or linear couplers has undoubtedly been a 
deterrent against previous investigation on 
a serious basis. However, dose examina¬ 
tion of the facts brings out the interesting 
point that the difficulty antidpated in the 
past was a great deal more fancied than real. 


To substantiate this point, let us consider 
the relative values of energy levels required 
to operate several standard relay designs as 
shown in Table I. 

The standard-energy close-open relay 
operates at 17 volt-amperes at tap value, 
and this is a figure with which most of us 
are familiar. The plunger-type relay and 
the polar-element relays were the ones used 
in the tests described in this paper. Both 
of these elements are standard designs as 
are found in many Westinghouse relays. 
The figures given for the type D -2 relay 
are rather startling because of the low 
energy level indicated, but this. is easily 
verified from published information. For 
example, the resistance of the moving coil 
is given as 0.213 ohm, and a contact setting 
requiring only one millivolt across the coil 
for operation is easily made. From these 
values of volts and ohms the figure of 
0.0000047 volt-ampere results. 

Reviewing the above, it is seen that prac¬ 
tical relays operate over a range of energy 
requirements of 3,620,000 to 1, this range 
being obtained by dividing 17 by 0.0000047. 
The most sensitive relay used in our tests 
was the polar-element relay requiring 0.02 
volt-ampere, and this is 4,250 times the 
amount of energy required by the type D -2 
relay. With this tremendous range in 
relay energy requirements to pick from, it 
seems to the authors to be rather pointless 
to make a vigorous effort to fill a portion of 
the magnetic circuit of the coupling device 
with iron, particularly in view of Mr. Hay¬ 
ward’s statement that the best that can be 
done is to obtain a 36-fold increase in power 
level. Furthermore, when iron forms any 
part of the magnetic circuit, it introduces 
its characteristics into that part of the mag¬ 
netic circuit so that the d-c saturation 
problem is not at all voided. The parame¬ 
ters of the circuit are merely moved to 
higher current levels, which merely give the 
current-transformer designer a little more 
freedom in certain respects, but which in¬ 
troduce other complications. For example, 
a parallel circuit must be used, bringing in 
such complications as temperature errors 
inherent in the application of modified cur¬ 
rent transformers of this type and the neces¬ 
sity for a multiplicity of adjustable imped¬ 
ances for impedance-matching purposes. 

Mr. Hayward indicates that with the air- 
gap-core transformer there is plenty of 
energy to energize restraining coils of the 
differential relay in those cases where it may 
be desirable. In this respect, there is no 
difference whatever between the two 
schemes. Restraint is necessary only when 
the accuracy of the device.is not sufficiently 
high to cover the desired range between 
maximum external fault and minimum in¬ 
ternal fault. Experimental work has been 
carried out to a sufficient extent to show 
that should it become desirable to add 
restraint to the linear-coupler relay, the 
linear couplers can furnish the energy re¬ 
quired without difficulty. 

Table I 


Volt-Amperes 


Standard energy dose-open relay.17 

Plunger-type relay. ..0.6 

Polar-element relay..... • 0.02 

Type P-2 relay. . 0.0000047 
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Attention is called to what Mr. Hayward 
feels is a seemingly high error of 1.6 per 
cent given in the paper. If the authors 
could have made this test at a total error 
of three per cent, it would have been done. 
Actually, the only way we could get the 
maximum error of 1.6 per cent was to 
deliberately adjust the position of the poor¬ 
est coupler of the entire lot for maximum 
error. A total of three per cent error would 
have been used as stated above for this 
test, if a number of couplers just meeting 
the limits which we have reserved of =**1.5 
per cent had been available. Actually, the 
only way to operate under the maximum 
error of three per cent, in practice, would 
be to have all of the couplers in the circuits 
carrying current into the bus in error a 
maximum amount in one direction, and the 
linear coupler in the circuit carrying the 
current away from the bus in error the 
maximum amount in the other direction. 
For example, if on a six-circuit bus the linear 
couplers in five source circuits were 1.5 
per cent high in their response, and the 
remaining linear coupler in the faulted cir¬ 
cuit was 1.5 per cent low in its response, 
then the maximum error of three per cent 
would be obtained. The probability of the 
linear couplers being so disposed is very 
remote; furthermore, not all of them will 
be in error on either side by the maximum 
of 1.5 per cent. 

Perhaps experience will show that the 
authors have been unduly pessimistic in 
assuming that 1.5 per cent is a normal level 
of error to be experienced in economic manu¬ 
facture of these devices. It is fully ap¬ 
preciated that similar devices are made 
much more accurately for use in precision 
testing; hence, they could be made just as 
accurately for bus differential protection. 
With such increased accuracy, however, the 
cost of the device would obviously be in¬ 
creased, and it was felt that at the present 
time the best compromise between high 
accuracy and reasonable cost would, be met 
at the level of =*= 1.5 per cent error. 

Mr. Camilli points out that "careful 
adjustments and very accurate calibrations 
are necessary when couplers are used to 
supply even very limited loads.” In this 
case, the loading on the couplers is of minor . 
consequence with regard to accuracy and 
comes into play only for the tripping opera¬ 
tion on minimum internal fault. If the 
linear couplers are out of calibration by 
1.5 per cent, then the minimum pickup 
point of the relay would be slightly af¬ 
fected. Actually, the variation between 
individual couplers as well as the fact that 
the relay will not be provided with an in¬ 
finite number of taps for 100 per cent ac¬ 
curate impedance matching makes it obvi¬ 
ous that slight errors in individual linear 
couplers are inconsequential with regard to 
the minimum pickup adjustment. A check 
between calculated pickup current and 
actual pickup current is given in the test 
results. What Mr. Camilli has undoubtedly 
overlooked is the fact that during external 
fault conditions when the relay must not 
operate, the linear couplers are performing 
effectively on open circuit, without loading, 
because their voltages are in opposition in 
a series circuit. 

Mr. Brownlee wonders if a margin of 
six per cent is sufficient to take care of an ' 
expected manufacturing tolerance having a 
three per cent spread. The margin given 
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is entirely adequate in that the three per 
cent spread made up of ±1.5 per cent 
errors includes all errors which may appear 
in the couplers, astatic or otherwise. In 
view of the considerations . pointed out 
above, it is expected that the theoretical 
maximum error of three per cent will never 
occur, but even if it did, the safety factor 
of 2 to 1 would still obtain, which is ade¬ 
quate. 

In Mr. Brownlee’s second paragraph, our 
interpretation is that under certain condi¬ 
tions, a minimum of connected generation 
may exist which is lower than the usual or 
expected minimum. The problem is, then, 
to determine what is the real minimum in 
any application before determining the range 
between maximum and minimum fault cur¬ 
rents. 

With regard to the induction in the con¬ 
trol cable, the relative disposition of the 
various parts of the circuit should be con¬ 
sidered. In the linear coupler itself, a 
large number of turns surround an area of 
several square inches placed as favorably as 
possible with respect to a primary conductor 
for the induction of voltage. The control 
cable between linear couplers and the 
switchboard should consist of two wires in 
the same conduit or duct. This cable run 
will consist of only one turn with a minimum 
of area between the two wires permitting 
flux to link the circuit. As long as the two 
wires are run in the same duct or conduit, 
it is obvious that the problem is of minor 
consequence, particularly where the cable 
is in iron conduit. In one instance, for 
example, the pickup in the leads amounts to 
less than one per cent of the minimum 
voltage used for relaying. Where the ex¬ 
posure to induction is very severe, however, 
the solution is to use conductors in twisted 
pair in iron conduit. 

In response to Mr. Brownlee’s question 
about the method of adjusting the react¬ 
ance, the more obvious way is to add or 
subtract turns until the proper reactance is 
obtained, and then rewind the last layer so 
that it is uniform around the circle. A 
better way more suited to production is to 
have a section of the winding which is 
uniformly wound for coarse adjustment, 
which can be connected in addition or op¬ 
position with smaller sections of the wind¬ 
ing, also uniformly wound for finer adjust¬ 
ment with one turn taps in one of these 
sections for the very finest adjustment of 
all. 

Current-Transformer Perform¬ 
ance Based on Admit- . 
tance-Vector Locus 

Discussion and author's closure of paper 42-11 
by A. C. Schwager, presented at the AIEE 
winter convention. New York, N. Y., January 
26-30, 1942, and published in AIEE 
TRANSACTIONS, 1942, January section, 
pages 26-30. 


, E; C. Wentz (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): It 
is to be feared that the multiplicity of 
methods for calculating ratio and phase 
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angle which have been presented during 
the past few years has served to confuse, 
rather than aid the application engineer, 
who should be the one particularly benefited. 
The design engineers are taking such a great 
interest in the problem because they hope 
that a single set of F cos B-\-M sin 6 satura¬ 
tion turves or an admittance-vector-locus 
curve or a nomogram, or equivalent, will be 
accepted by the application engineer in 
lieu of a huge number of ratio and phase- 
angle curves. At one stroke the designer is 
saved a great deal of work, and the applica¬ 
tion engineer gets more fundamental infor¬ 
mation. He can get all the possible ratio 
and phase-angle data, if he is willing to make 
a few simple calculations. Yet it is doubtful 
that the great majority of relay application 
engineers have thus far been impressed. 

It should help to correlate these schemes 
in the minds of application engineers if we 
sort out the points on which the designers 
agree, though they say different things, and 
discuss briefly the points on which they disa¬ 
gree, even though what they say sounds 
the same. 

Those who start with Agnew all agree on 
fundamental principles, as Agnew and they 
evade the "internal reactance” or "leakage- 
flux” hurdle. Mr. Sinks 1 went back further 
than Agnew and showed conclusively that 
Agnew’s simple vector diagram will not 
work if considerable leakage flux is present. 
However, the author of this discussion 
worked out a method 2 by which the Agnew 
formula can be applied, if one is willing to 
accept a definition of internal reactance in 
terms of a certain measured value of leakage 
flux. Yet at this time it is not possible to 
say that a single simple method for includ¬ 
ing leakage flux or internal reactance will 
soon be generally accepted as a standard 
method. 

However, recognizing that leakage re¬ 
actance may often be neglected, there is 
fundamental agreement among the de¬ 
signers. The obstacle to calculation is that 
Agnew’s formula contains that pair of 
trigonometrical bugaboos: 

F cos 0+Af sin 0 
M cos 0 —F sin 6 

and that these lead to too much arithmetic. 
"Simplification” of these bugaboos has been 
the object of Wiggins, Woods and Bottonari, 
Wentz, and finally Mr. Schwager. The 
number of these simplifications may have 
caused confusion, but it must be remembered 
that the solutions are all the same in the end; 
the only reason for preferring one method 
over the other is that one likes it better. 
(This is not quite true when Woods and 
Bottonari suggest tha t F cos 0+M sin 0 
may be equal to V FH-Af 2 as this is 
simplification by sacrifice of accuracy.) 

The two principal methods of accurate 
simplification are then Mr. Schwager’s, 
which, in effect, plots F cos B-j-M sin 6 and 
M cos B— F sin 0 simultaneously as a vector 
locus, and the author’s, 2 which plots them 
separately as a family of curves. In either 
type of curve volts or volts per turn can be 
plotted against admittance or admittance 
for one turn (Mr. Schwager’s) or amperes 
or ampere turns (the author’s). Both can 
be particular or general. 

It is not possible to say that either 
method is better. Whatever method is 
easier to use is better; the decision is up 
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to the application engineers. However, the 
benefits of general use of either one of the 
methods and accompanying data are so 
important to both design and application 
engineers that it is to be hoped that the 
application engineers will study both meth¬ 
ods and endeavor to make a decision, per¬ 
haps thr ough an appropriate AIEE com¬ 
mittee, recommending one method and an 
accompanying standard form in which 
manufacturer's data are to be submitted. 
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P. O. Langguth (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): 1. The author has presented a unique 
method of determining the performance of 
current transformers and represents a new 
viewpoint not previously considered for 
popular use. It is interesting to note that 
in the past several years, the diversity of 
problems in relaying has brought about a 
score of methods, all aimed toward the 
simplification of voluminous performance 
data, yet flexible enough to meet the de¬ 
mands of present-day relaying problems. 

2. The paper very clearly illustrates the 
progressive steps normally considered by the 
designer and is of equal interest to the re¬ 
laying engineer. Familiarity with the 
saturation characteristic of apparatus as¬ 
sociated with magnetic devices, I believe, 
is universally understood by the designer 
and relay engineer alike. The direct values 


obtained from these data represent a popu¬ 
lar yardstick for current transformers. The 
quantity of admittance as brought forth in 
the paper is also a useful measurement with 
perhaps greater appeal to the designing 
engineer. 

3. The writer, however, believes that 
many characteristics are immediately ap¬ 
parent from the saturation curve based on 
induced voltage and excitation data. These 
data may easily be obtained from the com¬ 
pletely assembled transformer and inter¬ 
preted for many varying conditions such as 
diversity of burden, ratio, and current. In¬ 
spection of a saturation curve reveals the so- 
called linear range which may suffice for 
many ordinary relaying problems. In such 
cases, the marked ratio may be considered 
ideal over this range. A further extension 
of the curve beyond the so-called “knee” 
will provide the application engineer with 
sufficient data for most applications. 

4. For greater accuracy, the vector con¬ 
ditions with relation to the transformer out¬ 
put and excitation components must be 
considered. Mr. Schwager’s method has 
combined the effect of the exciting compo¬ 
nent by determination of "admittance- 
vector loci” and has the advantage that the 
path of this two-dimensional vector of ex¬ 
citation has been definitely established for 
a given transformer. It also reveals what 
proportion of ampere turns will finally be 
left for the output. 

5. Considering the use of the saturation 
characteristic directly from test data, I 
would like to suggest here another method 
which is based directly on an earlier AIEE 
paper by Messrs. Woods and Bottonari. 
It consists essentially of the combination of 
the vector diagram and the saturation data 
into a functional diagram and has the ad¬ 
vantage of being relatively a simple and 
direct graphical solution. Such a scheme is 
illustrated in Figures 1 and 2. 

6. Basically, these charts represent a 
graphical solution of the transformer vector 
diagram. The variable element,, for ex¬ 


ample, the excitation of the transformer is 
obtained from the saturation curve plotted 
in Figure 1. This is combined vectorially 
in Figure 2 with the secondary current under 
consideration to obtain the ratio and phase- 
angle error of the transformer. An example 
is worked out in Figure 2, and the graphical 
steps are indicated by the dotted arrow 
lines. 

7. It is my feeling that this idea or a 
similar one could be standardized to the 
extent whereby the charts could be made 
available on standard AIEE forms. Figure 
1, for instance,could be so prepared that the 
originator of the transformer would merely 
draw the two curves on the form. Figure 2 
would be a standard graphical form for 
computing the ratio and phase-angle error 
directly from data obtained by use of Fig¬ 
ure 1. 

8. In conclusion, Mr. Sehwager has pre¬ 
sented an interesting method that reveals 
many functional details of a current trans¬ 
former. He has demonstrated how a large 
amount of transformer information can be 
expressed in one chart as compared to the 
voluminous number of ratio and phase- 
angle curves normally experienced in prac¬ 
tice today. Since this paper evidences a 
continuing interest in this general subject, 
I suggest that the relay subcommittee ar¬ 
range to prepare some simplification of cur- 


Figure 2. Ratio and phase-angle conversion 

Example: Burden 1.2 ohms, 90 per cent power 
factor; 300 to 5 ratio; secondary amperes 50; 
bushing type 

1. Burden volts = 50 X1.2 — 60 volts 

2. Chart A—For 60 burden volts (A) deter¬ 
mine excitation current for 300 tp 5 tap (8) 
reading saturation curve at C—810 amperes. 
Determine 03 for an Es corresponding to 
point 8 for 90 per cent power factor N as 

indicated 



3. Chart B—At 50 secondary amperes (£) 

Figure 1 determine ideal primary current for 300 to 5 

tap (Fand G). To this add excitation current 
(810 amperes) ( GH) at an angle 93. Polar 
co-ordinate of point H represents the correct 
primary current (OH) and phase-angle error a. 
Values are: 3,480 amperes and 12-degree 
phase angle 

4. True ratio = 3,480/50 = 69.6 
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rent-transformer data and have its use 
adopted in standard form in the near future. 

Otto A. Knopp (Pacific Gas and Electric 
Company, Emeryville, Calif,): Through 
his paper, "Current-Transformer Perform¬ 
ance Based on Admittance-Vector Locus," 
Mr. Schwager has performed a valuable 
service in having perfected a method of 
presenting the characteristics of a current 
transformer in an exceedingly simple and 
ingenious way. Such a method was badly 
needed by the manufacturer of such trans¬ 
formers. 

The writer, who has always had a great 
fascination for current transformers of all 
types, principally for methods of testing 
them and testing with them, has always 
felt as a utility engineer that the automatic 
calculation by test is the simpler procedure 
for determining the ratio and phase an glp of 
a current transformer, rather than the cal¬ 
culation of these errors from the electric 
constants of the iron core by the methods 
originally developed by P. G. Agnew. 

For manufacturers the calculating method 
has, no doubt, great advantages for select¬ 
ing the size and type of core, ampere-turn 
value, size of conductors, and so forth. Mr. 
Schwager, working for a manufacturing 
concern, was, therefore, interested in this 
calculating method, and he succeeded in 
developing new and useful graphical meth¬ 
ods which not only reduced the calculation 
work materially, but furnished an excellent 
method of presenting the basic character¬ 
istics of the current transformer from which 
all other performance data can now be 
quickly determined any time they are 
needed, without subjecting the current 
transformer to new tests. This is particu¬ 
larly useful when the individual transformer 
has been sold by the manufacturer and is 
no longer available to him for test. 

The writer, working for a public utility, 
is naturally more interested in using direct 
test methods such as described in his AIEE 
paper, AIEE Transactions, May 1936, 1 
.for error determinations, as the transformer 
to be tested is in his possession and remains 
in his possession. Therefore, a simple test 
under the existing conditions, is the best 
approach toward getting accurate results 
and avoids tedious calculation and the 
necessity of many tests for determining the 
necessary constants needed for the calcula¬ 
tion. More time would be consumed in the 
determination of the value of the various 
burdens and their power factors than in 
determining the ratio error or phase-angle 
error directly, since most utility labora¬ 
tories are well equipped for testing ratio 
and phase-angle error of circuit transformers. 
However, there may even be good use for 
Mr. Schwager’s approach in the utilities, 
if the manufacturer who supplies the current 
transformers furnished their characteristics 
in the form Mr. Schwager suggests. The 
engineering department in the utility, con¬ 
fronted with the problem of selecting cur¬ 
rent transformers for certain relay opera¬ 
tions, can select a current transformer more 
precisely by the Schwager method than by 
referring to a few specific ratio and phase- 
angle error curves which may not apply to 
the particular condition. 

Another application would be the use of 
the "admittance-vector locus" for setting 
up current-transformer standards, replacing 
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the XYZ standards or the new standards 
proposed: £-0.1, B- 0.2, 23-0.5, and 

so forth. Another, and, in the writer’s 
opinion, the most useful application of the 
“admittance-vector locus," would be by its 
use in the reverse. It should not be diffi¬ 
cult, with the accurate methods and equip¬ 
ment available in the utility laboratories 
for determining ratio and phase angle of 
current transformers for all kinds of bur¬ 
dens, to determine the "admittance-vector 
locus." Thus, it may be possible in the 
utility laboratory to determine this locus as 
a matter of record more accurately that way 
than it could be determined by making 
measurements of the iron loss and other 
electrical constants of the core. 

Such cores are, in most cases, rather small, 
requiring especially delicate instruments. 
Where bushing-type current transformers 
are involved (and I presume Mr. Schwager 
was mostly concerned with these), the cores 
are large, making the determination of the 
electrical constants simple and accurate. 
The errors of these transformers are large, 
making a graphical method such as Mr. 
Schwager's particularly well-adapted. The 
adaptability of the method to modem com¬ 
pensated current transformers, where the 
errors are of the order of 0.1 to 0.3 per cent 
and one to three minutes phase angle, is 
not as good. There the reverse method 
may be helpful. 

Reference 

1. Some Applications op Instrument Trans¬ 
formers, Otto A. Knopp. AIEE Transactions, 
volume 55, 1936,' May section, pages 480-9. 


J. A. Elzi (The Commonwealth and South¬ 
ern Corporation., Jackson, Mich.): The 
users of current transformers have a definite 
need for performance data covering a wide 
range of conditions which cannot be ade¬ 
quately covered by the usual ratio and 
phase-angle curves. It therefore appears 
that the user must be provided with basic 
data from which any desired characteristics 
can be determined, and, since most of the 
users are not transformer designers, it is 
important that these data be presented in 
a readily usable form. In this paper the 
author presents a means by which this can 
be accomplished and has analyzed step by 
step the method of arriving at this curve. 

Since the admittance-vector locus is a 
function of the characteristics of the steel 
used in the transformer, it would appear that 
any one manufacturer would need to provide 
only a few such curves to adequately pro¬ 
vide data for an entire line of current trans¬ 
formers. It would be interesting to have the 
author’s opinion regarding this point. 

The values for the points corresponding 
to various ratios of E-i/ N in Figures 7 and 8 
of the paper are not linear, and extrapola¬ 
tion between points is not possible. This at 
first appears to limit the usefulness of the 
curves. However, it might be pointed out 
that, for a given burden and turn, ratio 
values of secondary current can be chosen 
such that ratios of Et/ N corresponding to 
points given on the curve will result, and 
performance characteristics for intermediate 
values for secondary current can then 
readily be obtained. It might also be of 
interest to note that since the admittance- 
vector locus is located with respect to the 
unity power-factor line, it is very easy to 


investigate performance at burden power 
factors other than those shown in the figures 
by simply drawing in lines for any power 
factor desired. 


G. Camilli (General Electric Company, 
Pittsfield, Mass.): The author’s paper is 
timely in presenting a novel method of de¬ 
termining the performance of current trans¬ 
formers. The new American Standards As¬ 
sociation Standards on instrument trans¬ 
formers recognize the fact that character¬ 
istic data of bushing-type current trans¬ 
formers for relay applications can be cal¬ 
culated from exciting current and core¬ 
loss data. By the method developed by Mr. 
Schwager, these excitation data can be 
incorporated in his admittance-vector locus, 
from which the final ratio and phase-angle 
errors can be derived. 

This graphical method should be wel¬ 
comed by both the designers and by the ap¬ 
plication engineers, because, in contrast 
with the standard procedure, it gives a more 
functional picture of the performance of the 
transformer. It is hoped that this method, 
together with other graphical analyses which 
have been proposed, may form the basis for 
a future ASA Standard for the calculation 
of current transformers for relay applica¬ 
tions. The proposed method may be ad¬ 
vantageous in all those cases where either 
the designer or the operating engineer is 
interested in complete characteristics at 
different burdens and at different power 
factors. However, it is doubtful whether 
the scheme reduces the amount of work in¬ 
volved over the standard procedure when 
only a small amount of data is required. 

A. C. Schwager: Messrs. P. O. Langguth, 
E. C. Wentz, and G. Camilli point out the 
usefulness of the admittance-vector locus 
for the designing engineer; the question, 
however, is raised as to whether the method 
is practical for the use of the operating engi¬ 
neer when only a small amount of data is 
required. It appears that the author has 
not sufficiently emphasized the importance 
of Figures 9 and 10 in his paper. These 
figures represent the ultimate simplification 
of the vector-locus graph. Figure 9 shows 
that for a given burden power factor the 
ratio error of a multiratio bushing-type 
transformer can be represented by one 
single curve, provided 2V 2 /Z>1,000. Fig¬ 
ure 3 of this discussion shows a chart apply¬ 
ing to an actual transformer from which the 
ratio for any total burden power factor be¬ 
tween 0.5 and 0.7 can be easily computed 
as indicated for any practical value of 
N 2 /Z. 

The author intended to convey the exist¬ 
ence of such simple charts in Figure 9 of the 
paper. Chart Figure 3 applies to a 600 to 
5 multiratio transformer with the ratios as 
indicated. The top curve applies for a total 
burden power factor of 0.5 and the three 
lower curves apply to a burden power fac¬ 
tor of 0.7 and varying N 2 /Z values. A 
logarithmic abscissa of two different loga¬ 
rithmic rates for the Et/N values greatly 
increases the accuracy over the entire 
range. 

The practical result of Figure 10, on the 
other hand, is a simple chart Figure 4 of 
this discussion from which the ratio error 
can be read off directly in function of the 
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Figure 3. Ratio characteristics 
for 23-kv bushing current trans¬ 
former 

Burden power factor 50 and 
70 per cent 

Internal £ = 0.0022XN ohms 
Internal X negligible 
Volts per turn, Et/N^UZ/N 
True ratio <=N+CxZ/N 


.. 

Power Factor 

Curve Range of N 2 /Z 

(Per Cent) 

A... 100-» 

.50 

B _ 100- 400 ) 


C.... 400-1,500 > 

.70 

D.'.. .1,500-® ) 




Figure 4. Ratio characteristics for 23-kv 
bushing current transformer 

Burden power factor 50 per cent 

Internal /?=0.0022XN ohms 
Internal X negligible 
True ratio=N(1 +A/0 


Ratio 

Tap 

Secondary 
Turns, N 

N* 

50/5.... 


.10. 

.. 100 

100/5.... 

• 4 » . • . 


.. 400 

150/5.... 

... .AC... 


.. 900 

200/5.... 

_ D-E ... 

.40. 

.. 1/600 

250/5.... 

....C-D... 


.. 2,500 

300/5.... 



.. 3,600 

400/5.... 

... .AO... 


.. 6,400 

450/5.... 



.. 8,100 

500/5.... 

....B-E... 

.100. 

..10,000 

600/5.... 

.... AE... 


..14,400 


primary current. N a /Z is the parameter 
of the various curves; in a practical chart 
additional N 2 /Z curves and scale subdivi¬ 
sions would be included. As shown in the 
paper, the individual curves in Figures 3 
and 4 of the discussion can be readily ob¬ 
tained from the excitation characteristics of 
the steel, or from a sample of the transformer 
if available for test, the latter giving the 
more accurate data. 

In view of the simplified charts Figures 3 
and 4, the author considers it unnecessary 
to refer to Figures 7 and 8 of his paper or to 
the methods outlined by Mr. Wentz and by 
Mr. Langguth, except'for design purposes 
or for application investigations of a more 
general nature. It might however be worth¬ 
while to analyze some of the features of the 
above three methods. 

Since we are primarily concerned with 
determining the ratio (complex) of the trans¬ 
former, it appears that curves whose 
Ordinates are equal to the actual error, 
except for constants of the transformer and 
burden are simpier than curves which are 
hot proportional to the error. The admit- 
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Ratio 

Tap 

Turns, N 

N* 

50/5. 

....B-C.... 

.... 10.... 

. 100 

100/5. 

.AS.... 

.... 20.... 

. 400 

150/5. 

....AC.... 

.30.... 

. 900 

200/5. 

....D-E.... 

.... 40.... 

.1,600 

250/5. 

....C-D.... 

.... 50.... 

.2,500 

300/5. 

....B-D.... 

.... 60.... 

....... 3,600 

400/5. 

... .A-D .... 

.... 80.... 

.6,400 

450/5. 

....C-E.... 

.... 90.... 

.8,100 

500/5. 

....B-E.... 

....100.... 

.10,000 

600/5. 

• • • • A"“£ • • • • 

.120.... 

.14,400 

tance-vector locus 

represents 

the error, 


whereas if the magnetization curve is used, 
the error is obtained only after a division of 
the exciting current by a variable (Ja). In 
addition, the admittance-vector locus has 
increased reading accuracy over the mag¬ 
netization curve. 

In comparing Figure 5 of Mr. Wentz’s 
paper with the author’s charts, it must be 
realized that these charts are equivalent to 
the author’s Figure 8 and do not cover the 
low-ratio bushing-type transformer repre¬ 
sented in Figure 7, since Mr. Wentz uses a 
simplified equation for the ratio error. 

The interesting charts A and B (Figures 1 
and 2 of this discussion), which Mr. Lang¬ 
guth has submitted, correspond to Figure 7 
of the author’s paper. It appears, however, 
that Mr. Langguth’s method requires con¬ 
siderable computation and drafting effort, 
in addition the range covered by the abscissa 
is only one per cent of that covered by 
author’s Figure 7, and its practical value for 
multiratio transformers seems thereby seri¬ 
ously limited. 

Since Standardization of current-trans¬ 
former data has been frequently mentioned 
in the various discussions, the author would 
like to summarize his suggestions; the final 
decisions as to the merits of the various 
proposed methods will, as pointed out by 
Mr. Wentz, have to be made by the applica¬ 
tion engineer. 

It is proposed that two charts be furnished 
only. 

1. Admittance-vector locus as shown in Figure 5 
of the discussion, or a chart showing the admittance 
vector components in a rectilinear co-ordinate sys¬ 
tem, with Ei/ N as abscissa in logarithmic scale. 
Figure 5 of this discussion permits the calculation 
of the exciting current for idle transformers and if 
desired can be used as the basis for any detailed 
investigation as described in the paper. 

2. Ratio error curves as shown in Figure 3 or 4 
of this discussion. Either of these curves permits 
the determination of the entire ratio data without 
complicated calculation or construction and require 
no knowledge of the operation of the transformer 
proper, 
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8001 _ I _| 

O 100 200 

CONDUCTANCE FOR ONE TURN-MHOS 

Figure 5. Admittance-vector locus for one 
turn for 23-kv bushing current transformer 

Internal reactance negligible 
Internal resistance £=0.0022N 
>Wi/N 2 


Mr. Elzi points out an interesting further 
simplification which might have particular' 
merit for design purposes. The admittance- 
vector locus can be rescaled so that Yi(u) — 
yi(B)D/A, where Yi(b) is unit admittance, 
A is the cross-sectional area of the core, and 
D is its mean diameter. Instead of a param¬ 
eter of volts per turn, flux density B is 
used, or Ei/NA if preferred. 

This basis will give values of sufficient 
accuracy for design purposes, even with 
cores of somewhat different proportions, and 
close values if the cores have equal outside- 
to-inside diameter ratios, because of simi¬ 
larity of flux distribution. 

Mr. Elzi’s concern about the difficulties 
encountered in interpolating E*/ N values 
bn the admittance-vector locus might be 
reduced by referring to the proposed prac¬ 
tical curves Figure 5, or by plotting the 
admittance-vector components on a recti¬ 
linear co-ordinate system as suggested above 
under standard data. 

That the admittance-vector locus method 
is readily accepted by a utility laboratory , 
is particularly appreciated. Mr, Knopp 
confirms the wide field for which the new 
method might be applicable. The deter- 
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mination of the vector locus in reverse, as 
suggested by Mr. Knopp, opens up a con¬ 
siderable field of applications. The method 
consists of measuring ratio error and phase 
angle for a known secondary burden and 
plotting them in a rectilinear co-ordinate 
system, the resulting curve being geometri- 
ally similar to the admittance-vector locus 
for one turn. This test curve, therefore, 
fully represents the transformer and permits 
the calculation of the various important 
constants, such as turn compensation and 
secondary leakage reactance. 


Multichannel Carrier-Current 
Facilities (or a Power Line 


Discussion and authors' closure of paper 
42-13 by P. N. Sandstrom and G. E. Foster, 
presented at the AIEE winter convention, 
New York, N. Y., January 26-30, 1942, 
and published in AIEE TRANSACTIONS, 
1942, February section, pages 71-6. 


W. R. Brownlee (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The protective features of the carrier-current 
installation described by the authors pro¬ 
vide an excellent example wherein the use of 
special, and sometimes so-called "compli¬ 
cated,” protective measures are a principal 
factor in making possible important savings 
in major equipment (in this instance, the 
high-voltage oil circuit breakers). The value 
of such savings may be many times the cost 
of the additional protective equipment. The 
presence of continuous automatic super¬ 
vision should add materially to the over-all 
reliability of the protective scheme. . 

Although the transferred tripping arrange¬ 
ment was provided primarily to permit 
clearing both power sources from a faulted 
transformer bank, the [inherent abilty to 
clear both ends of the transmission line 
simultaneously is quite valuable. It is 
assumed that some form of distance relays 
is used for the phase protection in this con¬ 
nection.’ If so, is any special provision 
made to prevent operation of the distance 
relays during system oscillations, especially 
those which do not result in an actual out of 
step condition? Perhaps the multiple tone 
system described will lend itself rather well 
to an "out-of-step blocking” arrangement. 

The protection of a three-terminal line 
or "Tee-tap” involves problems which 
sometimes cannot be solved by the simple 
addition of distance relays to a conventional 
carrier-current system. Have the authors 
made any study of the possible application 
of their transferred tripping arrangement to 
three-terminal lines? 


P. N, Sandstrom and G. E. Foster: In 
answer to Mr. Brownlee’s discussion, his 
assumption is correct that distance-type 
relays are used for protection against phase- 
to-phase faults. The particular type em¬ 
ployed is the high-speed impedance type. 
No special provision has been made to pre¬ 
vent the operation of these relays' during 
system oscillations. With the present 
method of operation there is very little 
chance for instability. 
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With reference to the question of protec¬ 
tion of a three-terminal line with distance 
relays in conjunction with conventional 
carrier-current system, the authors have 
had contact with an installation of this 
type. This installation has given satis¬ 
factory service for over two years. 

The authors have not made a complete 
study of the possible application of the 
transfer trip arrangement to a three-ter minal 
line. One method of extending this trans¬ 
ferred tripping method to a three-terminal 
line would be by means of a carrier loop 
consisting of three carrier frequencies. The 
first frequency connects station A to station 
B; the second frequency connects station 
B to station C, and the third frequency con¬ 
nects station C to station A. At each sta¬ 
tion only one transmitter and one receiver 
would be needed. The blocking loop would 
be extended over this carrier loop. Trip¬ 
ping would be accomplished by breaking 
the blocking loop at any point and starting 
the tripping frequency at that point. Since 
a loop is formed, the tripping signal would 
go to the other two points, giving almost 
simultaneous opening of all three terminals. 

Transient Characteristics of 
Current Transformers 
During Faults 

Discussion and authors' closure of paper 42-39 
by C. Concordia, C. N. Weygandt, and 
H. S. Shott, presented at the AIEE winter 
convention. New York, N. Y., January 
26-30, 1942, and published in AIEE 
TRANSACTIONS, 1942, May section, 
pages 280-5. 


E. C. Wentz (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.) 
and W. K. Sonnemann (Westinghouse Elec¬ 
tric and Manufacturing Company, Newark, 
N. J.): In the opening paragraph of this 
paper, the authors indicate that very little 
quantitative data on the transient perform¬ 
ance of current transformers have been pub¬ 
lished. It is agreed that a complete set of 
transient-performance curves covering all 
existing designs of current transformers has 
never been issued. Such a set of curves 
would involve volumes. Apparently, this 
paper intends to present data which may . be 
considered quantitative through the use of 
the so-called size constant of the trans¬ 
former. In this respect, however, we do 
not feel that the paper has made any great 
strides, forward over the Wentz-Sonnemann 
paper mentioned as reference 2. In the ref¬ 
erence paper, the authors have presented 
formulas for the calculation of current-trans¬ 
former performance in terms of design con¬ 
stants and secondary circuit resistance, In 
Mr. Harder's discussion of that paper, he 
reduced the design constants to terms of the 
saturation curve which puts the necessary 
design information in a form which can be 
obtained much more readily in many cases, * 
and which can be used more easily. 

We feel that the size constant as given in 
the paper is not too good a criterion of trans¬ 
former excellence for the following reasons. 

1. We believe that the factor, l, representing the 
length of the magnetic circuit, is unduly stressed, 
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and tends to lead to erroneous conclusions. For 
example, if the factors l and A are both increased to, 
say, double their given value, the size constant is 
unchanged, but the transformer will, in practically 
every case, give better performance for any given 
application. This improvement results from the 
increase in area and not from an increase in length, 
as indicated in the author’s conclusion 1. The 
reason for this is that the amount of flux in the core 
necessary to circulate a given current in the second¬ 
ary circuit is independent of the length of the mag¬ 
netic circuit. Once the flux reaches the saturation 
point, the error current begins to flow in the dif¬ 
ferential relay. If the area of the core is doubled, 
the time to reach saturation is increased, thus al¬ 
lowing an increased time interval for the d-c com¬ 
ponent of the fault current to diminish with a con¬ 
sequent reduction in the magnitude of the error 
current when it appears. 

2. The factor, r*, should and does include the re¬ 
sistance of the secondary burden. It inevitably 
follows that any one design of transformer does not 
have a single size constant in itself. Its size con¬ 
stant can only be determined after the secondary 
burden for the particular application has been as¬ 
certained. 

The authors intimate that it is still neces¬ 
sary to consider each application of bus dif¬ 
ferential relays on its own merits. While 
this is true to a certain extent for some 
schemes, and where there are special con¬ 
siderations, it does not give a true picture of 
the situation as it has existed since the ad¬ 
vent of the variable percentage differential 
relay. Sufficient study of the transient char¬ 
acteristics of current transformers and suf¬ 
ficient tests to verify the conclusions reached 
have been made so that in the usual bus-dif¬ 
ferential application, it is possible to apply 
the variable percentage differential relay 
without exhaustive engineering research. 
Such research is avoided through applying 
the relay in line with certain well-established 
criteria. These may be explained as fol¬ 
lows: 

1. The current-transformer ratio should be so 
chosen as to keep the maximum secondary fault 
current within reasonable limits as determined by a 
practical relay design. 

2. On multicircuit busses, it is sometimes neces¬ 
sary to use two relays per phase in order to provide 
an adequate number of restraining elements. 

3. The current transformer should not saturate on 
the maximum symmetrical fault current to which it 
will be subjected. This does not mean that it will 
not saturate on asymmetrical fault current. In¬ 
stead, the saturation caused by the d-c component 
will usually be severe, giving rise to a substantial 
error current. However, the use of the variable 
percentage characteristic as well as an adequate 
number of restraining elements prevents the relay 
from false tripping for external faults. 


C. Concordia, C. N. Weygandt, and H. S. 
Shott: On reading over the discussion by 
Messrs. Wentz and Sonnemann, we note 
such a very great difference in viewpoint 
that it will be somewhat difficult to find a 
common ground for discussion. Messrs. 
Wentz and Sonnemann seem to feel that 
enough had already been done oh this prob¬ 
lem so that all the significant questions are 
readily answered, but we cannot agree with 
this opinion. To our knowledge the only 
quantitative results previously published 
have been from spot tests and often, as in 
the case of the paper by Messrs. Wentz and 
Sonnemann, without any means of identi¬ 
fying the transformer. 

Referring to the first paragraph of the dis¬ 
cussion, it is not merely by introducing the 
concept of size constant that our paper in¬ 
tends to present quantitative data, but also 
in a much more exact representation of the 
saturation curve. It seemed desirable, in 
view of the complexity and importance of 
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the subject, to attempt as rigorous a solu¬ 
tion of the problem as practicable, rather 
than to continue to oversimplify it. 

Referring to the second paragraph of the 
discussion, we infer that Messrs. Wentz 
ftfiH Sonnemann cannot have given our paper 
the attention which we feel it perhaps de¬ 
serves. As stated in conclusion 1: “Of two 
transformers having the same size constant 
the one having the longer magnetic circuit 
will give better performance for the same 
value of primary current.” This statement 
is true, and to say, as the discussers have, 
that it is not the longer magnetic circuit 
which accounts for the improvement, seems 
to us to be quibbling. We do not subscribe 
to the discussers’ arguments about the area; 
in fact, it could just as well have been the 
length / and the secondary resistance r 2 
which were changed, instead of length and 
area, and conclusion 1 would still hold. 
The performance curves as shown by Fig¬ 
ures 9-12 are all related to the "amperes per 
inch of core length.” Thus, if length and 
area are both doubled, the size constant will 
remain the same, but the same value of pri¬ 
mary current will result in half the ampere 
turns per inch, and, hence, the performance 
will be shown by a different point on the 
curves. Regarding the discussion of r 2 , we 
refer the discussers to the definition of r 2 
following equation 1 of the paper. Both the 
size constant and performance of any trans¬ 
former depend on its secondary burden. 

Referring to the discussion of the variable 
percentage differential relay it seems de¬ 
sirable to point out that such a relay would 
have severe limitations when used with con¬ 
ventional bar-type current transformers 
even when the current is only five times nor¬ 
mal, as indicated by Figure 9. 

Progress Report of D-C 
Testing of Generators 
in the Field 

Discussion and authors' closure of paper 42>-1 
by E. R. Davis and M. F. Leftwich, presented 
at the AIEE winter convention. New York, 
N. Y., January 26-30, 1942, and published 
in AIEE TRANSACTIONS, 1942, January 
section, pages 14-18. 


Charles F. Hill and L. J. Berberich (West- 
inghouse Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): Messrs. Davis 
and Leftwich have found with others that 
spot readings of insulation resistance were 
not as effective in determining the condi¬ 
tion of the insulation as insulation resist¬ 
ance-time curves. Absorption or insulation 
resistance-time curves periodically deter¬ 
mined have been used by many operators 
with some success. This success for the ordi¬ 
nary low-voltagfe determinations (500-1,000 
volts) has, however, been limited to: 

1. Detection of moisture in insulation. 

2. Determination of leakage over the end windings 
due to moisture, dirt, oil, and combinations of these. 

3. Studying the curing of the insulation in a new 
machine which is illustrated by the data in Figure 8 
of the paper. 

Low-voltage d-c testing on the other hand, 
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has not been of much value in the location 
of damage to the insulation due to mechani- 
c£il causes. 

A number of operators have also at¬ 
tempted to locate mechanical defects by 
means of other tests such as power, factor 
and ionization detection with negative re¬ 
sults, in general. It had been our opinion 
that rather high-voltage d-c testing should 
be more effective in detecting mechanical 
deterioration in such insulation, but at¬ 
tempts by some operating engineers did not 
give positive results. It is, therefore, en¬ 
couraging to see that the authors have 
achieved some measure of success with 
such high-voltage d-c tests. 

The EEI subject committee on generator 
insulation testing (AIEE Transactions, 
volume 60,1941, p. 1003) reports some tests 
with high-voltage d-c on several machines 
which were about to be rewound. They 
were not always successful in locating de¬ 
liberately inflicted mechanical damage. 
They did find, however, that insulation re¬ 
sistance may be considerably less when 
measured at high-voltage than when meas¬ 
ured at a low-voltage in a machine known to 
have a defective winding. We have made 
many measurements of insulation resistance 
on sections of good coils insulated for 13.8 
kv of both the older and the newer types 
over a range of voltage from 500 to 25,000 
volts. These showed that the insulation re¬ 
sistance was substantially unaffected by 
voltage. Therefore, when a voltage effect 
is found, some insulation defect may be indi¬ 
cated. This should be investigated further. 

The authors have logically started at 
lower voltages and gradually stepped up the 
voltages in their testing program, until now 
a voltage of 14,000 is used on machines of 
the higher-voltage ratings. We believe, 
however, that still higher voltages could be 
used. We have made a number of tests of 
the a-c and d-c breakdown strengths of both 
the older and newer type of insulation and 
have found that the d-c breakdown strength 
corresponds very closely with the a-c peak 
breakdown strength. The EEI subcommit¬ 
tee already referred to obtained the same 
result on old machines. It is, therefore, 
indicated that d-c voltages at least as high 
as the permissible a-c peak-test voltage on 
old apparatus could be used in testing with¬ 
out damage to good insulation. This would 
correspond to voltages up to 20,000 or 25,000 
for a 13.8 kv machine which is somewhat 
higher than the maximum voltage used by 
the authors. 

Messrs. Davis and Leftwich have indi¬ 
cated that many of the failures are due to 
mechanical causes. They have shown that 
high-voltage d-c has definite value in de¬ 
tecting this type of insulation defect. Table 
II of the paper shows that many of the 
breakdowns on test have occurred at d-c 
voltages far below the a-c peak-operating 
voltages. The authors state that some of 
these breakdowns have occurred on coils 
near the neutral. We would like to ask if 
all coils which broke down on test at volt¬ 
ages below the a-c peak operating voltage 
, were far removed from the line end in the 
phase group. 

The authors have apparently kept a rec¬ 
ord of service and test failures over a long 
period of time. Such records are of consider¬ 
able value, not only to the operator, but 
also to the manufacturer for improvement in 
design may be suggested. These records 
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are summed up in Table IV of the paper. 
One would expect that the real value of a 
te sting program should be indicated by a 
reduction in failure rate in service. While 
Table IV does not give the service failure 
rate before the testing program was started, 
it does not show any consistent improve¬ 
ment in failure rate in service as experience 
was gained in testing. We would like to 
ask if the authors have any explanation for 
the lack of a definite improvement in service 
failure rate since the testing program was 
begun. 

There is a possibility that machine volt¬ 
ages themselves are locating defects which 
develop on coils nearer full-phase potential, 
leaving only those on coils near ground po¬ 
tential for the d-c tests. If this is true, then 
the use of much higher d-c test voltages 
might be very useful to anticipate or elimi¬ 
nate service failures. 


C. T. Weller (General Electric Company, 
Schenectady, N. Y.): During recent years, 
an important activity of the Institute has 
been the co-ordination of insulation. This 
involves testing methods as well as values, 
so it is gratifying to have a “Progress Re¬ 
port” on a d-c method to supplement the 
usual a-c methods. The use of high direct 
voltage for commercial routine testing dates 
from about 1916, when the development of 
our d-c cable-testing sets was started. 
These were developed 

1. To provide equipment of greater portability 
than the ponderous a-c equipment then required 
for testing cable lengths. 

2. To determine if impending cable failures could 
be anticipated from the time-current curves of the 
insulation. 

The question of test equipment portability 
(1) does not ordinarily arise in the case of 
generators, but the question of impending 
failure detection (2) is always pertinent. 
After a long investigation, a ratio of 2.4:1 
between the d-c crest and a-c rms test volt¬ 
age values for cables was arrived at. A cor¬ 
responding test-voltage ratio for apparatus 
apparently has not been established, so 
arbitrary values are sometimes used. 

The effect of direct voltage on insulation 
is indicated by some of our experiences with 
the early cable-testing sets in the labora¬ 
tory. We attempted to use sphere gaps to 
determine approximately the drop across 
the rectifier but found that the polarity of 
'the direct voltage had an effect on the arc- 
over voltage. In view of the well-known 
limitations of sphere gaps from the stand¬ 
point of accuracy, we built an electrostatic 
voltmeter for use as a d-c-a-c transfer in¬ 
strument; this was rated 100 kv (crest a-c 
or constant d-c value) and was of the oil- 
insulated, reflecting, repulsion type. The 
voltmeter worked beautifully with alter¬ 
nating voltage, but with gradually increas¬ 
ing direct voltage became more and more 
erratic, until it was impossible even to esti¬ 
mate what the deflection might be; the per¬ 
formance indicated that the leakage was 
both large and variable but no arc-overs oc¬ 
curred. In order to simulate cable lengths 
we built up a capacitor of glass-tinfoil units 
mounted in a wooden frame carefully treated 
with paraffin. As the direct voltage across 
the capacitor to ground increased, leakage 
through the seams in the wood finally caused 
smoke to appear, so additional insulators 
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had to be provided. The direct-voltage 
values involved were much higher than those 
under discussion today, but the results were 
first responsible for our conclusion that di¬ 
rect voltage constitutes a much more severe 
test on insulation than alternating voltage 
when leakage is present. Variable leakage 
occasionally occurs in cable circuits and 
some very erratic arc-overs have resulted. 
However, it should be emphasized that 
cables, because of their uniform insulation 
and resulting voltage stresses, are ideal sub¬ 
jects for d-c testing, but such is definitely 
not the case for apparatus. It is evident 
that the authors were wise in proceeding 
with caution. It appears that many addi¬ 
tional “Progress Reports” will be necessary 
before a proper d-c-a-c test ratio can be 
established for apparatus. 


P. H. McAuley (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The author’s results show that high- 
voltage d-c testing of insulation, which 
amounts to a combined dielectric and Meg¬ 
ger test, is very effective. The following 
data may help to explain some of the results 
given in the author’s Table III and Figure 8. 

Table I of this discussion shows the results 
of tests at 500 volts d-c on four fractional 
horsepower 440-volt motors of a type which 
has given good performance in service. 
The tests were designed to determine the 
variations in resistance likely to be en¬ 
countered on machines. The readings were 
at one minute after voltage was applied, 
but in most cases resistances were still in¬ 
creasing after 15 minutes. The correspond¬ 
ing currents may be obtained by dividing the 
voltage (500) by the resistance values shown. 
First, note the remarkable consistency in 
the performance of the four different mo¬ 
tors. The first test was made at room tem¬ 
perature just as the motors were received 
from the factory. In a 48-degree-centigrade 
oven the resistances dropped slightly. 
However, with the oven at 75 degrees cen¬ 
tigrade and later at 95 decrees centigrade, 
the values are practically the same as the 
original room temperature values. Upon 
cooling to room temperature the insulation 
Resistances increased in about a 100 to 1 
ratio. The last column shows the effect of 
standing around under summer air condi¬ 
tions plus an overnight cooling cycle in a 
refrigerator. All values, of course, are well 
up in the range regarded as indicative of 
insulation in good condition. 

The apparent explanation of the behavior 
of the insulation is moisture absorption. 

Table I. Insulation Resistance in Megohms 
After 1 Minute at 500 Volts D-C on 4 Small 
440-Volt Motors at Controlled Oven Tem¬ 
peratures 
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When these motors were stored following the 
varnish bakes, a long slow process of mois¬ 
ture absorption followed under summer 
humidity conditions. Capacity and power- 
factor measurements also show this process 
rather well. At the higher temperatures 
moisture is being driven off and resistances 
do not change much. But when the motors 
cool again, insulation resistances in the dry 
condition at room temperature are very 
much higher. Exposure to room air plus a 
cooling cycle conducive to condensation soon 
reduces the readings to Vi.oon the former 
values. In spite of the varnish treatment, 
moisture influences leakage currents. Also, 
in these particular tests, the results were 
influenced in part at least by the leads which 
touched the frames at places in the terminal 
boxes. It has been found that rubber-in¬ 
sulated leads are no guarantee of high insu¬ 
lation resistance in the leads. In general, 
leads can have a great influence on indi¬ 
cated insulation resistances. 

These results apply, of course, to machines 
which stand idle for long periods and are 
subjected to high humidity conditions. On 
samples and on motors subjected regularly 
or continuously to high operating tempera¬ 
tures, insulation resistances usually increase 
with aging. It has been noticed that meas¬ 
urements at room temperature show about 
a 10 to 1 increase over considerable periods 
of time. 

Individual values of insulation resistance 
above the range of values due to dirt or 
moisture can hardly be regarded as signifi¬ 
cant. However, similar machines seem to 
perform very consistently. If a given type 
is well-classified, insulation resistance read¬ 
ings may prove of some value in evaluating 
the condition of individual units. Admit¬ 
tedly we have a good deal to learn before 
this is possible. 


B. Van Ness, Jr. (Pennsylvania Water and 
Power Company, Baltimore, Md.): In 
recent years there has been a growing in¬ 
terest in the development of a nondestruc¬ 
tive method of checking the condition of 
generator insulation. The increasing de¬ 
mands upon standby and reserve equip¬ 
ment during the present emergency stress 
the need for a solution to the problem— 
which is complex and difficult—and one re¬ 
quiring the attention of many investigators. 
Therefore, the present paper is particularly 
timely. 

Insulation troubles may be classified 
roughly under two headings: 

1. Temporary—in which some outside agent 
temporarily reduces or impairs the insulation 
strength. In this class of trouble may be typed 
insulation affected by moisture and surface dirt. 

2. Permanent—in which the dielectric strength of 
insulation is permanently reduced by mechanical 
breakage, electrical rupture, and so on. 

The distinction between these two classes of 
insulation trouble is not always appreciated. 

, In general, the more commonly recognized 
nondestructive methods employed in ma¬ 
chine insulation testing will rather definitely 
pick out the temporary types of machine 
insulation weakness introduced by moisture 
or dirt, but as yet they are not at all definite 
in the location of permanent types of insula¬ 
tion difficulties. Therefore, it is encourag¬ 
ing to see the fresh viewpoint presented in 


the paper by Messrs. Davis and Leftwich 
and the progress they are making in field 
testing. With the exception of destructive 
a-c high-potential testing, theirs is the first 
method reported to definitely pick out incipi¬ 
ent insulation faults of the permanent type. 
In many cases of their checks it was not nec¬ 
essary to test to failure to detect faults, but 
in some cases the faulted winding, actually 
failed during testing. This method of test¬ 
ing, therefore, does not as yet completely 
meet the desired ultimate of nondestruction, 
but it is a definite approach toward that 
goal. Winding damage is localized and the 
hazard of widespread trouble from service 
failure is eliminated. Furthermore, it is 
very possible that the test breakdowns oc¬ 
curring at the inception of the program might 
have been averted, had testing been under 
way when the insulation was first affected. 

The higher test voltages offer interesting 
possibilities. It is hoped that the authors 
will find it possible to extend the method to 
the 13,800-volt class at comparable test 
voltages and with equally successful results. 

E. R. Davis and M. F. Leftwich: The in¬ 
terest shown by those presenting discus¬ 
sions is greatly appreciated by the authors. 

Dr. Hill and Dr. Berberich mention that 
some of the generator armature breakdowns 
on test occur on coils near the neutral. In 
checking our records, we find that many of 
the failures on test occurred approximately 
halfway between line and neutral coils in 
the phase group. The test voltage of failure 
usually exceeds the a-c peak operating volt¬ 
age. However, at the beginning of the test 
schedule many of the incipient failures were 
located near the generator neutral at com¬ 
paratively low test voltages so that no 
"standard” test voltage could be determined 
until these defective coils were located and 
removed. 

Referring to the rate of failure in service 
as shown in Table IV, we wish to point out 
that the average age of generators prior to 
beginning of tests was 7.78 years as com¬ 
pared with 13.45 years to January 1, 1942. 
These ages take into account additional 
capacity added to system and machines 
which have been rewound. Further check¬ 
ing of records reveal that in the 10-year 
period immediately prior to test schedule, a 
total of 403,650 kva failed in service as 
compared with 360,115 kva as shown in 
Table IV. This difference of 43,535 kva is 
very encouraging, because the average age 
of windings during this 10-year period was 
increasing. It is believed with the newer 
test apparatus and additional testing experi¬ 
ence this downward trend will continue and 
perhaps exceed the rate of decline in kilo¬ 
volt-amperes failing in service as noted. 

The difficulties which Mr. Weller encoun¬ 
tered in accurately measuring high d-c po¬ 
tentials are easily understandable, although 
our problem was not so difficult, because we 
are using a comparatively low voltage. 
However, by keeping comparative records 
on individual generators, a slight inaccuracy 
of test potential as recorded by instruments 
would hardly be evident, providing the same 
test set and instruments are used. 

The effect of moisture on insulation when 
a comparatively high d-c voltage is applied, 
as described in Mr. McAuley’s discussion, is 
very interesting. We have used a d-c volt¬ 
age of 5,000 on large 0,600-volt generator 
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armatures while being dried prior to initial 
installation and have obtained similar re¬ 
sults. However, a much longer interval of 
time was required to obtain a change in in¬ 
sulation resistance. 

We hope that many high d-c voltage tests 
will be made in the near future, particularly 
on armatures of the 13,800-volt class. The 
compilation of such data may eventually 
lead to definite test standards. At least, 
as Mr. Van Ness, Jr., states, the higher test 
voltages offer interesting possibilities. 


Measurement of 
Maximum Demand 


Discussion and author's closure of paper 42-15 
by P. M. Lincoln, presented at the AIEE 
winter convention. New York, N. Y., January 
26-*30, 1942, and published in AIEE 
TRANSACTIONS, 1942, February section, 
pages 57-62. 


Perry A. Borden (The Bristol Company, 
Waterbury, Conn.): The soundness of the 
theory of measuring demand on a logarith¬ 
mic basis has already been well taught by 
Dr. Lincoln in his earlier papers; and his 
original form of the instrument, even with 
the inherent errors which he has now 
pointed out, demonstrates the practical ap¬ 
plication of this theory and provides prob¬ 
ably a truer basis for determining the limits 
of electrical apparatus than is found in the 
mechanical instruments of the block-interval 
class. I believe that those utilities who 
have adopted the thermal demand meter 
have found its use to be economically sound 
and are satisfied that such slight departures 
which it may possess from the theoretically 
correct values are insignificant as compared 
with the inherent departures of those values 
from being a true criterion of the actual 
limits of the, apparatus. That demand 
measurement can never be reduced to an 
exact science is an admitted fact—and is 
probably the only fact which can account 
for the toleration of measuring methods 
which may show such vast discrepancies as 
have long been recognized and have been 
vividly brought to light in Dr. Lincoln’s 
Ithaca tests. 

In the development of the new form of 
thermal meter there has obviously been 
encountered the same problem that is met 
wherever the measurement of temperature 
is involved, namely, that of making sure 
that the temperature as indicated by the 
sensitive device is the same temperature 
as that in which we are interested. In this 
case, however, since temperature is but one 
link in a chain of energy transformations 
essential to the final measurement, the 
various loading and compensating devices 
appear to have succeeded not only in taking 
care of such discrepancies but in u tilizing 
the time lag of heat transfer to simulate the 
temperature response characteristic of the 
dectrical plant. 

From an engineering standpoint, and even 
from an economic standpoint, the thermal 
demand meter would seem to approach as 
closely as possible to the ideal method of ob¬ 
taining the desired measurement. The 
main objection to its use seems to be, now 
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as heretofore, that of providing to the cus¬ 
tomer a satisfactory explanation of the 
engineering soundness and economic fair¬ 
ness of its readings. There has been raised 
against the use of thermal demand the 
argument that is readings are difficult to 
rioting and to explain in comprehensive 
terms to the nontechnical user. This ob¬ 
jection probably has some foundation and 
would not in any way be removed by the 
adoption of the suggested modification in 
which, with the adoption of a longer 
characteristic time period, the meter is 
deliberately designed to depart from 
following a true logarithmic law. 
These objections, however, appear to 
be principally academic, and should not 
introduce more difficulty in the work of the 
rate maker than is found in the incorpora¬ 
tion of a power-factor clause in charges for 
electrical service. Here, it is admitted that 
the possibility of several definitions might 
form a basis for controversy; but, as in 
most other instances of formulating defi¬ 
nitions, a certain amount of compromise 
must be tolerated in the interests of ul¬ 
timate simplicity. This attitude is well 
brought out in Professor Karapetoff’s con¬ 
tribution, "A Parable About the Mean 
Radius of the Ellipse," published in the 
AIEE Journal, volume 39,1920, page 732. 
(I here take the opportunity to recommend 
that this parable be reprinted for the edifica¬ 
tion of the younger Members of the 
Institute.) 

The secondary importance of the actual 
value of the selected time interval in demand 
measurement has long been realized and 
was confirmed in the tests under actual 
load conditions as described in my 1920 
paper on demand measurement (AIEE 
Transactions, volume 39, page 1847). Dr. 
Lincoln, in his discussion of that paper, 
pointed out many of the features of demand 
measurement which have been brought to a 
head in his present paper. While in 1920 
we were hardly so audacious as to suggest 
anything, like the universal adoption of a 
60-minute time interval, it now appears 
that such a period, especially if incorporated 
in a logarithmic meter of the suggested 
form, might fill a very large place in the 
measurement of demand. 


W. J. McLachlan (General Electric Com¬ 
pany, Schenectady, N. Y.): The con¬ 
demnation of the block-interval meter in 
Mr. Lincoln's paper appears practically to 
incriminate the prevailing practice in this 
country. This allegation at face value is 
alarming. That it is not, is evidenced by 
the fact that the same theoretical short¬ 
comings of the block-interval type were 
expounded, before the Institute, quite 
thoroughly by Mr. Lincoln in 1916, again 
in 1918, again in 1934, again in 1939, and 
now are repeated in 1942. 

Surely, there must be some reason behind 
the continuing use of a device whose short¬ 
comings have so long been so well under¬ 
stood. In fact, there are many reasons. 
Among them are: 

1. Any measurement- of demand con¬ 
stitutes not an exact, but rather, only a 
rough approximation of the proportion of 
the system investment cost incurred in 
supplying that demand. This has been 
recognized practically since the conception 
of demand rates. 
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2. Since no demand allocation method 
known is exact, there has been a preference 
for a measurement basis which is simple to 
understand and explain. This is a definite 
advantage of the arithmetic average of the 
block-interval type as contrasted to the 
logarithmic characteristic. 

3. “Peak splitting" is of significance only 
on load peaks of short duration, which 
occur singly during the billing period or 
which repeat at an interval exactly equal 
to the “block interval" or a multiple 
thereof. Probability states that random 
repetition of peaks within the billiiig period, 
which is the usual case, will minimize the 
“peak-splitting" effect. 

4. Short-duration loads, where peak 
splitting can possibly have any effect, and 
where advantage is claimed for the logarith¬ 
mic characteristic are a problem unto them¬ 
selves, because the ability of the system to 
supply such loads is limited generally by 
voltage drop and not the thermal ability of 
the system. The voltage-drop effect is in¬ 
stantaneous, and its import cannot be 
measured by any of the time-interval de¬ 
mand measurements now used, be they 
logarithmic or arithmetic. 

6. While heating of system equipment 
follows a logarithmic characteristic, the 
time constants involved in the various 
equipments are so radically differing in 
themselves, and different from those of the 
logarithmic meters now employed, as to‘ 
make any dairas for advantage in this re¬ 
spect at least open to question. For in¬ 
stance, a transformer may require six to 
seven hours to reach 90 per cent of ultimate 
temperature, as contrasted to the one-hour 
meter characteristic. Actually, an arith¬ 
metic curve much more nearly approxi¬ 
mates the heating of such an equipment 
during a one-hour interval than does a one- 
hour logarithmic meter curve. 

6. The fact that one type of meter 
follows the heating curve of equipment, at 
one fixed value of load, more closely than 
another is of little significance when it is 
considered that the response of both meters, 
to differing values of load, is in accordance 
with the first power of the current (since 
the measurement is in kilowatts, kilovolt¬ 
amperes, or reactive kilovolt-amperes) 
whereas the heating of equipment is much 
more nearly proportional to the square of 
the current. Thus the basic measurement 
is not in accordance with the thermal load¬ 
ing of equipment. 

7. Testing convenience has been a pre¬ 
dominant advantage of the block-interval 
type. 

The discusser holds no brief for the block- 
interval meter. It is .the manufacturer’s 
business to build the types of equipment 
which the trade chooses to desire. The 
purpose of this discussion is to record the 
fact that there are factors which should be 
considered in arriving at this choice which 
do not appear in Mr. Lincoln’s paper. 


P; M. Lincoln: I take positive exception 
from the comments submitted by Mr. W. J. 
McLachlan. The indication of maximum 
demand as registered by the thermal demand 
meter is completely exact and not a rough 
approximation as Mr. McLachlan would 
have us believe. Its only departure from 
complete exactness is due to the impos¬ 
sibility of causing heat to diffuse instan- 
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taneously throughout the masses of matter 
•that are being heated or cooled during nor¬ 
mal operation. By careful design, this 
departure from complete exactitude can be 
made negligible. 

May I ask Mr. McLachlan why he ad¬ 
vocates an admittedly inaccurate method of 
measuring maximum demand when an exact 
method is available? 

I would also disagree with Mr. Perry A. 
Borden’s statement "that demand meas¬ 
urement can never be reduced to an exact 
science is an admitted fact." This state¬ 
ment is quite true when applied to an 
arithmetic average, but almost entirely 
false when applied to a logarithmic average. 
I, for one, make no such admission. The 
thermal demand meter as described in my 
paper is absolutely exact except in so far 
as its indication is influenced by the impossi¬ 
bility of causing heat to diffuse instantane¬ 
ously. Apparently, both Mr. McLachlan 
and Mr. Borden fail to recognize the basic 
difference between a continuous and dis¬ 
continuous function of time. The indi¬ 
cation of the thermal wattmeter is ab¬ 
solutely exact except in so far as above in¬ 
dicated. 

My paper is, perhaps, more unique for 
what it omits than for what it contains. 
For instance, in column 4, there appears a 
mathematical expression for the difference 
in the amount of heat that enters the two 
elements of the thermal wattmeter during 
normal operation. This expression is in¬ 
complete. The factor cos </> should be 
added where $ is the phase angle between 
E and I. Instead of 2EIr as given it 
should read 2EIr cos <£. In other words, 
the thermal wattmeter is a true wattmeter 
independent of power factor. I did not 
include the factor cos <j> in my paper be¬ 
cause of the many questions which such 
an inclusion might have raised. For in¬ 
stance, at power factors other than unity, 
what is the best relationship between the 
factors E, I, r and cos </>? At unity power 
factor, the best relationship is to make the 
influence of the factors E and I approxi¬ 
mately equal. However, we must bear in 
mind that at 50 per cent power factor, the 
influence of the factor I is twice that at 
unity power factor; at 25 per cent power 
factor, four times; at 10 per cent power 
factor, ten times. This naturally raises the 
question what is the best relationship be¬ 
tween the factors E, I, r and cos <j> for the 
usual conditions of service that are met in 
normal operation. If all these questions 
had been discussed to the extent their 
merits dictate, my paper might have 
lengthened to many times its present length, 
and, in my opinion, it is already long enough. 
In view of this undue possible lengthening, 
it seemed better to omit the factor cos <t> 
from the expression in column 4. 

Freedom from power-factor error is ob¬ 
tained only by exceeding care in the design 
of the small transformer used. The capac¬ 
ity of this small transformer is very small. 
In any transformer there is a phase dif¬ 
ference between primary and secondary. 
The smaller the transformer, the greater, in 
general, is this phase difference. By care¬ 
ful attention to transformer design, I have 
been able to keep the phase difference in this 
transformer down to a matter of two or 
three minutes of phase angle. This phase 
angle is small enough so that the resulting 
power-factor error is negligible even on very 

1942, VOL. 61 


low power factors. It is worthy of note that 
exceeding care must be taken in this small 
transformer design. 

In column 14 there is given a mathe¬ 
matical expression for the indication of the 
thermal wattmeter. Due to my own in¬ 
advertence, the text of paper does not suf¬ 
ficiently explain the full significance of this 
expression. This expression gives the in¬ 
dication of the thermal wattmeter when 
a given amount of energy (watt-hours or 
kilowatt-hours) is passed through the 
meter in a given time t. Also, this expres¬ 
sion holds true only if the wattmeter is in¬ 
dicating zero at the time the load is ap¬ 
plied. If the meter indication is other than 
zero at the .time of load application, the 
final meter indication is vastly different than 
if its indication is zero. If the rate of load 
application is lower than the meter in¬ 
dication at the instant of load application, 
the demand wattmeter indication actually 
decreases. Also, the expression holds true 
only if heat diffusion is assumed to be in¬ 
stantaneous. 

I wish to call particular attention to the 
last sentence in my paper. I am strongly 
of the opinion that the time interval for 
demand measurement should be standard¬ 
ized. I see no reason why John Jones 
should be assessed for maximum demand 
on the basis of a time interval that differs 
from that of Jim Robinson. The real 
object of any demand assessment is to 
assess the service user an amount that will 
reimburse the utility for its fixed charges. 
It is perfectly true that if John Jones has a 
perfectly steady load, while Jim Robinson 
takes his load at a rate of ten times or 100 
times that of John Jones, but during only 
a small fraction of his time interval, then 
Jim Robinson should pay more for his 
service than John Jones. The thermal- 
demand wattmeter automatically recog¬ 
nizes the difference between John Jones’ 
method of taking service and Jim Robin¬ 
son’s. The standard block-interval meter 
. does not. 

It is further my opinion that the stand¬ 
ard block-interval demand meter must be 
scrapped. When it is possible for a service 
user to reduce his maximum demand as¬ 
sessment to one-half his actual maximum 
demand, the method of maximum demand 
measurement by which this becomes pos¬ 
sible must be scrapped. This is particu¬ 
larly true since it is quite possible for the 
service user to accomplish this end without 
the utility even becoming aware that it is 
being done. In my opinion, this scrapping 
should have occurred back in 1917 when the 
thermal-demand wattmeter first appeared. 
During this 25 years, the public utilities of 
the United States have expended something 
of the order of $100,000,000 for demand¬ 
metering equipment. However, perhaps 
there has been no large loss by the public 
utilities of the United States in this delay 
of 25 years in scrapping date since much has 
been learned concerning the character of 
the thermal-demand wattmeter during this 
25 year period. For instance, in 1917 when 
the thermal-demand wattmeter was first 
produced, there was no known means of 
adjusting its time interval. The thermal- 
demand wattmeter was introduced into 
Canada about 1919 and has become the 
standard demand wattnieter of Canada. In 
Canada, however, the time interval is ap¬ 
proximately 15 minutes—-the "time interval 
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of the thermal wattmeter as first produced. 
The longer time intervals have not yet been 
introduced into Canada. In my opinion, 
15 minutes is much too short a time interval 
for demand measurement. As indicated in 
my paper, I favor adoption, as standard, the 
maximum time interval now being used, 60 
minutes. If the thermal type of demand 
wattmeter had been adopted as standard in 
the United States in 1917, the time interval 
would unquestionably have been 15 minutes 
and we in the United States would have 
found ourselves in the same position as 
Canada now is—too short a time interval. 

In adopting a standard time interval we 
must also give due consideration to am¬ 
meters as well as wattmeters as pointed out 
in my paper. Shall the one-hour thermal- 
demand wattmeter be the one that arrives 
at 90 per cent of final in one hour, or 81 
per cent? Although I have never actually 
produced a thermal-demand wattmeter that 
will arrive at 81 per cent of final indication 
in one hour, my experimental work has 
clearly indicated that there will be no dif¬ 
ficulty in producing such a meter. I per¬ 
sonally believe that it would be preferable 
to keep the wattmeter’s time interval at the 
time to arrive at 90 per cent of final and 
change the ammeter’s to 95 per cent, but 
my opinion on this question is not so fixed 
as upon some of the other questions dis¬ 
cussed herein. 

It might further be pointed out that the 
thermal-demand meter may readily be so 
connected as to indicate vars or kilovars as 
well as watts or kilowatts. It may thus be 
used to take account of the power factor of 
the load under measurement. I think rate 
makers will generally agree that at the 
present time, the power factor of the load is 
not recognized to the extent that it deserves. 
By the measurement of vars or kilovars as 
well as watts or kilowatts, power factor can 
' be recognized to whatever extent the rate 
maker may think advisable. 

In my paper, as well as in this closure, I 
have expressed some rather pronounced, 
perhaps radical, opinions. If anyone com¬ 
menting thereon wishes to disagree with 
any of those opinions, here is the place, and 
now is the time to express those disagree¬ 
ments. I have quite often found myself in 
disagreement on the matters discussed 
herein, and a few more added to those disa¬ 
greeing with me will be received with com¬ 
plete composure. Let me urge those disa¬ 
greeing with any of my expressed opinions 
to have no hesitation in saying so. 

The Acceleration-Oscillo¬ 
gram Method of Motor- 
Torque Measurement 

Discussion and authors’ closure of paper 42-5 
by C. R. Atkinson and E. G. Downie, pre¬ 
sented at the AIEE winter convention, New 
York, N. Y., January 26-30,1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
January section, pages 7-9. 


R. W. Ager (Cornell University, Ithaca, 
N. Y.): I wish to welcome the paper by 
Messrs. Atkinson and Downie to the litera- 
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ture on acceleration testing. Every method 
has its own inherent advantages. The main 
advantage of the method using the velocity¬ 
time curve as suggested seems to be in the 
use of standard equipment and in the speed 
with which calculations can be made. How¬ 
ever I would like to ask the authors what 
accuracy can be obtained by this method. 
The authors have not shown how widely 
scattered the calculated points might be, nor 
do they indicate how successive calculations 
made from the same film might check if, 
perhaps, made by different calculators. 

I wish to call attention to the differences 
in the shapes of the two curves of Figures 6 
and 7 of the paper. These were taken from 
tests 1 made at different voltages and, there¬ 
fore, some difference in shape might be ex¬ 
pected due to saturation. While in my 
tests I found some differences in curves 
taken with a similar spread of voltage, the 
curve shapes were not as varied. 

The authors’ curves show a dip in the 
torque slightly above 50 per cent syn¬ 
chronous speed. Similar results have been 
found in my tests on some motors. A dip 
can be caused by dissymmetry in the elec¬ 
tric circuit of the rotor as indicated by 
Figure 2 of my paper. This curve was for a 
wound-rotor induction motor operated with 
an unsymmetrical controller. Pronounced 
dips were also found in the curves taken on a 
15-horsepower synchronous machine. The 
three large.synchronous motors tested, how¬ 
ever, showed no indication of having such 
dips in the torque curves, although the ac¬ 
curacy of the tests was such that even slight 
dips would have been recorded had they 
been present. 

The torque pulsations indicated in these 
tests can occur due to two causes. These 
are: 

1. The salient pole structure of the magnetic cir¬ 
cuit. 

2. Any dissymmetry of the electric circuits on the 
two axes. 

Both of these cause pulsations of the same 
frequency, namely twice slip frequency. A 
comparison of the pulsations indicated in 
Figure 3 of the paper with those indicated 
in Figures 1,' 2, and 4 Will show that the lat¬ 
ter are much more pronounced. In Figure 

3 the speed curve does not show a negative 
slope until synchronous speed is reached. 
From an electrical point of view there seems 
little reason for this difference. 

A careful examination of Figures 1, 2, and 

4 will show that in these tests the frequency 
of the pulsations did not vary greatly. Also, 
the same period was indicated for the torque 
transient at starting (except in Figure 4 
where the transient was too small to show 
clearly). Figure 3 indicates a different be¬ 
havior. The starting transient shows only 
slight pulsations, and the main pulsations 
between half and full speed have a con¬ 
tinually decreasing frequency which is 
exactly twice that of the field discharge cur¬ 
rent. The pulsations of Figure 3 check with 
the expected performance, the others do not. 
In taking the curve of Figure 3 the motor 
was operated without the added inertia of 
the second machine which was used in the 
other tests. With the second machine 
coupled to the motor, a torsion pendulum 
was formed which was set in vibration by 
the sudden application of the starting torque 
and also by the torque pulsations when the 
latter were of the proper frequency. This 

474 


resonance effect probably accounts for the 
building up of the large swings noted in the 
tests. The high shaft torques corresponding 
to the indicated values might be present in 
generator sets driven by synchronous 
motors. That they are so well shown in 
these tests would indicate an application for 
this type of testing. 

Reference 

1. Sous Acceleration Tests on Large Syn¬ 
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John F. H. Douglas (Marquette University, 
Milwaukee, Wis.): This paper is of interest 
to my colleague, Mr. E. A. Halbach of 
Marquette University, and myself, because 
we have been trying to perfect a generator 
and oscillograph which will measure and 
record torque-time and torque-speed curves. 
We submit two oscillograms, among our 
best, but still with too much ripple due to 
defects of generator construction. The 
first is the torque-speed oscillogram of a 
five-horsepower century induction motor 
started from the line. The second is the 
torque-time oscillogram of a synchronous 
motor. This shows in sequence the 50 
per cent speed-torque dip, the increased 
torque on changing to full voltage, and the 
hunting pulsations caused by closing the 
field switch. We consider our oscillograms 
superior to oscillogram 513 of the paper, but 
inferior to those published by Dannath and 
Redfearn. 1 Dannath and Redfearn took 
extraordinary pains to build a ripple-free 
tachometer generator. Most of the other 
writers 3 on this subject also attribute the 
ripples to defective generator construction. 
When a Prony-brake retardation test of any 
motor is taken, and the ripples show up 
prominently, it is a good indication that the 
device is not sufficiently developed to 
measure real torque ripples of smaller mag¬ 
nitude. 

The writers have undertaken a very diffi¬ 
cult subject. While they furnish but little 
data on the device, it must be remembered 
that it would take a 500-microfarad ca¬ 
pacitor, with a 100-volt tachometer, and a 
standard oscillograph, to record the aecel- 



Figure 1 



Figure 2 


eration of a motor starting in one second. 

We believe the authors should furnish 
constructional features, the resistance and 
inductance, of the generator, the capacitance 
of the capacitor used, the sensitivity, resist¬ 
ance, and time constant of the oscillograph, 
if their generator is superior to Dannath’s. 
In any case they should publish a sample 
Prony-brake retardation oscillogram to 
demonstrate that their system is free from 
undue ripples inherent in the tachometer 
generator. It is hoped that the discussion on 
this paper will bring out desirable specifica¬ 
tions for an instrument or system of the type 
described. 
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L. A.Finzi(Westinghouse Electric and Manu¬ 
facturing Company, East Pittsburgh, Pa.): 
The determination of speed-torque charac¬ 
teristics of motors from acceleration oscillo¬ 
grams seems to deserve broader application 
on test floors. When average torque values 
are being considered, the calculation of ac¬ 
celeration by graphical differentiation of 
speed-time records may be sufficient. But 
for instantaneous values a direct electrical 
differentiation method is desirable. 

Many methods including the one sug¬ 
gested by the authors have been used for 
this purpose. The authors record the charg¬ 
ing current from a d-c tachometer to a ca¬ 
pacitor. Errors are caused by the resistance 
and losses of the circuit. A more serious 
objection is the voltage pulsations from the 
tachometer collectors, which are difficult to 
smooth out and sometimes cause misleading 
ripples in the oscillographic record of the 
capacitor current. Other methods use 
mutual inductances to give secondary volt¬ 
ages proportional to the variations of the 
voltage applied to the primary. 

Very good records may be obtained by 
applying the tachometer voltage to a 
D’Arsonval galvanometer, which has a 
second coil wound on the moving frame. 
The voltage induced in this second coil is 
recorded with the oscillograph. If a is the 
deflection produced in the galvanometer by 
a given instantaneous value of tachometer 
voltage, the voltage induced in the second 
coil by its motion in the field will be pro¬ 
portional to da/dt and hence to the ac¬ 
celeration of the motor shaft. The construc¬ 
tion of such a galvanometer (originally de¬ 
veloped by Heiles at Karlsruhe University 
around 1924) requires certain care, as the 
inertia of the moving parts * must be 
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kept low, and quite a number of turns are 
required on the secondary coil. However, 
the adaptability of the instrument, when 
used according to the proper galvanometric 
technique, and the smoothness of the curves 
obtained make it very useful, especially 
when instantaneous peculiarities of torque 
curves are to be investigated. 

Finally as a variation of the capacitor 
method, a small freely rotating d-c motor, 
with constant field and with the armature 
fed by the tachometer voltage, may be used. 
A change of speed of the tachometer causes 
a transient current which is again propor¬ 
tional to the acceleration or deceleration of 
the main motor shaft. In view of the com¬ 
paratively large currents available in the 
measuring circuit, this method may be useful 
for such applications as acceleration gover¬ 
nors. References 1 and 2 of this discussion 
may be of interest. 
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Victor Siegfried (Worcester Polytechnic In¬ 
stitute, Worcester, Mass.): The method 
proposed in this paper of using the accelera¬ 
tion speed characteristics to translate back 
into torque data is a very good and power¬ 
ful one. Many things are being learned by 
it, but up to now the limitation has been in 
obtaining faithful speed indications. The 
authors are to be complimented on being 
able to produce usable records of speed 
through the means of their special tachome¬ 
ter generator. The use of such a genera¬ 
tor will doubtless eliminate difficulties of 
other devices which introduce large losses 
of their own and thus mask the effects being 
sought. The direct acceleration record, 
through the charging current to a capacitor 
in parallel with this generator is especially 
interesting. The application of this genera¬ 
tor to deceleration tests will extend the 
potentialities of that method-to smaller ma¬ 
chines. Another application which suggests 
itself is induction machine torque-speed 
tests, where torques that depart from con¬ 
ventional theory are only recently being 
recognized. 

Of particular interest to this discusser are 
the torque curves obtained on small edu¬ 
cational motor-generator sets, and their 
peculiarities discussed in appendix C of the 
paper. The peculiarities at about half speed 
which the authors found difficult to believe 
heretofore are altogether too common on 
small machines, and are particularly evi¬ 
denced by the sounds which accompany 
this acceleration period. In the electrical 
engineering laboratory at Worcester Poly¬ 
technic Institute, most of the small sets 
exhibit some dips at half speed but usually 
pass by this point without difficulty. One 
machine, however, a 12.5-kva AHI syn¬ 
chronous motor, has shown particularly 
bad characteristics. At reduced voltage 
the machine would lock in at 58 per cent of 
synchronous speed and not accelerate fur¬ 
ther until thrown over to full voltage, even 
then being reluctant to pull up to full speed 
from that point. Incremental torque avail¬ 
able for further acceleration was apparently 
zero at that speed. 
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Investigation of the factors giving rise to 
this extreme dip indicated that they relate 
to: 

1. Applied voltage. 

2. Resistance in the field circuit. 

3. Temperature of windings. 

The last factor only aggravated conditions 
on repeated tests, and so will not be dis¬ 
cussed further. The circumstances of this 
machine were that it had recently been con¬ 
verted from use as an independent syn¬ 
chronous motor into a unit of a motor- 
generator set. The additional demands on 
its starting characteristics now made the 
problem acute where it had been only 
bothersome before. 

Voltage taps were then changed from 65 
per cent to 80 per cent of rated applied volt¬ 
age with beneficial results but still with a 
long hesitation as it passed through the 
critical speed. Line-start procedure was 
then employed. These results indicated 
that voltage was not alone at fault, as the 
improvement was not in proportion to that 
expected from the voltage-square relation. 

The field discharge resistor was 25 ohms 
originally. In desperation, it would some¬ 
times be opened to permit the machine to 
accelerate. Obviously, this procedure was 
undesirable, but it proved the source of the 
trouble to be in the phase relationship be¬ 
tween air-gap flux and rotor-circuit currents 
controlled by the short-circuited field. The 
resistance was changed successively to 50 
and then to 75 ohms, the current at starting 
remaining substantially constant at six 
amperes. Improvements thus obtained 
indicated that the currents at standstill 
were being swung from nearly 90 degrees to 
nearer 45 degrees lagging with respect to 
the flux. The machine would thus accelerate 
easily through the dip point, which was 
raised to 60 per cent speed, and groans 
caused by torques were considerably re¬ 
duced. The conclusion of this exploration 
would be that field circuits on synchronous 
motors should be not short-circuited but 
closed through the highest resistance that 
can be tolerated without endangering the 
insulation. 

There is considerable similarity between 
synchronous-motor starting and induction- 
motor performance, and they are subject 
to similar methods of analysis. Torques are 
produced by components due both to funda¬ 
mental frequency fluxes and to the harmonic 
fluxes which give rise to stray load loss. 
The resultant torques obtained by this com¬ 
plex pattern would seem to this discusser to 
permit resolving them into positive se¬ 
quence (forward) torques due to the amortis- 
seur winding and field circuit currents, and 
negative sequence (reverse) torques due to 
harmonics and other field circuit effects. 
Below half speed the positive torques pre¬ 
dominate, being aided by field effects. At 
half speed, certain' of the forward factors 
become reversed and aid the negative 
torques until, at some speed slightly above 
50 per cent, the two opposing torques pro¬ 
duce only enough resultant torque for the 
requirements of that critical speed, with 
none remaining for acceleration. 

It is to be hoped that the “tools” de¬ 
veloped and the interest aroused in this sub¬ 
ject will lead to a clarification of the factors 
involved in a-c motqr starting torques, as 
well as the many other studies, which this 
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acceleration-oscillogram technique will make 
possible. 


R. M. Saunders (University of Minnesota, 
Minneapolis, Minn.): It would be interest¬ 
ing for the authors to point out the differ¬ 
ences between their method of torque 
measurement and the acceleration method 
outlined in the “Proposed Test Code for 
Synchronous Machines” (1937), page 20, 
paragraphs 130 and 131. 

In Figures 6 and 7 of the paper the authors 
show a disagreement of as high as 100 per 
cent in the torque measurements on the ma¬ 
chine under test and suggest that these 
errors are due to heating of the armature 
and amortisseur windings. If this were 
true, the resistance of the amortisseur wind¬ 
ing would be approximately doubled, and 
the temperature rise associated with this 
doubling of the resistance would be in excess 
of 250 degrees centigrade. This seems to be 
out of line with the usual industrial practice 
in regard to limitation on the temperature 
rise of cage windings. The writer would 
like to ask the authors if some other errors, 
such as transient effects, could not have 
crept into the other torque measurements. 

In using the authors’ form of the accelera¬ 
tion method, the accuracy depends upon two 
factors: the WR 2 and the readings of tan B. 
In regard to the former, variations in the 
casting of spiders often make the calculation 
of the WR 2 subject to variations of as much 
as ten per cent. Extremely accurate calcu¬ 
lations may be made and the result should 
be within five per cent. In regard to the 
latter quantity, the values taken from an 
oscillogram are apt to be in error due to the 
small physical measurements, the width of 
the trace, and the actual calibration of the 
oscillograph. In the writer’s opinion these 
could easily amount to a ten per cent varia¬ 
tion in the final result, even if the observers 
were careful. With the Prony-brake method 
an experienced test floor man can duplicate 
his results within ten per cent. Hence, the 
Prony-brake method should be equally ac¬ 
curate and somewhat more direct, which 
seems to make it preferred <on machines up 
to 500-horsepower. 

C. R. Atkinson and E. G. Downie: Interest 
has been shown in the exact electrical char¬ 
acteristics of the d-c tachometer generator 
used in our acceleration torque tests. The 
machine has a resistance of 51.7 ohms, induc¬ 
tance of 0.512 henry, and generates 0.155 
volt per rpm. When running at 1,700 rpm, 
generating 263 volts d-c, it was found to 
have principal ripple voltages of 0.25 volt 
at 56 cycles or double rotational frequency, 
and 2.3 volts at 680 cycles commutator fre¬ 
quency. A ten-microfarad capacitor reduces 
the commutator ripple voltage to 0.04 volt 
(invisible on the speed trace), yet does not 
affect the amplitude of generated frequencies 
below 40 cycles. To get a reasonably smooth 
trace of capacitor charging or acceleration 
current requires 100 microfarads across the 
tachometer generator output, in addition to 
the smaller capacitor in series with the gal¬ 
vanometer. Response is satisfactory then, 
only to frequencies of 20 cycles and less. 
Slightly higher frequencies are amplified by 
series resonance, and still higher are 
greatly reduced. 

We. have been interested in the average 
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torque curves of ^thslopemeas- 

liave found the speed curv^ d satisfactory in 

urement simpler to take * a u almost 

results. All calculated pigures 

exactly on the curves as _ ^ at i ons ar e 

and 7 of the paper•*£5*^ before . 
averaged out of the *>P shou id be 

scaling. The over-aU a C * nestion the 
ten per cent or better, w 4 ^ 

possibility of equal accura. y Prony- 

practicability of full-torqu horsepower, 
brake tests on motors up to 500 horsepower, 

as suggested by one discusser. r 

The oscillogram of Ffeu *. 5 of pap« 

was taken with 12 microfarads m sen ^ 
the acceleration galvanomet * ^ 

microfarad filter capacitor. ^°^ anC alc ^ 
the tachometer-capacitor circui 
lated at 21 cycles, with maxtmum capacitor 
ripple voltage rise of 31 per cent over the 
generator voltage. The oscillation frequency 
of the acceleration trace, at its maximum 
amplitude, agrees with thesync 
motor pole slip frequency, and also with the 
double rotational ripple frequency of t 
tachometer. This agreement, with prox¬ 
imity to circuit resonance does leave the 

amplitude of the acceleration oscillation 
questionable. We have noted with interest 
the methods of acceleration indication 
described by discussers and intend to in¬ 
vestigate their possibilities. 

We are pleased to note the agreement ot 
discussers with our findings of the syn¬ 
chronous-motor torque dip at 60 per cent 
speed. Mr. Ager’s explanation of the in¬ 
creased torque pulsations in Figure 2 of 
the paper, over those in Figure 3, appears 
very plausible. The homopolar generator 
used by Dannath and Redfeam is doubtless 
the most ripple-free yet devised, but the 
required d-c amplifier considerably com¬ 
plicates the system. Absolute linear re¬ 
sponse of the amplifier must be assured, or 
any deviation known and corrected for. 


Design of Long-Scale 
Indicating Instruments 

Discussion and author's closure of paper 42-70 
by A. J. Corson, R. M. Rowell, and S. C. 
Hoare, presented at the AIEE winter conven¬ 
tion, New York, N. Y., January 26-30,1942, 
and published in AIEE TRANSACTIONS, 
1942, June section, pages 318-27. 

M. S. Wilson (General Electric Company, 
Schenectady, N. Y.): The development of 
the complete line of long-scale instruments 
represents an outstanding accomplishment 
in the measurement art. 

The goal the instrument designer is con¬ 
tinually striving for is to obtain the maxi¬ 
mum accuracy in the smallest size instru¬ 
ment, having a readability which is suitable 
for the application. 

The table below shows a comparison of the 
General Electric long-scale instrument with 
the conventional instruments, on the basis 
of area versus scale length. This shows a 
nearly two to one gain in scale length for the 
same size instrument, and a scale length 
nearly 50 per cent longer than the six-inch- 
size instrument requiring more than twice 
the switchboard area. 


It is interesting to note that full advan¬ 
tage was taken of the newly developed ma- 
terials in each of the difierent types ° de- 
ments. It would have been very difficult to 
have developed instruments of this type 
having satisfactory characteristics without 

Table I 


Type 


Switchboard 
Area Required Scale 
by Instrument Length 
(Square Inches) (Inches) 


General Electric long- 

scale types A B-10 and » 8 

.. . . 

Typical 6-inch rectangu- 

lar-size instrument..44.0. 

Typical 4-inch rectangu- o R 

lar-size instrument..... • • • • i° .. 


tfrp use of these materials. One important 
point in the use of magnetic materials m the 
field circuits of instruments is that the 
mechanical structure be designed so that it 
is mechanically stable, and where air gaps 
are necessary, they be sufficiently large so 
that minute shifts in the structure will not 
adversely affect the operation or accuracy of 

the instrument. The writer is familiar with 

the designs described by the authors and 
considers this detail to be well taken care of. 

It is particularly noteworthy that no 
sacrifices in the instrument characteristics 
were made in order to obtain the long-scale 
feature, in fact, in two important respects, 

(a) in torque to weight ratio, and (6) shield¬ 
ing, the figures are better than usually found 
in switchboard instruments. In only one 
instrument, the temperature indicator, is 
the torque to weight ratio less than one. In 
this instrument it is 0.92 as compared to 0.5 
which is frequently found in this class of 

instrument. . • 

With the higher currents in conductors 
npar the switchboard, the shielding of an 
instrument becomes of greater importance 
to the user. In the instruments described 
by the authors the errors shown in the 
Table 2 under “Stray Field Influence” do 
not exceed one-half the permissible error 
given in American Standards Association 
Standards, and for the majority of the in¬ 
struments, it is appreciably below one-half 

the value given by ASA. 

The other characteristics such as response, 
temperature coefficient, overload perform¬ 
ance, arid so on, are likewise such as to > en¬ 
tirely meet the requirements of the various 
applications, where a universal instrument of 
this type may be used. 

One further point which is of consider¬ 
able importance to the user, but which is 
not covered in any existing specifications, 
is the stability of the mechanical structure 
of the instrument element. This is very 
important since it determines whether or 
not the instrument will operate satisfactor¬ 
ily maintaining its calibration over long 
periods of time. To do this the clearances 
between moving and fixed parts must be 
correctly and permanently maintained. 

This means that the dement must not 
only be so designed that it is structurally 
stable but the different materials must be 
carefully selected from the standpoint of 
temperature coefficient of expansion and 
a ging characteristics so that they will not 


adversely affect the operation of the instru¬ 
ment even when subjected to severe oper¬ 
ating conditions. 


Paul MacGahan (Westinghouse Electric and 
Manufacturing Company, East Orange, 

N J-): The paper by Messrs. Corson, 
Rowell’ and Hoare is of special interest as 
another example of the fact that progress 
often proceeds,in spirals—advancing bit 
by bit, after turning and returning to almost 

the same point. . 

Thus, the writer in his paper presented in 
June 1912, at the annual convention de¬ 
scribed a complete and harmonious line of 
long-scale a-c instruments. 1 A reference to 
this paper might with advantage be added 
to the bibliography given in the present 
paper for the sake of the record and to indi¬ 
cate the progress of the art. 

In the discussion of the 1912 paper, Mr. 

F P Cox of the General Electric Company 
stated as follows: “The long scale which is 
inherent in the type is a desirable feature, 
but we must not neglect to take into account 
that what we want to know is the current in 
the circuit, that if you can read an instru¬ 
ment beyond its limits of accuracy, or if you 
have an instrument which has an erroi 
greater than its reading capacity, you 
equally get into trouble. What you want is 
an instrument which will give you, so far as 
you can read it, the combination of being 
readable and possessing an accuracy which 
will give the closest approximatipn. . . . 

Mr. Cox was right in 1912 in pointing out 
that a scale length which gives a readability 
greater than justified by the accuracy of the 
movement is unwarranted. In my closure I 
stated that the long scales were an ad¬ 
vantage because instruments had to be read 
from a distance. But, as time went on, the 
old-fashioned switchboard gave way to the 
compact control disk type with instrument 
panels which brought the instruments close 
to the operator. For this reason as well as 
for economic and application reasons, the 
long-scale induction instruments of 1912 
were by 1920 superseded by more modern 
types having scale lengths well calculated 
to be normal with respect to the accuracy of 

the measuring element. 

A little analysis of the problem of scale- 
length factor in over-all accuracy bears upon 
the fact that with the highest grade of con¬ 
struction a certain amount of side shake in 
the bearings is inevitable because of the 
end-play requirements in the ordinary hori¬ 
zontal-shaft instruments. This could be 
and sometimes is reduced in vertical-shaft 
portable instruments by reverse-pivoting, 
with the top pivot supporting the weight. 
But such structures are obviously imprac¬ 
tical in switchboard types, if we except the 
older forms of horizontal edgewise instru¬ 
ments. 

The end play and consequently the side 
play has approximately the same value in 
all ordinary sizes of practical instruments. 
This side play is generally of the order of 
0.010 inch and allows this amount of un¬ 
certainty in the pointer position. The result 
may be approximately expressed as amount¬ 
ing to an error equal to 1/L, where L is the 
scale length in inches. 

This then is that portion of the total error 
in a well-designed instrument which can be 
reduced by increasing the scale length. 
Compared to the usual and most common 
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form of rectangular switchboard instru¬ 
ments which are about 5 1 /* inches square 
with scales five inches long, the authors have 
increased the length of scale to 6.8 inches, 
by using the circular dial construction in¬ 
stead of the flatter 100-degree dial design. 
To do this has required the development of 
entirely new measuring elements, a job, the 
magnitude of which, is not generally ap¬ 
preciated by the user. 

A one per cent accuracy rating amounts 
to over Vi*# inch on a 6.8 inch scale. Switch¬ 
board instruments having the usual one per 
cent accuracy rating are also produced with 
scale lengths of 3 1 / 2 inches in rectangular 
cases of the size described by the authors. 
As one per cent of such scale lengths is about 
V 32 inch they are quite adequate for the 
rather less frequent applications for which a 
four-inch switchboard instrument is preferred 
to the 5V2-inch type, and where readings 
, within one per cent may be taken with the 
instrument not over three or four feet from 
the observer. 

Reference 

1. Induction-Typb Indicating Instruments, 
Paul MacGahan. AIEB Transactions, volume 
31, 1912, pages 1595-77; discussion 1599-1608. 

% 

A. J. Corson: Mr. MacGahan has directed 
attention to his early interest in long-scale 
indicating instruments, and specific refer¬ 
ence is made to his paper “Induction-Type 
Indicating Instruments 1 ’ presented in 1912. 
In our examination of prior art, this refer¬ 
ence was overlooked, but it will be promptly 
added as he suggests. 

The remainder of his discussion originates 
the interesting question—how • shall a de¬ 
velopment of this character be evaluated? 
Firstly, the design methods and mecha¬ 
nisms disclosed in the paper are perfectly 
general in character, and their application 
to instruments of a 4 l /.rinch rectangular 
dimension is, in a sense, incidental. Opin¬ 
ions as to the importance of this particular 
size of instrument may differ. We believe 
it to be of considerable moment as a con¬ 
tribution to more compact switchgear and 
better instrument grouping on panels. 
From the designer’s point of view, however, 
the essential point is the extension of the 
scale length from 90 to 240 angular degrees, 
resulting in an approximate two to one gain 
in terms of linear measure, in any instrument 
of given size. 

The question then resolves itself into a 
determination of the added value of this 
long scale. Firstly, both general considera¬ 
tions and test results show that long scales 
are observed more accurately than short 
ones. This gain in visual accuracy occurs 
twice, once in calibration and once in the 
observer’s reading. Secondly, errors due to 
side motion of the moving system are re¬ 
duced, as has been pointed out. In addi¬ 
tion, the moving system is balanced with 
greater precision in terms of scale length. 
These and similar considerations have led 
to the almost universal adoption of long 
angular scales in such nonelectrical instru¬ 
ments as temperature indicators, mechanical 
tachometers, pressure indicators, and liquid- 
level gauges. While the application of long- 
range indication to electrical measuring in¬ 
struments is admittedly more difficult, this 
would hardly appear to constitute valid 
grounds for attacking the desirability of the 
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long scale as such, particularly when it is 
demonstrated that the design problems can 
be adequately solved. 

The foregoing discussion assumes long- 
range indication to be obtainable without 
loss in factors which" determine accuracy. 
An examination of the performance data 
shows this assumption to be generally true. 
Mr. Wilson’s discussion is directed princi¬ 
pally to these performance characteristics 
and brings out interesting points relative to 
torque to weight ratios, shielding, and 
damping. The various instruments have 
been designed to meet, and do meet, existing 
standards of performance, an accomplish¬ 
ment which was made possible by adhering 
to the fundamental types of mechanisms for 
which these standards were established. 

The Fundamentals of 
Industrial Distribution 
Systems 

Discussion and author’s closure of paper 42-21 
by D. L. Beeman and R. H. Kaufmann, pre¬ 
sented at the AIEE winter convention, New 
York, N. Y., January 26-30, 1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
May section, pages 272-9. 


H. G. Barnett (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): As a part of the discussion of the 
basic factors involved in distributing power 
in an industrial plant, Mr. Beeman and Mr. 
Kaufmann have made a very interesting cost 
analysis of a particular industrial plant. 
This analysis is specially interesting to me 
because of a large number of similar studies 
which I have helped to make both before 
and after Mr. Powel and I proposed the 
industrial-plant network idea before the 
Institute at the last winter convention 
(AIEE Transactions, volume 60, 1941, 
April section, pages 154-6) . 

These studies covered a wide variety of 
plants. The load densities ranged from 
about 5 to 25 volt-amperes per square foot. 


All commonly used utilization voltages 
(120/208,220, and 440 volts) were involved. 
Total loads ranged from 1,000 to 10,000 
kva. 

The results of these studies do not justify 
the conclusion that any one type of system 
can be expected to adequately meet the re¬ 
quirements in a large percentage of cases, 
although the authors have claimed that as 
the purpose of their analysis of a particular 
case. The wide variations, among actual 
plants, of voltage and arrangement of the 
incoming supply circuits, plant layout, utili¬ 
zation voltage, type of loads, and other 
factors make it impossible to use any one 
system in more than a minority of cases. 

These studies do not confirm the wide 
difference of cost between the secondary 
network and the secondary selective and 
simple radial systems that is shown by Mr. 
Beeman and Mr. Kaufmann. Therefore, 
we have made a study of the plant described 
in the paper using the same loads, voltages, 
and requirements set forth in the paper. 
Cost estimates were based on using drawout 
circuit breakers in the 440-volt switchgear 
units. The relative costs shown by this 
analysis are shown in Table A along with the 
corresponding costs found by Mr. Beeman 
and Mr. Kaufmann. We have been able to 
check the authors very closely in the case 
of the secondary-selective system when the 
simple radial system is assumed to cost 100 
per cent. However, our analysis shows a 
cost of 168 per cent for the secondary net¬ 
work system used by Mr. Beeman and Mr. 
Kaufmann which, according to their analy¬ 
sis, costs 175-to 200 per cent of the cost of 
the simple radial system. By using four 
transformer and switchgear units instead of 
six and using the same type of equipment used 
in the six unit network, the cost of the net¬ 
work is reduced to 156 per cent instead of 
168 per cent of the cost of the simple radial 
system. By making use of cascading, which 
is sometimes advocated, the cost is further 
reduced to 150 per cent. 

If it is assumed that the plant studied by 
the authors, because of reliability, flexi¬ 
bility, or other factors, requires a better 
system than the simple radial, the network 
becomes economically comparable to the 
other systems that can be used. For ex¬ 
ample, if the cost of the secondary-selective 
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system is taken as the basis of comparison, 
the cost of the secondary network system 
ranges from 105 to 118 per cent as shown in 
Table A . The cost of 118 per cent is for the 
network system used by the authors for their 
comparisons. Ten other arrangements of 
the network system using limiters, primary 
selector switches, cascading, as well as full 
interrupting capacity breakers in various 
combinations, prove to be less expensive 
than the network chosen by the authors. 
The difference in cost between a network and 
the secondary-selective system is so small 
that the two can be compared, for practical 
purposes, on the basis of their respective 
operating characteristics. 

All the comparative costs shown in Table 
A are based on using drawout breakers in the 
switchgear assemblies. If fixed breakers are 
used, the total cost is reduced in all cases but 
the relative costs are essentially the same 
as shown by the per cent figures shown in 
Table A. 

The authors of the paper have expressed 
some doubt as to the limiter being a first-rate 
protective device. A thorough understand¬ 
ing of the characteristics of the limiter and 
its application should remove this doubt. 
The secondary loop in the industrial-plant 
network system is, in effect, a distributed 
bus extending throughout the load area. 
This extension of the bus and the consequent 
increase of the probability of faults on this 
bus make it necessary to provide means for 
isolating a faulted section of the loop. The 
device to do this should be as simple and 
reliable as possible, because it probably 
will operate only very infrequently, pos¬ 
sibly once every several years. 

Since the loop protective equipment is 
likely to operate very infrequently, main¬ 
tenance and inspection are apt to be neg¬ 
lected. Lack of maintenance is no hazard 
to the operation of the limiter. Since the 
protective device operates only for a fault in 
the loop circuit, replacing a blown limiter 
does not materially increase the time re¬ 
quired to restore the faulted circuit to 
operation, because the damaged conductors 
must be repaired at the same time. Im¬ 


mediate reclosure of the circuit is not even 
desirable. Therefore, the limiter presents 
no disadvantage and is actually somewhat 
more reliable than a breaker. The reason for 
using limiters in the loop is not a matter of 
cost but a question of basic system opera¬ 
tion. 

The correct operation of the loop protec¬ 
tive devices depends on the use of parallel 
conductors in the loop as shown in Figure 1. 
When parallel circuits are used, a fault such 
as at F in Figure 1 causes only the limiters 
a and 6 to blow. If a single conductor per 
phase were used, limiters c or d or both 
would blow instead of b with the result that 
service from one load bus would be inter¬ 
rupted. If a load bus is established only at 
transformer locations, the load interruption 
would be less likely to happen. However, 
if a transformer should be disconnected from 
the loop for some reason, the same unde¬ 
sirable situation would exist as described in 
connection with Figure 1. 

Three points will summarize this discus¬ 
sion. 

1. Experience shows that no one system can be 
expected to adequately meet all the requirements in 
more than a small part of actual cases. 

2. Whenever reliability, flexibility, or other operat¬ 
ing factors require a better system than a simple 
radial scheme, the network frequently will be com¬ 
parable in cost to other systems that can be used. 

3. Limiters in the secondary loop have a basic 
operating advantage over the use of breakers; 
reduction of cost is not the fundamental reason for 
using lifniters. 


John S. Parsons (Westinghouse Electric 
and Manufacturing Company, East Pitts¬ 
burgh, Pa.): The authors state that their 
purpose in writing this paper is to* obtain 
the adoption of one system of distribution 
for industrial plants. Because of the large 
number of types of industrial plants and 
the many requirements and conditions pe¬ 
culiar to the various types, the use of any 
one type of distribution system in all of 
them is fundamentally unsound and imprac¬ 
tical. We might just as well say that one 
type of distribution system should be used 
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in the commercial areas and the residential 
areas of all cities and towns, and in all rural 
areas. As a result of the large amount of 
work we have done in connection with dis¬ 
tributing power in industrial plants, one 
general conclusion can be definitely drawn. 
There is no one type of distribution system 
which should be used in all plants. 

Also, as a result of our work on this sub¬ 
ject, we have come to the conclusion that the 
simple radial is the cheapest system which 
can be used, and the secondary network is 
the best system, but it is by no means uni¬ 
versally applicable. During the last year 
we have made distribution studies for more 
than 60 specific plants. As a result of these 
studies we recommended the secondary net¬ 
work system for about (JO per cent of these 
plants and some form of radial system for 
the others. Network systems are now in 
operation or being installed in about 25 per 
cent of the plants studied. 

A paper dealing with the fundamentals of 
industrial distribution .systems should cover 
all of the major forms of systems which are 
in use. The authors, however, in a funda¬ 
mental paper on the subject have completely 
ignored the primary-selective network and 
spot network systems. These two forms of 
the secondary network system have been 
used more extensively in industrial plants 
than has the simple network system covered 
in the paper. The primary-selective and 
spot network systems offer practically all of 
the advantages of the simple network sys¬ 
tem, and usually at lower cost. 

In comparing those forms of distribution 
systems covered by the paper, the authors 
place much emphasis on initial installed 
cost. We have found that for those plants 
where the simple, radial system does not 
provide sufficiently reliable service, and 
there are very many such plants, we are in 
almost all cases talking about an initial cost 
difference of from 5 to 20 per cent between 
those systems which might satisfactorily be 
used. The cost of a plant distribution sys¬ 
tem will generally represent 10 per cent or 
less of the total investment in the plant. We 
are, therefore, talking about a difference in 
plant investment of approximately 0.5 to 
2 per cent. Initial installed cost certainly 
should be considered when comparing plant 
distribution systems; however, it should 
not be over emphasized. 

There are many factors which have a 
bearing on the installed cost of a distribution 
system. One such important factor is the 
matter of diversity. Yet diversity has not 
been discussed in this fundamental paper. 
When compared with a plant where no di¬ 
versity between load centers is assumed, that 
is, a diversity factor of one is assumed, a 
plant having an appreciable diversity be¬ 
tween load centers, such as a shipbuilding 
plant for example, will result in a higher in¬ 
stalled cost for the radial systems and spot 
network and a lower installed cost for the 
simple network and primary-selective net¬ 
work systems. Even in those plants where 
the diversity is small or unknown at the 
time the distribution system is designed and 
is not considered in the design of the system, 
diversity will be reflected in better regula¬ 
tion and lower losses plus ability to carry 
moire load if a simple or primary-selective 
network system is used. We have found 
that diversity and other factors peculiar to 
specific plants may cause the relative costs 
given in the paper to vary to the point where 
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a secondary network system is less costly 
than the secondary-selective radial system. 

When considering the cost of different 
forms of distribution systems, initial in¬ 
stalled cost is not the whole story. The cost 
of meeting growing and changing load con¬ 
ditions over a period -of years should be 
considered. This is of particular importance 
today, because the plants being built and 
revamped to turn out defense material will, 
when the war is over, require considerable 
modification to fit them for peacetime pro¬ 
duction, The flexibility of the simple and 
primary-selective network systems enables 
them to meet growing and changing load 
conditions at considerable less cost than do 
the radial systems and particularly the sec¬ 
ondary-selective radial system. 

The operating and maintenance difficul¬ 
ties with the secondary network system as 
discussed in the paper are, in our opinion, 
greatly exaggerated. This opinion is based 
on experience with network systems both in 
industrial plants and in a large number of 
small cities throughout the country. The 
great majority of operators we have talked 
to would rather operate a network system 
than a radial system. It certainly does not 
require a crew of supermen to operate and 
maintain a network system. 

Our years of experience with all forms of 
distribution systems have taught us the 
danger of drawing general conclusions from 
one or even a number of distribution stud¬ 
ies. Any industrial plant of appreciable 
size should be specifically studied and the 
form of distribution system which best 
meets its individual requirements should be 
used, whether it be network or radial or a 
cpmbination of the two. The decision as to 
the proper system to use should not be made 
on the basis of generalizations based on the 
study of one or several specific plants, unless 
they are practically duplicates of the one 
under consideration. 


Charles P. West (Westinghouse Electric 
and Manufacturing Company, East Pitts¬ 
burgh, Pa.): The authors have analyzed 
all the commonly used distribution systems 
for low-voltage power in industrial plants. 
Comparisons are made on the basis of cost, 
performance, reliability, and other factors. 
They recommend the secondary-selective 
circuit arrangement (Figure 7 in their paper) 
above all others and summarize their find¬ 
ings under five headings. The following 
comments are offered on their conclusions. 

1. Installed costs are compared on the basis of the 
secondary-selective system being 150 per cent of the 
simple radial system base and the network system 
200 per cent. Cascaded breakers are used to justify 
25,000-ampere interrupting-capacity breakers for 
the former while 50,000-ampere breakers are speci¬ 
fied for the latter. Cascading also can often be used 
here to reduce the size of the breakers. The net¬ 
work system is also subject to modification in a 
similar manner to that discussed for the secondary 
selective system, if parts of the areas supplied can 
sacrifice power for short intervals. This would tend 
to equalize the cost of the two systems. 

2. The network system circuits shown by the 

authors do not show loop load-break isolating 
switches. These should be recommended, and when 
used, the loop circuits can be isolated for mainte¬ 
nance, A network system with these switches is as 
safe as the selective arrangement which is advo¬ 
cated, because there is no more necessity for working 
on live apparatus. In all cases it should be assumed 
that first-grade equipment will be applied, not 
"second-rate.” ” 

3. The authors concede "the highest order of 
service reliability” to the network system. It sur¬ 
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passed their recommended system in this respect. 
The fundamental network arrangement in the 
power supply and tie circuits unquestionably per¬ 
mits Clearing faults with less disturbance to the 
continuous operation of a plant than any other sys¬ 
tem. 

4. A network system engineered so that current 
distributes properly is no more difficult to operate 
than a selective circuit arrangement. This problem 
exists in any electrical network, and no difficulties 
have been experienced in the systems which arc 
operating. 

5. Voltage regulation is conceded to be good in 
both systems. 

On the whole, the network system has the 
advantage in the important third point, re¬ 
liability, and does not suffer by comparison 
in the others. 


H. L. Rawlins and P. O. Langguth (West¬ 
inghouse Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.)1. The 
authors have presented an interesting analy¬ 
sis of industrial distribution systems wherein 
four types of distributed load-center ar¬ 
rangements are described. As a result of 
this comparison, they have recommended a 
secondary-selective scheme of distribution. 

2. To clarify this situation, we are adding 
a form of distributed load-center system, 
which consists of the secondary network 
with limiters. This arrangement will have 
costs comparable to the secondary-selective 
circuit arrangement with a service relia¬ 
bility rating of A. Safety requirements are 
completely fulfilled by the use of a knife: 
switch or load-break switch between the 
cable limiters and the load bus. The particu¬ 
lar section of faulted cable and limiters 
can be serviced dead with no interruption of 
service by simply opening the switch at 
each end of the involved cable section. 
Similar results can also be obtained by the 
use of disconnecting-type limiters. 

3. The necessity for an indicator on limi¬ 
ters has not yet become apparent. There 
are several convenient means of determining 
if an open circuit exists in a cable run. Oc¬ 
casional check with a clip-on ammeter has 
been employed satisfactorily on network 
systems. No problem, however, is pre¬ 
sented if an indicator should be required, 
because suitable indicators in various forms 
have been available over a period of years. 

4. We note that Messrs. Beeman and 
Kaufmann describe the limiter as "second- 
rate apparatus.” We might mention that a 
fusible element which functions directly by 
heat generated within itself is recognized 
as the most reliable of all over-current de¬ 
vices. This principle is fundamental and 
has been used over a long period of years in 
various forms with complete success. 

5. There is a new development in this 
picture which has not yet been disclosed to 
the Institute. It consists of a new high- 
current interrupting device which simplifies 
the use of a network distribution system. 
This is a noteworthy development and 
places an entirely different complexion on 
the situation. 

6. Briefly, this limiter is totally enclosed 
to prevent external demonstration of the 
device when clearing a fault. It has re¬ 
peatedly interrupted currents in excess of 
50,000 amperes at 600 volts with no percep¬ 
tible noise or visible demonstration. A 
typical oscillogram is illustrated here of an 
interruption of 52,000 amperes with a re¬ 
stored voltage of 614 volts. The extremely 
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short arcing time should be noted. Numer¬ 
ous tests in the high-power laboratory over 
a large range of currents have demon¬ 
strated the dependability of this limiter both 
in respect to time-current characteristics 
and its ability to interrupt any current 
within its rating. 

7. The authors of this paper have stated 
by implication that the secondary network 
systems utilizing limiters lack reliability 
and are unsafe. We who have worked with 
this new form of 600-volt totally enclosed 
limiter, and who have seen it work re¬ 
peatedly under exhaustive tests, are confi¬ 
dent that the secondary network system 
utilizing such devices will normally be 
favored in industrial distribution systems. 

E. M. Hunter and J. C. Page (General 
Electric Company, Schenectady, N. Y.): 
In laying out low-voltage a-c systems, fre¬ 
quently the two most difficult points to be 
settled are: 

1. The basic type of system. 

2. The general class of equipment to be used in the 
step-down substations. 

Once these two important general points 
have been decided upon, the remaining de¬ 
tails can usually be worked out easily. It is 
with respect to these two items that this 
paper by Messrs. Beeman and Kaufmann 
should prove valuable to persons engaged in 
laying out low-voltage a-c systems for in¬ 
dustrial plants. 

It is interesting to note that a system can¬ 
not be judged fairly unless both the basic 
circuit arrangement and the general class of 
equipment used in the circuit are judged 
simultaneously. For example, a low-voltage 
network, with open-type bus work or wiring, 
circuit breakers of inadequate interrupting 
rating, or fused knife switches, is probably 
considerably less reliable than a simple 
radial system incorporating properly in¬ 
sulated wiring, metal-enclosed load-center 
unit substations, and with circuit breakers of 
adequate interrupting rating. 

Attention is called to Table I of the paper. 
The simple radial system in the tabulation 
is given a triple-A rating, and is marked 
down only on “service reliability.” It will 
be of interest to see how this service relia¬ 
bility rating can be improved. The basic 
principle of load-center distribution is to 
divide the entire factory load area into small 
areas, each with its own substation. In 
some of the defense plants that have been 
installed, as many as 30 load-center unit 
substations have been used. Each of these 
units have been made alike in kilovolt¬ 
ampere rating, and so on, so that one spare 
load-center unit kept in the store room pro¬ 
vides the means of restoring service to any 
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area and without additional investment in 
spare capacity in each of the units. Some¬ 
times these spare units are made portable. 
From this it is apparent that the simple 
radial type of system need not be con¬ 
demned too severely for poor service relia¬ 
bility if the proper precautions are taken. 

The network type of system is the high¬ 
est in cost and has an A rating which is the 
highest in service reliability. It is the opin¬ 
ion of the discussers that the network type 
of system can be justified only when the ul¬ 
timate in service reliability is required. The 
high cost of a network results, at least in 
part, in the fact that the secondary circuit 
breakers must have higher interrupting 
capacities than those used on the other 
three types of systems. Cost reductions ob¬ 
tained by the use of devices of inadequate 
interrupting capacities on the secondary 
of the network have been proposed in some 
applications. These methods, of course, 
lower the service reliability rating of the 
network, and it appears that they have no 
place in the network system. 


A. E. Anderson (General Electric Company, 
Philadelphia, Pa.): The items of safety to 
operating personnel and continuity of serv¬ 
ice have been referred to in the paper. 
These, with other factors, are of consider¬ 
able importance, particularly under present 
conditions, when such great importance is 
being placed on the nation’s manufacturing 
facilities. 

The use of circuit breakers in the high- 
voltage sides of the transformers in place of 
disconnecting switches as shown in the 
various schemes. Figures 2, 4, 5, 7, and 8 of 
the paper, would make possible a safer 
switching scheme and one more desirable 
from an operating standpoint. Along with 
protective relays it would provide additional 
protective and operating advantages. 

At one time the value of short-circuit 
current obtainable from a low-voltage a-c 
system was generally considered as limited, 
regardless of system capacity. Fairly re¬ 
cent investigations have shown that these 
currents can be readily calculated, and that 
the calculated and measured values agree 
within usual engineering tolerances. Thus, 
the procedure has changed from something 
rather vague and mysterious to something 
that is rational, straightforward, and easy 
to apply. 

The authors have recognized the latter 
procedure and have provided air circuit 
breakers of adequate interrupting rating for 
the various low-voltage circuits. It is 
further recognized that heavy short-circuit 
currents are to be expected if the voltage 
regulation is to be held to low values. While 
the above consideration points to circuit 
breakers of higher interrupting rating, there 
are two major factors that tend to counter¬ 
act this tendency, without a sacrifice of 
other desirable operating features. One is 
the smaller distributed load center, with its 
saving in PR losses and flexibility, as com¬ 
pared with a single large substation. The 
second factor is the use of circuit breakers in 
cascade, which permits the use of a breaker, 
of interrupting rating less than that corre¬ 
sponding to the current obtainable at the 
particular location, provided it is backed 
up by a properly co-ordinated breaker, 
whose interrupting rating is equal to or 
greater than the available short-circuit 
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current. No longer is it necessary to make a 
haphazard selection of circuit breakers for 
these low-voltage systems, with the possi¬ 
bility of running considerable risk of damage 
to the breaker and associated equipment, in 
the event of a short circuit near the outgoing 
ter minals of the circuit breaker. It is quite 
important that breakers of adequate inter¬ 
rupting capacity be used. This means 
feeder breakers capable of interrupting the 
maximum short-circuit currents of the cir¬ 
cuits in which they are connected, or feeder 
breakers of somewhat less interrupting rating 
in cascade with backup breakers of full in¬ 
terrupting rating. 

The authors have included a number of 
pertinent items relating to the use of limit¬ 
ers, or limiters and isolating switches. In 
many applications the introduction of limit¬ 
ers will raise the short-circuit requirements 
of the feeder breakers, since they do not 
permit the cascade connection to be em¬ 
ployed. In other words, the time of opera¬ 
tion of the limi ters with which the discusser 
is familiar is so great in relation to that of 
the modem feeder breaker, that it cannot 
give the desired degree of backup protec¬ 
tion. Accordingly, the interrupting rating 
of the feeder breakers must be increased 
from some smaller value, permitted by the 
cascade connection, to a rating at least 
equal to the available short-circuit current. 
Consequently the introduction of limiters 
will, for most applications, increase the size 
and cost of the feeder breakers. 


W. J. McLachlan (General Electric Com¬ 
pany, Schenectady, N. Y.): The one most 
important conclusion drawn from the Bee- 
man-Kaufmann paper is that, while some 
form of load-center distribution system 
usually will be found superior for plant sup¬ 
ply, no one form of system is universally 
applicable. The best form for a given case 
depends principally on cost versus the value 
of service continuity, and the selection of the 
best form requires a rational evaluation of 
these items. It is to be hoped that the 
availability of this paper will encourage 
such rational evaluations, evidence of which 
has been lacking in an unfortunately large 
number of cases in the immediate past. 

In evaluating the relative costs, it is ob¬ 
viously desirable that the forms of systems 
be costed on a comparable basis. The one 
item of greatest discrepancy in past com¬ 
parisons has been the selection of low-volt¬ 
age breaker interrupting capacities. Sys¬ 
tems, of one type, with breakers selected 
with interrupting capacities at least equal 
to calculated short-circuit currents, have 
been compared with another with the in¬ 
terrupting capacities grossly below calcu¬ 
lated short-circuit values. Investigations, 
which have shown that calculated currents 
can be obtained in low-voltage circuits, 
point to the desirability of selecting inter¬ 
rupting capacities which are not below cal¬ 
culated values. However, if one elects to 
take the risk of applying lower rated break¬ 
ers in one system, all logic requires that the 
same degree of risk be accepted in selecting 
the breakers for all forms of systems, if the 
cost comparison is to be equitable and fair. 

'When evaluating service continuity, it is 
essential that the over-all continuity of the 
system be considered. The form of load- 
center system selected can affect only part 
of the possible service outages. The total 
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power outages result from failures in the 
following portions of the system: 

1. Transmission supply to the plant. 

2. Plant-supply stepdown substation. 

3. Plant-distribution primary feeders. 

4. Load-center unit transformers. 

5. Low-voltage feeders from load-center units to. 
individual load areas. 

6. Laterals to individual loads and individual load 
and control equipment. 

In general, only those outages due to 
failures in the plant-distribution primary 
feeders and load-center unit transformers 
are influenced by the form of load-center 
system selected. If the majority of the out¬ 
ages are expected to be due to failures in the 
other parts of the system, the total outages 
can be influenced by but a small degree by 
the form selected and differences in relia¬ 
bility of the types of systems described are 
of proportionately small significance. As an 
example, several applications of the more 
expensive secondary-network system have 
come to attention in plants supplied by only 
one long high-voltage transmission circuit. 
In such cases, the probability of failures of 
the entire plant supply is several times that 
of failures in the plant-distribution primary 
feeders, making it appear that little effective 
benefit will be derived from the added cost 
and operating complication of the network 
system. 

_ On the other hand, if the expected inter¬ 
ruptions in the primary supply system are 
rare, which presupposes at least duplicate 
transmission sources, and probably dual 
supply substations, the service reliability of 
the distribution system takes on increased 
significance. Even then, it should be re¬ 
membered that, regardless of the form of 
load-center system selected, the outages due 
to failures in the low-voltage feeders and 
laterals and in the individual load and con¬ 
trol equipment will be unaffected by the 
selection made. 

These comments are made to encourage 
rational evaluation in the selection of the 
system to be employed in specific instances. 
It is believed that this desirable condition 
will be considerably enhanced by the availa¬ 
bility of the comparative data in the Bee- 
man-Kaufmann paper. 


R. H. Kaufmann: It is indeed gratifying to 
note the interest which is displayed in the 
subject of industrial power distribution. It 
is indicative of an increasing consciousness 
of the importance of this phase of the indus¬ 
trial electrical problem which is the first 
step leading toward a more general recogni¬ 
tion of the important part which the dis¬ 
tribution system plays in the performance 
of electrified industry. 

The debatable issues which have been 
raised in the several interesting and valu¬ 
able discussions center largely on the selec¬ 
tion of the particular form of load-center 
distribution to be used, and more specifi¬ 
cally a consideration of the secondary-selec¬ 
tive system versus the secondary network. 

The secondary-selective system has a dis¬ 
tinct advantage in respect to electrical sim¬ 
plicity and safety of operation. Each main 
low-voltage bus section has access to two 
independent power-supply channels which 
insures reliability of service. The second¬ 
ary-selective system obviously will not be 
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used to the complete exclusion of all others. 
A very considerable number of present in¬ 
dustrial systems are adopting the straight 
radial form. The primary-selective system 
will find application in some instances, par¬ 
ticularly for load areas involving scattered 
independent buildings each requiring only a 
small amount of power which will hardly 
justify more than a single load-center unit. 
The secondary network system will likewise 
find fields of application, particularly for 
continuous process operations in which 
even a momentary loss of voltage would 
result in large consequential losses either in 
the form of damage to productive machin¬ 
ery or spoilage of large quantities of ma¬ 
terial. 

Variation in System Form 

It has been intimated that the form of 
secondary-network system illustrated in 
Figure 8 of the basic paper fails to realize 
as good an over-all economy as can be ob¬ 
tained with other variations. 

Mr. Barnett, for instance, suggests the 
incorporation of the primary selective fea¬ 
ture as illustrated in Figure 1 of his discus¬ 
sion. The fundamental difference lies in the 
use of two primary feeders instead of three 
and the addition of primary transfer switch¬ 
ing equipment at each load-center unit. 
Relative to the straight radial system as in 
Table I of the basic paper, the primary selec¬ 
tive-secondary network system shows a first 
cost level of 185 per cent as compared 
with 176 per cent for the system illustrated 
in Figure 8 with no improvement in other 
characteristics. In fact, some definite dis¬ 
advantages must be accepted: 

1. Both primary feeders must come in close 
proximity, at each load center, which provides a 
number of vulnerable spots at which a disturbance 
could result in a complete power outage for the 
entire area. 

2. Operating hazards as described in the primary- 
selective system would likewise he accepted. 

3. This system depends for its merit on the prompt 
transfer of units to the healthy feeder following a 
feeder outage. 

4. It is important that the primary-selective 
switches be alternately positioned under normal 
service conditions to avoid the connection of two 
or more adjacent stations to the same primary 
feeder. If this precaution is neglected, loss of power 
on that primary feeder would impose a very heavy 
transfer load in the tie circuit and in the next ad¬ 
jacent energized load-center unit. 

The use of four rather than six substa¬ 
tions, as suggested by Mr. Barnett, in either 
of these secondary network systems would 
fail to improve the over-all economy. The 
size of each station would be increased to 
1,125 kva (6/4 of 750 kva) and short-circuit 
current levels on the low-voltage bus sec¬ 
tions would exceed 50,000 amperes. A sub¬ 
stantial increase in low-voltage switching- 
equipment cost would thus be incurred. 
The interconnecting low-voltage tie circuits 
would be of substantially the same total 
length but would require 50 per cent in¬ 
creased current-carrying capacity due to 
the greater load fed from one station. 

The spot network represents a variation 
which closely resembles the secondary-selec¬ 
tive system. It differs in that the spot net¬ 
work permanently parallels the two trans¬ 
formers on a common bus using network 
protectors in the low-voltage circuit from 
each transformer. The absence of inter¬ 
connecting low-voltage tie circuits with 


remotely located stations (as in the second¬ 
ary-selective system) considerably simpli¬ 
fies the problem for the operating depart¬ 
ment. The chief question to be considered 
in deciding between these two system forms 
is: Is there justification for the additional 
initial investment resulting from increased 
switching-equipment cost to obtain unin¬ 
terrupted voltage in those few instances 
that power flow on one primary feeder is 
interrupted; or will service reliability re¬ 
quirements be adequately met by main¬ 
taining an alternate low-voltage power sup¬ 
ply which can be tapped at a moment’s 
notice merely by closing the low-voltage tie 
breaker between the complementary bus 
sections? 

Cascade operation of low-voltage air cir¬ 
cuit breakers in the secondary network sys¬ 
tem is regarded as contrary to the funda¬ 
mental objective. The secondary network 
system distinguished itself by affording serv¬ 
ice continuity (uninterrupted service) as 
contrasted with service reliability (avail¬ 
able service). A compromise in this re¬ 
spect would strip the secondary network of 
its chief advantage. 

Diversity Factor 

Mr. Parsons in his discussion stresses 
diversity factor as an important influence 
on over-all cost of the secondary network 
system. Although it may have significant 
influence, yet to be able to take advantage 
of diversity factor between load-center sub¬ 
stations, it is important that, at the»time of 
heavy load on one particular station, the 
immediately adjacent stations be operating 
at subnormal load. It is of little benefit to 
have lightly loaded stations on the opposite 
side of the loop as they will contribute only 
slight support to the remotely located, 
heavily loaded section. The installation of 
cross tie circuits to improve this situation 
will likely defeat its own purpose as a result 
of increased tie-circuit cost and switching- 
equipment interrupting capacity and cost. 
Furthermore, the small advantage obtained 
affects only the transformer capacity. Pri¬ 
mary feeder circuits together with switching 
equipment, low-voltage feeders together 
with switching equipment, and intercon¬ 
necting tie circuits together with switching 
equipment are not benefited. Inasmuch as 
the transformers account for approximately 
10 to 15 per cent of the cost of the over-all 
system under investigation, based on unity 
diversity factor, it must certainly be con¬ 
cluded that no substantial reduction in sys¬ 
tem cost could be realized as a result of di¬ 
versity factor. 

Limiters 

For all comparisons reported in the paper, 
standard air circuit breakers have been 
used in all low-voltage circuits, including 
feeders and tie circuits. The standard air 
circuit breaker constitutes a recognized 
power-switching device with ratings and 
performance thoroughly covered by indus¬ 
try standards. The application of standard 
air circuit breakers within the limits defined 
by ratings provides the advantages: 

1. Ability to repeatedly switch the circuit at will 
with assured safety. 

2. Ability to safely and positively interrupt the 
maximum fault current. 

3. Ability to quickly restore service following an 
interruption. 


4. Reliable indication of operation and position. 
(Remote indication of circuit-breaker position is 
easily possible.) 

5. Availability of electrical operation. 

Messrs. Barnett, Rawlins, and Langguth 
have commented on the possible applica¬ 
tion of limiters located in the tie circuit of 
the secondary network system, in combina¬ 
tion with a suitable switching device to 
provide the necessary degree of circuit con¬ 
trol. In the discussion by Messrs. Rawlins 
and Langguth, reference is made to the limi¬ 
ter as a new development not yet publicly 
disclosed. This, of course, implies that it is 
still in the developmental stage and that the 
ultimate stabilized product will likely in¬ 
corporate any improvements that installa¬ 
tion and use indicate are needed. 

In addition to the ability to interrupt fault 
currents safely, positively, and consistently, 
there are a number of other considerations. 
Thermal overload protection of circuit runs 
within the building should be provided. 
The thermal effect from heat normally lib¬ 
erated in the fusible unit must be recog¬ 
nized and cared for. Provision should be 
made for dissipating the heat so generated 
without subjecting the terminal section of 
the cable or low-voltage bus to elevated 
temperatures. The use of tie-circuit switch¬ 
ing equipment which duplicates that used 
in the balance of the structure would be de¬ 
sirable. 

Operation 

In respect to operating problems of the 
several typical system forms, there can be 
no question that the secondary network 
system is excelled by the other three forms. 
Beyond that, the ratings in Table I have 
been assigned no quantitative significance. 

That the secondary network system per¬ 
mits growing loads to be met with greater 
ease and less cost is a controversial conten¬ 
tion. In addition to installation of the new 
substation with associated high-voltage sup¬ 
ply and low-voltage feeder circuits,, the 
secondary network system involves incor¬ 
poration of the new station in the existing 
tie-circuit system. Unless tie circuits are 
properly designed, short-circuit current 
levels on existing stations may be elevated. 
The primary feeder arrangement must be 
reviewed to insure that power supply to two 
or more adjacent stations will not be simul¬ 
taneously interrupted as a result of a single 
primary feeder outage. 

A New Voltage-Regulating 
Relay Plus Line-Drop 
Compensator 

Discussion of paper 42-32 by H. J. Carlin, 
presented at the AIEE winter convention. 
New York, N. Y., January 26-30,1942, and 
published in AIEE TRANSACTIONS, 1942, 
February section, pages 63-6. 

H. L. Prescott (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
The new relay described in Mr. Carlin's 
paper has several features differing from pre¬ 
vious voltage-regulating relays which affect 
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the application of the relay to a step voltage 
regulator and it may be well to look at it 
from an application viewpoint. 

This relay has a damping characteristic of 
importance on many circuits on which there 
are, almost continuously, small voltage 
changes which are not large enough to close 
the voltage-regulating relay contacts. The 
conventional type of relay follows these 
changes as they occur. The relay described 
in this paper, due to its inherent time delay, 
damps out these continual changes and oper¬ 
ates smoothly, following the mean voltage. 
Many circuits also are subject to relatively 
large momentary voltage changes due, for 
example, to switching surges. The conven¬ 
tional relay will also follow these changes 
while the new relay will to a large extent 
damp them out. This damping character¬ 
istic, therefore, reduces the mechanical 
duty on the relay, reduces wear on the 
bearings, and increases the length of life of 
the mechanical parts. 

A second feature of importance in apply¬ 
ing this relay is its integrating or cumulative 
characteristic. In general, the older types 
of voltage-regulating relays are used to oper¬ 
ate a time delay relay and in order to cause 
an operation of the step regulator, the volt¬ 
age applied to the voltage-regulating relay 
must hold the relays contacts closed for the 
f ull timing period of the time delay relay. 
With the new voltage-regulating relay, the 
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relay response depends not upon the volt¬ 
age remaining outside the range of the relay 
setting continuously for a definite time but 
upon the difference in the time it is outside 
the range from the time it is within the 
range. Therefore, if the voltage is outside 
the range more of the time than it is inside 
the range, this voltage-regulating relay will 
close its contacts and cause the regulator to 
operate to bring the mean voltage inside the 
relay settings. This relay will hold the volt¬ 
age closer to the desired value than will the 
older types of voltage-regulating relays. 

A third feature of the new voltage-regulat¬ 
ing relay is its differential or inverse time 
characteristic. When conditions on the 
power system cause relatively large voltage 
changes, it is desirable to have the voltage 
regulators operate more quickly than when 
the voltage changes are small. Figure 1 of 
the paper shows that the greater the voltage 
variation from the neutral value from which 
the relay is set, the shorter will be the time 
until the contacts close. The new relay, 
then, instead of having a constant time delay 
regardless of the magnitude of the voltage 
change as is the case with separate voltage¬ 
regulating and time delay relays, has a 
shorter time delay when large voltage cor¬ 
rections are required than it has when the 
voltage variation from normal is small. 

The characteristics just described result 
in reducing contact maintenance. Since 


momentary voltage variations do not cause 
the voltage regulating relay to close its con¬ 
tacts, this relay closes its contacts after the 
time delay period rather than before the 
time delay period, and, therefore, the con¬ 
tacts close only when an operation of the 
regulator is actually to be made. The num¬ 
ber of contact operations, therefore, is re¬ 
duced to equal the number of tap-changer 
operations, resulting in less burning of the 
contacts than on the older type voltage¬ 
regulating relays whose contacts closed to 
initiate operation of the time delay relay. 
This feature also eliminates the necessity 
for separate compounding coils. 

The line-drop compensator which is built 
into the relay described in this paper is dif¬ 
ferent in both construction and principle 
of operation from the line-drop compensa¬ 
tors which have previously been built into 
voltage-regulating relays. In the older re¬ 
lays, the line-drop compensator operation 
was based only on the magnitude of the cur¬ 
rent. In the new relay, the compensator 
operation is based not only on the magni¬ 
tude of the current, but also upon its power 
factor and the impedance angle of the line. 
The new device, therefore, gives a closer 
approximation to the theoretically correct 
value than the older type. It will, there¬ 
fore, be applicable in some cases where in 
the past separate voltage-regulating relay 
and line-drop compensator were used. 
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Thermal Co-ordination of Motors, 
Control, and Their Branch Circuits on 
Power Supplies of 600 Volts and Less 


B. W. JONES 

ASSOCIATE AIEE 


T HE protection of a motor against an 
overload or the protection of a motor 
and its branch circuit against a short cir¬ 
cuit are basically the same problem. The 
entire circuit is heated at a rate which is a 
function of the amount of current flowing, 
and this current must be interrupted be¬ 
fore the winding or any part of the circuit 
exceeds a prescribed temperature. The 
means used to protect against these two 
magnitudes of power may be the same, or 
it may be entirely different as will be 
brought out later. It is the purpose of 
this article to show what the heating 
characteristics are of the motors, the con¬ 
trol, and the branch circuit wiring, and 
what the characteristics of the protective 
devices should be in order that the power 
will be disconnected from the main feed¬ 
ers under all conditions of excess current 
before excess temperatures are attained. 

The points which this article will dis¬ 
cuss and some of the conclusions reached 
are: 

1. That the short-time heating character¬ 
istic of three-phase induction motors stators 
can be shown in a simple graphical method 
when we know the current density in the 
stator windings at rated current. These 
data should then be used as the basis for 
determining the tripping characteristic of 
overload and short-circuit protective • de¬ 
vices.- ■ 


Paper 42-79, recommended by the AIEE committee 
on industrial power applications for presentation ’ 


2. If the cross section of the reduced sec¬ 
tion of a zinc fuse link is not greater than 
any part of the copper conductors nor 
greater than 45 per cent of any Nichrome 
conductor (the heaters of overload relays), 
then the fuse will give good short-circuit 
protection to the copper and to the Nichrome 
conductors. 

3. Small horsepower starters, which are 
within the range of from 1 to 50 horsepower 
at 440 or 550 volts, or of 1 to 25 horsepower 
at 220 volts (classified as National Elec¬ 
trical Manufacturers’ Association size 3 or 
smaller), require a short-circuit protective 
device that will interrupt the circuit during a 
heavy short circuit in less time than one-half 
cycle. Tests have shown that a suitable 
size nonrenewable cartridge-type fuse of 
good design is capable of doing this. 

4. Because of this fast interrupting ability, 
this type of fuse is current-limiting (see 
Figures 6 and 7). Therefore, it gives two- 
way protection, in that it both limits the 
amount of current which reaches the 
starters, and it is exceptionally fast when the 
currents are high. 

5. Because of the inductance in a d-c 
generator, its current will build up at a 
slower rate during a short circuit than will 
the current in an a-c circuit, and therefore 
a fuse will be more current-limiting on a 
drc system when supplied from a d-c gen¬ 
erator than on an a-c system. Unlike the 
a-c power, the peak voltage and the average 
voltage is the same on d-c systems. Be¬ 
cause of these two factors it is easier for a 
fuse to interrupt a short circuit on a d-c 
system than on an a-c system of the same 
rated voltage since the entire interrupting 
period takes place in a fraction of a half 

9 . . 


at the AIEE North Eastern District meeting, 
Schenectady, N. Y., April 29-May 1,1942. Manu¬ 
script submitted February 16, 1942; made avail¬ 
able for printing March 30, 1942. 

B. W. Jones is consulting engineer, industrial con¬ 
trol department, General Electric Company, 
Schenectady, N. Y. 


6 . A NEMA size 3 starter (50 horsepower 
at 440 volts or 550 volts, three phase) or 
smaller can be fully protected against any 
major damage from short circuits on a sys¬ 
tem^ having available currents up to 100,000 


Jiily 1942, Vol. 61 


Jones—Thermal Co-ordination of Motors 


amperes, provided a correct current and 
voltage nonrenewable cartridge-type fuse 
of good design is placed in each branch cir¬ 
cuit line, and provided the fuses are posi¬ 
tively held in their clips so as to prevent 
magnetic forces from throwing them out. 

7. A circuit breaker provided with a fast 
instantaneous magnetic trip, as used on our 
tests, demonstrated its ability to protect 
NEMA size 4 and larger starters, when on a 
system having an available current equal 
to or less than the interrupting rating of the 
breaker. 

8 . The maximum size fuse that should be 
used is 3 Vj times the current rating of the 
overload relay, or four times the current 
rating of the motor, and if this does not 
result into the same current, then the 
smaller of the two should be selected. See 
Figure 3. 

Permissible Temperatures 

Let us first decide what are excess tem¬ 
peratures. Much has been written on this 
subject, 1 but it is quite generally agreed 
that 90 to 100 degrees centigrade is a 
satisfactory temperature (approximately 
50 degrees rise), where it is maintained 
for long intervals, but where the tempera¬ 
tures are transient and last for only a few 
seconds or minutes and occur infre¬ 
quently, then this 50 degrees rise can be 
materially increased. For conditions like 
a stalled squirrel-cage induction motor 
which lasts for only a few seconds the 50 
degrees rise can be doubled. A rise of 100 
degrees is satisfactory for a stalled motor 
because it will seldom be called upon to 
withstand this condition and then for 
only a few seconds. 

Current-Time Heating 
Characteristics 

Let us now ascertain the heating char¬ 
acteristic of a three-phase squirrel-cage 
type of induction motor. When a repre¬ 
sentative type of induction motor is 
running at rated load, approximately one 
third of its total heat loss will be produced 
by the iron, and the remaining two thirds 
will be produced by the copper. But if 
the motor is stalled and taking five times 
rated current, then the iron loss will re- 
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Figure 1. Heating characteristics of three- 
phase induction motors. Also tripping char¬ 
acteristics of a representative temperature 
overload relay 

Curve A —Current-time curve for copper 
showing rate of heating where current density 
is 3,000 amperes per square inch at rated 
current, and maximum temperature reached is 
100 degrees centigrade rise 

Curve B —Same as A except current density is 
4,000 amperes per square inch 

Curve C—Same as A except current density is 
5,000 amperes per square inch 

Curves A u B lf Ci—Extensions of A, B, and C 
to show the rate of rise if there were no 
heat loss 

Curve D—Current-time tripping curve of a 
high-grade temperature overload relay 

Because of heat conduction into the insulation 
and into the iron of the motor, and because of 
convection from the motor, the temperature 
rise for times of 30 seconds and longer will 
range between 50 degrees centigrade mini¬ 
mum and something under 100 degrees centi¬ 
grade maximum 

main the same, but the copper loss will 
be 25 times larger. Under either a run¬ 
ning or a stalled condition, the copper will 
lead the iron in temperature, but in the 
stalled condition will be leading so far 
that we can assume the iron temperature 
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Figure 2. Required interrupting speeds fully 
to protect starters having heater-type overload 
relays against specified short-circuit currents 

will be stationary in temperature, while 
the copper is going its limit. The length 
of time required for the copper to go its 
limit of 100 degrees centigrade rise will de¬ 
pend upon the current density in the 
copper. Let us assume that the current 
densities in'* the stator copper of the 
standard lines of three-phase induction 
motors fall within 3,000 to 5,000 amperes 
per square inch when carrying their rated 
currents, then curves A, B, and C of 
Figure 1 show the time required for these 
three copper densities to reach 100 de¬ 
grees rise for any current from 1 to 100 
times their ratings. This is based on the 
assumption that all the heat remains in 
the copper, and none is conducted out into 
the insulation or iron, or carried off by 
convection or by radiation. For short 
circuits where the considered time is one 
second or less, this assumption is suffi¬ 
ciently correct, but for stalled conditions 
of the motor, or for heavy running over¬ 
loads where the no-loss time required to 
reach 100 degrees rise is 30 seconds or 
more, there will be sufficient loss from the 
copper due to heat transfer that recogni¬ 
tion should be made. Referring to Figure 
1, it will be noted that at the 30-second 
position of the A, B, and C curves they 
have changed their current-time-rate in 
order that this heat transfer can be ap¬ 
proximately indicated in a simple dia¬ 
grammatic manner. At the 30-second 
position, where the two curves diverge, 
we know that if no heat had escaped from 
the copper, it would have a 100 degrees 
rise, but we know that some heat has es¬ 
caped during this 30 seconds, so the tem¬ 
perature will be below the 100 degrees rise 
(perhaps 85 or 90 degrees rise or less). 
Likewise, at the 10,000-second position, 
where the motor is carrying its rated load, 
the heat transfer has reached an equilib- 
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CURRENT RATING IN AMPERES 

Figure 3. Current densities in copper and in 
Nichrome V wires, in stator windings of 
squirrel-cage three-phase induction motors, 
and in the restricted section of General 
Electric low-voltage cartridge-type fuses when 

carrying their respective rated currents 

ri nm whereby the temperature rise on 
the copper is 50 degrees—the rated rise of 
the motor—therefore, along various posi¬ 
tions of the A, B, and C curves between 
30 and 10,000 seconds, the temperature 
rise gradually increases as the load in¬ 
creases, reaching something less than 
100 degrees rise at a stalled condition. 

Thus, by the use of log-log-paper a very 
simple graphical method can be used, 
wherein the well-known thermal capacity 
of copper and the assumed current density 
used in the motor design can be used as 
the basic factors in this graphical method. 
The resultant temperatures obtained in 
this simple manner will be sufficiently 
dose for all practical purposes, and the 
temperatures will be on the conservative 
side. Therefore, the three straight lines 
in Figure 1 between 30 and 10,000 sec¬ 
onds, which are labeled A, B, and C can 
be used to dosely represent the transient 
heating time-current characteristics of the 
stator of the three designs of motors which 
have the 3,000-, 4,000-, and 5,000-am¬ 
peres per square inch densities in the cop¬ 
per when carrying their rated currents. 

Required Temperature- 

Overload-Relay Characteristics 

Thus, if these three time-current char¬ 
acteristic curves are used as the basis for 
designing three temperature overload re¬ 
lays such that the relay-tripping times 
never exceed those shown on these curves 
and yet keep fairly dose to them, then 
these rdays should be capable of protect- 
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CURRENT RATING OF STARTER IN AMPERES 

Figure 4. Magnitude of short-circuit currents 
for a circuit in which 20 volt-amperes per 
phase is assumed for the total Impedance of 
the circuit when carrying rated current 

ing the three designs of motors against 
all magnitudes of overloads and yet per¬ 
mit them to do their full quota of work. 
However, the heater type of temperature 
overload relay, which develops its source 
of heat in one element—its heater—and 
transfers this heat to the bimetal or tem¬ 
perature sensitive element, tends to slow 
down on the high-current end such that 
the relay-tripping characteristic curve 
would normally cross the motor-heating 
curve at the high-current end. This 
type of relay must, therefore, be suffi¬ 
ciently fast at the stalled current value— 
approximately six times current—to give 
the required protection, and then at the 
lower current values of overload it will 
overprotect the motor. But since this is 
the characteristic of the relay most com¬ 
monly built for the smaller motors, it fol¬ 
lows that if this design is so made that it 
is correct for the stalled condition of the 
motor, it will be somewhat faster than 
necessary for all the lower degrees of 
overloads. This degree of overprotection 
is not generally sufficient to interfere with 
the motor’s doing its required work. 

The total thermal capacity of a motor 
is a function of its copper, its insulation, 
and its iron, but under a stalled condition 
the effective thermal capacity of this same 
motor is primarily a function of only its 
copper. Thus the effective thermal ca¬ 
pacity of a motor under all degrees of 
overloads is a variable, having about a 
four-to-one range. Therefore, if a relay 
is designed which has a duplicate heating 
characteristic to that of the motor, then 
it must also have an effective the rmal 
capacity which is a variable. This of 
course complicates the problem and re¬ 
sults in a larger and a more complicated 
relay. Such a design is available and has 
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TIME MEASURED IN HALF CYCLES OF 60 CYCLE POWER 

Figure 5. Time required for General Electric 
cartridge-type low-voltage fuse links (zinc) to 
melt 


been supplied since 1924, but it is not a 
large production unit because of its size 
and cost. Unless this desired characteris¬ 
tic can be designed into a relay which is 
both inexpensive and small, I doubt 
whether the trade will need this variable 
thermal-capacity characteristic suffi¬ 
ciently to demand it. Large motors will 
always require the best designs available, 
but the control for small motors will be 
determined largely by cost. Therefore, 
the small and inexpensive heater type of 
thermal overload relays will very likely 
be continued for some time. 

The above discussion regarding how we 
can protect the insulation of a motor by 
protecting it against excess tempera¬ 
tures should not lead us to conclude that, 
if we do a good job in this respect, no in¬ 
sulation troubles will occur. These 
troubles may develop as a result of tran¬ 
sient voltages, faulty work, mechanical 
injury, or from many other causes. 
Therefore means should be provided 
which will give adequate fault protection 
to the branch circuit, the control devices, 
the motor, and to the operating personnel. 

Short-Circuit Protection 

The devices which provide the degree of 
overload protection just discussed will 
not, in general, provide the necessary 
protection to the branch circuit and to the 
control against short circuits. In our 
discussion we have assumed that ten 
times rated current is the dividing line 
between overload and short-circuit con- 
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CURRENT PEAK THROUGH FUSE IN KILO AMPERES 

Figure 6. Current-limiting characteristics of 
one standard nonrenewable cartridge fuse per 
phase on a three-phase power supply 

Combinations 1, 2, 2 A, 3, and 3 A were 
tested on 440 volts, three-phase power. 
Combinations 4 and 5 were tested on 600 
volts, three-phase power 


Starter 

Combination 

Ohms 

Impedance 

1 .. 


2 . 
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ditions. Above ten times current the 
effective thermal capacity will be pro¬ 
portional to the copper in the stator wind¬ 
ing of the motor and in the branch cir¬ 
cuit and the control. Also we have as¬ 
sumed that 100 degrees centigrade rise 
will be the upper limit of temperature for 
the stator copper under overload condi¬ 
tions, but for short-circuit conditions 100 
degrees rise is somewhat low. We will, 
therefore, assume that the temperature 
rise may be 125 degrees—a very, very 
conservative value—and that the Figure 2 
curves will show the necessary speed of 
interruption required to keep the copper 
within these limits. The 125 degrees rise 
(165 or 175 degrees total) is not the limit 
to which it is permissible to carry copper 
with its insulation, but, when wire is se¬ 
lected for its continuous current-carrying 
ability, its resultant temperature under 
short-circuit condition will be in accord¬ 
ance with the above assumptions. 
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Since the^path of the current which 
reaches the motor must travel by way of 
the conductor cable and the devices on 
the control panel, it will be necessary to 
also consider the heating characteristic 
of these current-carrying parts during this 
short-circuit condition. The conductor 
cables and contactor parts, we will as¬ 
sume, are made of copper and the heater 
of the temperature overload relays, 
which are in most motor circuits, is made 
of Nichrome. Therefore, we can assume 
that the path of the short-circuit current 
will be through copper and through Ni¬ 
chrome of known cross sections. 

To protect the conductors adequately 
in the branch circuit, the control devices, 
and the motor winding, we must use a de¬ 
vice that is both fast in opening the cir¬ 
cuit and also has the necessary inter¬ 
rupting ability. The temperature over¬ 
load relay, which is generally used to 
protect a motor against overloads, is far 
too slow to assist in protecting against 
short circuits. Also the line contactor, 
connecting and disconnecting the motor 
to and from the line, does not generally 
have the necessary interrupting capacity, 
even if the temperature overload relay 
could assist it in opening sufficiently 
fast—as it cannot do—and so we must 
look for other means which can function 
sufficiently fast and have adequate in¬ 
terrupting ability. 

The most common form of short-circuit 
protective means used on low-voltage 
lines is cartridge-type nonrenewable fuses 
and air-break circuit breakers. If we 
consider first the fuse then a third mate¬ 
rial, namely zinc of the fuse link, will be 
added in the path of the short circuit. 
We must, therefore, consider the correct 
relationship between the cross sections of 
the zinc fuse link, the copper, and the 
Nichrome heater so that neither the cop¬ 
per nor the Nichrome will exceed certain 
prescribed temperature rises. To do this 
we will assume that when the fuse melts, 
the copper will have reached 70 degrees 
centigrade rise, the Nichrome 800 degrees 
rise, this fuse-melting period being one 
unit of time. Following the melting of 
the fuse, the current will be reduced to 
zero in an additional time which we will 
assume to be two units of time (this has 
been shown by tests to be a conservative 
assumption), and the rms current 
value, during this fuse-arcing period, we, 
will assume to be 58 per cent of the value 
existing at the instant of melting. Dur¬ 
ing the fuse-arcing period the copper is 
assumed to have an additional rise of 55 
degrees and the Nichrome a rise of 550 de¬ 
grees, making a total rise of 125 degrees 
for copper and 1,350 degrees for Nichrome. 
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Co-ordination of Fuse Size With 
Copper and Nichrome Wires 


In setting up the basis for our problem 
as shown in Figure 3, we have selected 
the largest cross sections on the fuses and 
the smallest cross sections on the copper 
wire sizes, which means that there is some 
margin in our basic figures. Let us as¬ 
sume that a copper, a zinc, and a Ni¬ 
chrome wire are connected in series and 
that a given value of current is put 
through them. Also let us assume that 
the cross sections of the copper and of the 
■/in r wires are the same, but the cross 
section of the Nichrome wire is larger by 
2.2 times. The average resistance of 
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Figure 7. Current-limiting characteristics of 
standard nonrenewable cartridge fuse on 
250-volt d-c power 


copper to 70 degrees centigrade rise; and 
the Nichrome to 800 degrees rise. At this 
time the current is a maximum, and a 
sufficient additional time must be al¬ 
lowed to reduce this current from this 
mavimnm value to zero. We will assume 
that this current reduces along a straight 
line so that the rms current is 58 per cent 
of the maximum. 

Tests haye shown that for very high 
currents, twice as much additional time 
should be allowed for interruption as was 
required to melt the zinc fuse. Then 
during this arcing period the rms value 
of current will be equal to 58 per cent of 
the value which melted it. 

Therefore, if we initially allow a suffi¬ 
cient current to flow through the copper 
to cause it to reach a 70 degrees centi¬ 
grade rise (from 20 degrees base) in a unit 
of time and then allow 58 per cent of this 
current to continue to flow for two units 
of time, the copper will have a 125 degrees 
total rise, because if a given current value 
flowing for one unit of time results in a 70 
degrees rise, then 58 per cent of this cur¬ 
rent for two units of time will give 70 X 
(0.58) 2 X2X1.17 —55 degrees centigrade 
rise. This rise of 55+70=® 125 degrees 
centigrade. (The 1.17 represents the 
average increase of the copper resistance 
due to the higher temperature.) 

And if this same 58 per cent value also 
went through the 220 per cent cross sec¬ 
tion of Nichrome, it would have an addi¬ 
tional rise over its 800 degrees centigrade 
value of (125—70)680/14 X (1 /2.2) 2 = 
550 degrees centigrade or a total of 800+ 
550=1,350 degrees centigrade. (The 
680/14 also represents the increased re¬ 
sistance due to the higher temperature.) 

Therefore, from this line of reasoning, 
which has been checked by test, we can 
' expect satisfactory results if we have a 
given cross section of the zinc fuse link 
the reduced part of the fuse link—and 


zinc per circular mil foot between 20 and 
419 degrees centigrade (melting) is 69 
ohms, while the average resistance of 
copper per circular mil foot between 20 
and 70 degrees is 12 ohms. This makes 
the average resistance of zinc 5.75 times 
larger than copper. Therefore, when the 
copper reaches 70 degrees rise the zinc 
should be 70X5.75=400 degrees centi¬ 
grade rise assuming no loss of heat. 
Since the, Nichrome wire, which is 2.2 
times larger in cross section, is carrying 
the same current, and since its average 
resistance is 670 ohms per circular mil foot,' 
the Nichrome wire should have a rise of 
70 X 670/12 X (1/2.2) 2 =800 degrees centi¬ 
grade. 

Now, the above time is just sufficient 
to melt the fuse material; to raise the 


then see that no part of the copper cross 
section is smaller than this fuse cross sec¬ 
tion, and also see that the Nichrome 
cross section is not smaller than 2.2 
times the fuse cross section* 

* To obtain the above cross-sectional re¬ 
lationships, let us call the current rating 
of the motor as 100 per cent; then the 
current rating of the overload relay will be 
115 per cent; the current rating of the 
branch circuit wiring as given in the 
1940 National Electrical Code, Table II, 
cha pter 10 will be 125 per cent; and the 
current rating of the fuse will be 400 per 
cent. Figure 3 shows graphically the 
current densities in these three materials. 
For example a 25-ampere control should 
have copper cross sections of 250X25= 
6,250 circular mils and Nichrome cross 
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sections of 550X25=13,750 circular mils 
as minimum cross sections while the maxi¬ 
mum size fuse that should be used is 25 X 
3.2 = 80 amperes, which should have the 
same cross section as the copper—6,250 
circular mils. If the motor has a service 
factor of 1.15, then the motor rating 
would be 25 divided by 1.15 = 21.7 am¬ 
peres. 

Estimated Magnitude of 
Short-Circuit Current 

It is frequently desirable to estimate 
the magnitude of short-circuit current 
that will pass through a given size starter, 
and then determine how long this current 
can be permitted to flow without exceed¬ 
ing the temperatures prescribed above. 
Figure 4 was developed on the basis of 20 
volt-amperes per phase for the total im¬ 
pedance of the circuit when carrying 
rated current (this is an approximate 
minimum impedance generally found). 
This will hold fairly well for the smaller 
sizes of control (25 horsepower and less) 
where the impedance of the supply cir¬ 
cuit is a small part, but for larger sizes of 
starters this method will show too large a 
value of current. But if an expected 
value of current is determined by this or 
other means, then Figure 2 will show, how 
long this value of current can be per¬ 
mitted to flow and still keep the tempera¬ 
tures within the bounds set above, 
namely 125 degrees centigrade rise on the 
copper and 1,350 degrees rise on the Ni- 
chrome. For example, Figure 4 shows 
that for a 25-ampere starter at 600 volts 
the expected short-circuit current would * 
be 10,000 amperes, while Figure 2 shows 
that a 25-ampere starter can withstand 
only 4,700 amperes for one one-half cycle 
or 3,300 amperes for one cycle of time 
duration. Therefore, since the heating 
varies as. the square of the current this 
size of starter could carry 10,000 amperes 
for only (0.47) 2 (half cycle) or 0.00184 sec¬ 
ond. This is obviously faster speed than 
that of a circuit-breaker operation—which 
is in the order of 0,008 to 0.015 second— 
but as shown in Figure 3, a correctly se¬ 
lected fuse can do the job for any current 
because its tune of operation will vary 
with die magnitude for the current. 

Interrupting Speed of Fuses 

Another pair of questions that are fre¬ 
quently asked is how fast will a fuse in¬ 
terrupt the circuit, and how much avail¬ 
able energy can it interrupt? The first 


question must be divided into two parts 
in order that we might segregate the im¬ 
portant factors, namely the length of 
time required to melt the link, and then 
the time required to interrupt the circuit. 
The time required to melt the link of 
General Electric nonrenewable fuses is 
shown in Figure 5, which gives the time 
in half cycles (60 cycles assumed). For 
a fuse to be current-limiting, it must melt 
in the early stages of a half cycle—such as 
one fourth of the half cycle—Figure 5 
shows that a 100-ampere fuse of this type 
will melt in this time when approxi¬ 
mately 10,000 amperes are put through, 
and Figure 6, which is a test record, shows 
that the available current may be around 
10,000 amperes value. This means that 
the fuse stops the current from materially 
exceeding the value reached at melting. 
And of course, this effect becomes more 
pronounced on the smaller size fuses. 

It is, therefore, obvious from Figures 5 
and 6 that the degree of current-limiting 
becomes less and less as the size of fuses 
increases, and that for ordinary powered 
circuits the fuses larger than 200 am¬ 
peres size do not give much current- 
limiting effects. It is also obvious that 
the 200-ampere fuse and smaller interrupt 
in one half cycle or less when subjected to 
currents of 10,000 to 20,000 amperes. 
This means that fuses do an exceptionally 
fast interrupting job in protecting motors 
and controllers of 100 horsepower (size 
4 starters) and less. 

Interrupting Ability of Fuses 

The second half of the question dealing 
with the amount of available energy 
which these fuses can interrupt was de¬ 
termined by providing a 250-volt d-c 
source which was capable of delivering 
96,000 amperes, and also a three-phase 
source which was capable of delivering 
an rms symmetrical current of 84,000 
amperes at 440 volts and 114,000 am- 
‘ peres at 600 volts. In the d-c circuit was 
placed two standard nonrenewable Gen¬ 
eral Electric 250-volt fuses in series to 
simulate the usual two fuses that are in a 
circuit. Two 600-volt fuses were also 
tested in this circuit, wherein the avail¬ 
able currents were varied from 10,000 
to 96,000 amperes in several steps, and the 
results were perfect. The build-up of the 
current in this circuit was much slower 
than in an a-c circuit so that the current- 
limiting effects were much more pro¬ 
nounced as shown in Figure 7. 

In the three-phase 440-volt a-c circuit 
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one 250-volt fuse of the above type was 
connected in each supply line, and the 
available currents ranged from 18,000 to 
84,000 symmetrical rms amperes. The 
resulting currents are shown in Figure 6, 
and the performance was perfect. When 
the supply power was 600 volts, then one 
600-volt fuse was connected in each sup¬ 
ply line, and the available current ranged 
from 24,000 to 114,000 amperes. The re¬ 
sults, which were perfect in operation, are 
also shown in Figure 6. It can therefore 
be said that with this arrangement of 
connections, these fuses are capable of 
interrupting a circuit, either a-c or d-c, 
which has an available short-circuit cur¬ 
rent of 100,000 amperes. 

Conclusions 

The following recommendations arc 
made: 

1. Correctly designed overload relays 
should be used to protect all sizes of motors 
against overloads. To do this, relays having 
three degrees of tripping speeds should be 
available—fast, medium, and slow tripping. 

2. Every motor should be listed in one of 
three groups to show whether it is a fast-, 
medium-, or slow-heating unit. The cor¬ 
rect overload relay could then be selected 
for each motor. 

3. Full short-circuit protection for' NEMA 
size 3 and smaller starters can be obtained 
by the use of correct-size nonrenewable 
cartridge-type fuses of a good design. In¬ 
terrupting devices which are slower than 
these fuses may not give full protection. 

4. NEMA size 4 and larger starters will be 
protected by fast-tripping air circuit break¬ 
ers which have an instantaneous type of 
tripping device. 

5. The copper cross section of the branch 
circuit, the control, and the motor should 
be equal to or larger than the reduced cross 
section of the zinc fuse link, and the cross 
section of the Nichrome of the overload 
relays should be 2.2 times larger than the 
zinc fuse link. 

6 . ' Since safety first laws are becoming more 
stringent, since available short-circuit energy 
is rapidly increasing, and since starters are 
frequently mounted near workmen, it is 
quite essential that adequate short-circuit 
protection be provided for all branch-line 
circuits. Since it has been demonstrated 
that this protection can be provided for 
standard existing starters by means of 
standard fuses, even on large power systems, 
it was considered of sufficient importance to 
bring it to your attention at this time so that 
this needed protection can be obtained and 
especially during this critical war period. 
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multiple of three to allow a total connec¬ 
tion such as 3-6-2 for a 36-plate single¬ 
stack unit. Similarly, this latter stack, if 
connected as 6-6-1, becomes either a 
bridge or center-tap three-phase rectifier. 


Synopsis: Selenium rectifiers are dry-p 
rectifiers of the electronic type. The his ory 
of dry rectifiers began some 30 years ago 
with the advent of the copper-sulphide recti¬ 
fier. In the early 20’s, the copper-oxide type 
came into common use, and during the pas 
three years, selenium rectifiers have foun 
wide application in American industry. 
Fundamentally, this third and latest type 
of rectifier is a continental development and 
has been manufactured in Europe within 
the International Telephone and Telegraph 
group of companies during most of the 
1930’s. Sufficient experience was gained in 
the technique of manufacture, as well as 
in methods of design and in selection of ap¬ 
plications, to warrant engineering state¬ 
ments as to their general usefulness and im¬ 
portance to industry. 

The purpose of this paper is to outline 
general principles of design of stacks, one or 
more of which make a rectifying unit. 
Starting with the availability of selenium 
plates or discs of various types, the engineer 
is confronted with the problem of 

1. Selecting the proper size of plate to provide the 
required d-c output. 

2. Computing the required a-c voltage to be im¬ 
pressed on the rectifier stacks to give the necessary 
d-c output. 

3. Analyzing various factors such as type of load, 
nature of service, and cost of selected rectifier. 

The paper includes dynamic and other 
characteristics of the principal sizes of 
selenium rectifier plates as applied to the 
design of single-phase, three-phase, full- 
wave, and half-wave rectifier units, and all 
variety of loading. Typical circuits are 
analyzed and novel representative computa¬ 
tions of rectifier units are included. 


Selenium Plates 


T HE rectification of alternating cur¬ 
rents by means of the selenium recti¬ 
fier takes place wholly within the con¬ 
stituent plate or plates, seven sizes of 
which are shown in Figure 1. The recti¬ 
fying medium of this electronic device 
consists of selenium; the principle of 
operation is similar to that of other dry 
plate rectifiers, that is, low resistance in 
the forward direction, and high resistance 
in the reverse direction. A metal plate 
serves as back electrode; over it a layer 
of selenium is deposited, thin enough to 
give minimum internal losses, but suffi¬ 
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ciently thick to withstand high inverse 
voltage. A soft metal of low-melting tem¬ 
perature is then applied over the selenium 
layer to form a front electrode. Finally, 
by means of controlled processes, a bar¬ 
rier layer is formed between the selenium 
and the front electrode. 

Selenium Rectifier Stacks 

Rectifier stacks are produced by as¬ 
sembling selenium rectifier plates (40 
plates are usually maximum) on a center 
stud with contact discs or washers inter¬ 
spersed between plates. Series and par¬ 
allel arrangement can readily be provided 
as required, by inserting insulators be¬ 
tween plates and introducing terminal 
lugs into the stack. 

A stack consisting of 40 plates may be 
connected in several different ways: for 
example, as a bridge-circuit unit having 
ten plates in a series and one plate in 
parallel (4-10-1), or one plate in series and 
ten in parallel (4-1-10). The same stack 
may also be connected as a half-wave 
rectifier having all 40 plates in series to 
take care of voltage and one plate in par¬ 
allel to take care of current (1-40-1). 
Further, the 40-plate stack may also be 
assembled as a doubler (2-10-2), two of 
which make a bridge-circuit rectifier with 
ten series and two parallel plates in each 
arm of the bridge. 

For the three-phase half-wave circuit 
the total number of plates must be a 

Figure 1 (Below left). Cross section of a 
selenium rectifier plate showing the sequence 
of various layers 

(Right) Seven basic sizes of selenium rectifier 
plates 


Rating of Plates 

Current ratings of selenium plates are a 
function of their effective rectifying areas 
and heat-dissipating capacities. Table I 
lists seven basic plates, ranging from */ 4 
to 4 s /s inches in diameter; it also shows 
ratings of the basic plates in various recti¬ 
fier circuits. The ampere capacities 
shown in this table are based on an am¬ 
bient temperature of 35 degrees centi¬ 
grade and were determined experimen¬ 
tally. The requirements of a selenium 
rectifier in respect to current are always 
met by selecting the proper size of plates 
and their number in parallel, if the total 
rating of the rectifier exceeds the rating of 
an individual plate. 

The ratings of the plates shown in 
Table I can be increased by providing ad¬ 
ditional cooling. Doubling the spacing 
between plates assembled in a single stack 
increases the heat-dissipating ability of 
the stack; the rating of plates is some 25 
to 50 per cent higher than those shown in 
Table I. Table II lists six selenium plates 
having the same effective rectifying areas 
as those listed in Table I, but their cur¬ 
rent ratings are higher because of wider 
spacing. 

By providing cooling fins, the forward 
current-carrying capacity of the plates 
# can be raised still further. Table III 
contains eight additional plates with.fins, 
the current ratings of which are from 2 to 
2 l U times greater than the plates of the 
same rectifying areas listed in Table I. 
With extended ratings of the plates, 
whether by means of wide spacings or 
cooling fins, the internal losses of selenium 
rectifiers are greater; consequently, their 
efficiency is slightly reduced, and the volt¬ 
age regulation is adversely affected. 
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Tables I, II, and III also give the maxi¬ 
mum permissible reverse rms voltages per 
plate. The voltages thus indicated have 
ample safety margin. If, however, the re¬ 
verse voltage be increased beyond safe 
limits, the rectifying layer between the 
selenium and the front electrode alloy 
breaks down. The maximum specified 
voltage must not, therefore, be exceeded. 
Tables I, II, and III include ratings of 
selenium plates in d-c circuits. 

Rectifier stacks with narrow or wide 
spacing, as well as those with fins, are 
ordinarily cooled by convection. Large- 
size selenium rectifiers, however, often 
utilize forced draft ventilation in order to 

Table I. Current and Voltage Ratings of Seven 


save space and to economize in rectifying 
elements. The normal plate rating can 
thereby be increased twofold and some¬ 
times threefold. If, however, extended 
loading of plates with the aid of forced 
ventilation is not desired, substantially 
.greater current output, as compared with 
free air conditions, can be obtained by 
mounting the stacks in a chimneylike 
enclosure (Figure 2). As wifi be noted 
from the figure, the least favorable condi¬ 
tion is that of mounting the stacks in a 
cabinet provided with perforated covers. 

The current rating of selenium rectifiers 
is limited only by the final plate tempera¬ 
ture resulting from heating. The stacks 

Basic Selenium Plates When Used 
Inductive Loads 


can be heavily overloaded, provided the 
maximum safe operating temperature of 
75 degrees centigrade is not exceeded. 
When this temperature is reached, either 
the load must be reduced to normal, or 
provision must be made for cutting the 
rectifying elements out of service as in the 
two half-wave rectifiers illustrated in Fig¬ 
ure 3, widely used in business machines. 
Each elementin these machines is equipped 
with a pair of bimetal strips connected 
by means of an adjustable screw. If, by 
chance, the key punch or the duplicator 
happens to be jammed and causes the 
temperature of the stacks to reach a range 
of 70 or 80 degrees centigrade, the b imetal 


in Narrow Spacing Assemblies and With Resistive and 


For Battery-Charging and Capacitive Loads, These Ratings Are Reduced by 20 Per Cent. 

Ambient Temperature 


Conditions: Continuous Duty; 35 Degrees Centigrade 


Plate 

Type 

No. 

Diameter 
of Plates 
(Inches) 

Maximum 
Number of 
Plates Per 
Stack 

Maximum 
RMS Reverse 

Single-Phase Rectifiers 

Three-Phase Rectifiers 

35 C Ambient Rating 

Voltage 

Per Plate 
(Volts) 

Half-Wave 

Bridge 

Center-Tap 

Half-Wave 

Bridge 

Center-Tap 

of Plates Used as 
D-C Valves 



D-C Amperes 



Amperes 

Volts 

1. 

2. 

3 . 

4 . 

.... »/«... 
....1 ... 
....l*/«... 

.... 1®/4. . . 

.30 • ... 

.36. 

.36. 

......40. 

..18. 

.18.■. 

.18. 

....0,04 .... 

_0.075.... 

_0.15 .... 

....0.30 .... 

...0.075. 
...0.15 . 
...0.30 . 

.. .0.60 . 

.0.075... 

.0.15 ... 

--0.30 ... 

.0.60 ... 

.2.4 ... 

.4.0 ... 

.:....0.10. 

.0.20. 

.....0,40. 

..0.11 . 
..0.225. 
..0,45 . 
..0.90 . 
..1.8 . 
..3,6 . 

..6.0 . 

.0.13. 

.0.27. 

.0.55. 

....0.06.. 

....0.12.. 

....0.23.. 

.... 15 
.... 15 
.15 

5 . 

6 . 

7...... 

• ...26/8... 
....3-Vs... 

. .. .4Vn... 

.40. 

.40. 

.40. 

.18. 

.16. 

.14. 

_0.60 .... 

....1.2 .... 

....2.0 .... 

...1.2 . 
...2.4 . 

...4.0 . 

."•oU. 

.1.6 . 

.3.2. 

.5.3 ..... 

••••••2.2 «..•• 

.4.5. 

.7.5. 

... .0.45.. 
....0.90.. 
....1.8 .. 
....3.1 .. 

.... 15 
.... 15 
.... 12 
....12 


T.bl. II. Current end Voltes Rating of Si, Selenium Pl.te, (Similer to Teble I, Except Number 1 Plete Omitted) When Used I, Wide Specie. 

Assemblies and for Resistive and Inductive Loads 

For Battery-Charging and Capacitive Loads, These Ratings Are Reduced by 20 Per Cent. Conditions: Continuous Duty; 35 Degrees Centigrade 

Ambient Temperature 


Plate Diameter 
Type of Plates 
No. (Inches) 


Maximum Selenium 
Number. Plate 
of No. Used 
Plates (See 
Per Stack Table I) 


Maximum 
RMS 
Reverse 
Voltage 
Per Plate 
(Volts) 


_ Single-Phase R ectifiers Three-Phase Rectifiers 

Half-Wave Bridge Center-Tap Half-Wave Bridge Center-Tap 

D-C Amperes 


35 C Ambient Rating 
of Plates Used as D-C 
Valves 


Amperes u .yplts 


20. 

.1 . 

21,.. 

. l»/8. 

10.. 

.1»A. 

11. 

,2V*. 

14. 

.3*/». 

18....... 

.4V«. 


.28.....,. .2.18.. 

.28.3.18.. 

28.4.18.. 

• 28...5....18.. 

.28.6.16.. 

•28.7.14.. 


. 0.11 . 0 . 22 . 

.0.23. .0.45. 

.0.39.0.78. 

.0.78...1.6 . 

.1.6 .3.1 . 

. 2.6 . 6.2 . 


. 0 . 22 . 
.0.46. 
.0.78. 
. 1.6 . 
.3.1 . 
. 6.2 . 


.0.29. 

.0.33. 

.0.4 

.0.17. 

.15 

.0.6 . 

.0.67. 

,0.82. 

.0.34. 

.15 

.1.0. 

.1.1 

.1.4 . 

.;0.58. 

.16 

.2.1 . 

.2.3 i 

.2.8 . 

.1.2 . 

.15 

.4.1 . 

.4.6 . 

.5.8 . 

.2.4. 

.12 

.0.9 . 

..7.8 ....... 

.9.7 . 

.4.0. 

.12 


Table III. Current and Voltage Ratings of Eight Selenium Plates (Numbers 4, 5, 6, and 7) Equipped With Cooling Fins of Different Sites, and 

Used for Resistive and Inductive Loads 

For Battery-Charging and Capacitive Loads, These Ratings Are Reduced by 20 Per Cent. Conditions: Continuous Duty, 35 Degrees Centigrade 

Ambient Temperature 


Maximum 
Selenium RMS 
Maximum Plate Reverse 
Plate Size of Number No. Used Voltage 
Type Cooling Fins of Plates (See Per Plate 
No. (Inches) Per Stack Table I) (Volts) 


Single-Phase Rectifiers * ' ■ Three-Phase Rectifiers 

Half-Wave Bridge Center-Tap Half-Wave Bridge Center-Tap 

D-C Amperes 


35 C Ambient Rating 
of Plates Used as D-C 
Valves 


Amperes Volts 


9,. 

. .2*/# Diameter.. 

..28 

12.. 

. ,3*/« Diameter,. 

..28 

13.. 

. .4Vs Diameter.. 

..28 

15.. 

. .4V» Diameter.. 

. . 28 

16.. 

• .4*/* Diameter.. 

..24 

17.. 

..6x8 

..28 

19.. 

.6x6 

.28 

8.. 

-.8x8 

..28 


.4...... 

.18.... 


.1.1 

.5...... 

..18.... 

tuntiijii 


.5__ 

,18.... 

...i.i .. 

..... 2.2 

.6. 

.16.... 

...1.8 .. 

--3.6 

.6_ 

.16.... 

...1.9 .. 

. . ... 3.8 

.6...... 

.16.,.. 

...2.7 ., 

.5.4 

.7.... ...; 

.14,,.. 

...3.7 .. 

..... 7.4 

.7...... 

.14..., 

...5.0 ..; 



1 . 1 ... 

1 . 8 .,. 

2 . 2 ... 

3.5.. . 

3.8.. .. 

5.4.. .. 

7.4.. . 
10 . 0 ... 


.. 1.6... 

. 1.7. 

.2.1. 

.0.87. 

.15 

.. 2.4... 

.2.7. 

.3.3. 

.1.4 . 

.15 

.. 2.9... 

.3.3. 

.4.0. 

.1.7 ...... 

.15 


.5.2. 

. 6.5. 

.2.7. 

.12 


,_5.6. 

__7.0. 

.2.9 . 

.12 

.. 7.2... 

.8.1.. 

.10.0. 

.4.1 . 

.12 

.'. 9.8... 

.....11.1.. 

.13.3. 

.5.7 ...... 

.12 


.15.0.. 

.18.0. 

.7.5 . 

.12 
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strips separate, thus breaking the circtu . 
The plates then cool off and the bune a 
strips again close (Figure 4). 

Intermittent Service 

Considerable gain in the current capac¬ 
ity of selenium rectifiers can be obtaine 
when they are used in intermittent service, 
in which case, the duty cycles must be 
definitely established. The variety of 
these intermittent applications is great, 
and their complete discussion here would 
be too lengthy. One formula, however, is 
frequently used for periodic loadings: 



where I m is the continuous current rating, 
/ max the maximum current drawn periodi¬ 
cally, A the operating period, and P the 
inoperative interval; both A and P 
should be in the same units. Experience 
has shown that this formula can be used 
only if A is less than the selenium plate 
time constant T, which may be defined by: 

A 

/,»/*(!-« T ) (2) 

and which varies from five to eight min¬ 
utes, depending on the plate size (4 and 
4 are instantaneous and final plate tem¬ 
peratures, respectively). When operating 
periods are separated by inoperative in¬ 
tervals of such length that the rectifier 
again cools practically to normal ambient 
temperature, much greater plate overloads 
are practicable. 

Design of Stacks by Direct Values 

After choosing the size of plate with 
proper current-carrying capacity, the 
internal voltage drop of the plate is con¬ 
sidered. Figure 5 illustrates the average 
experimentally determined internal volt¬ 
age drop for seven plates in either bridge 
or center-tap single-phase circuits. The 



Figure 3. Two half-wave selenium rectifiers 
for operation of magnets in business machines 


Both stacks are equipped with bimetal strips 
to open the circuit when the plate temperature 
exceeds a specified value 

voltage drop per plate, designated as dv, 
is one half of the difference between the 
rms values of voltages read on the input 
and output side of the rectifier. These 
quantities are plotted as ordinates against 
the arithmetical values of output current 
in amperes plotted as abscissa. 

The output voltage of a selenium recti¬ 
fier is determined by the input voltage 
V M less the total voltage drop within the 
rectifier. The computation of the neces¬ 
sary a-c voltage to be impressed on the 
selenium rectifier involves consideration 
of the voltage drop per plate and the 
number of plates through which the cur¬ 
rent flows. 

Using the data given in Tables I, II, 


Table IV. Selenium-Rectifier Design Con¬ 
stants: fci = Form Factor; n = Number of 

Plates in Series; lc 2 = Circuit Factor; V p = 
Maximum Voltage Per Plate; V ac =*Phase 
Voltage, Except Three-Phase Bridge Where 
It Is Line Voltage 


Number 

Circuit 




of Phases 

Type 

ki 

n 

ks 

1 .... 

Half-wave . 

..2.3 .. 

Vac 

"V„- 

....1 

1 .... 

Bridge 

..1.15 ,. 

Vac 

“ v p 

....2 

1.... 

Center-tap. 

..1.15 .. 

'2Vac 

" Vp 

....1 

3.... 

Half-wave . 

..0.855.. 

V3V oe 

Vp 

.. . .1 

3.... 

Bridge 

..0.74 .. 

Vac 

"Vp ' 

.. . .2 

3.... 

Center-tap . 

..0.74 .. 

2 Vac 

" v P 

....1 


and III, and the internal voltage drop per 
plate illustrated in Figure 5, any single¬ 
phase selenium rectifier can be designed 
and the necessary a-c voltage computed 
by the following formula: 

Vac^hVac+kon dv (3) 

where V ac is the input voltage, ki the 
form factor to convert the arithmetical 
value to the rms voltage value (Table IV), 
Vac the required d-c output voltage, k* 
the number of arms through which the 
’ current must pass in the circuit for each 
half-cycle, n the number of plates in 
series per arm, and dv the voltage drop 
per plate for the circuit employed. The 
constants ki and ki vary depending upon 
whether a bridge or center-tap connection, 
a single or three-phase circuit is employed. 

As an example, let us design a bridge- 
type unit required'to deliver four amperes 
at 16 volts continuously under the maxi¬ 
mum ambient temperature of 35 degrees 
centigrade in a single-phase circuit. 
Selenium plate 7, 4 3 /s inches in diameter 
\ 

Figure 4. Time-temperature characteristics 
illustrating the performance of selenium recti¬ 
fiers equipped with bimetal strips (Figure 3) 













Figure 5. Rectification characteristics of seven 
basic plates ( 3 / 4 , 1,1 3 /s, 1 3 J 4 , 2 5 /s, 3 Va, «nd 
4 3 /g inches in diameter) used in the design 
of single-phase bridge and center-tap rectifiers 
for inductive and resistive loads 


(listed in Table I and rated at four am¬ 
peres) will serve the purpose. Using 
equation 3 and corresponding constants 
from Table IV: 

7 ac = 1.15X16+2n dv 


The number of plates in series, that is, 
quantity n, necessary at this stage, can be 
computed by the following formula: 


*i Vac 
V p —2 dv 


V p for plate 7 is 14, and dv, as read off 
characteristic 7 in Figure 5, is 1.29; hence 


1.15X16 
U ~ 14-2X1.29 


= 1.6 or 2 of number 7 plates 
in series 


Figure 7. Characteristic illustrating the rela¬ 
tion of F v and N for single-phase half-wave, 
center-tap, and bridge rectifier circuits for 
battery-charging application or capacitive 
loads 


Vac,' therefore, at the start of service, is 
equal to 23.6 volts. With the aging of the 
selenium rectifier, the forward resistance 
increases, and the inverse resistance also 
slightly increase^. Based on lengthy ex¬ 
perience in the design and application of 
these rectifiers, it can be stated that the 
only variable quantity of equation 3 is dv, 
which may increase as much as 50 per cent 
under most adverse conditions. An ad¬ 
ditional tap, therefore, should be pro¬ 
vided in the transformer winding to give 
the V M required for the aged condition: 

7 M = 1.15X16 +2 X2X1.29X1.5 = 26 volts 

Designs by Relative Values 

The foregoing example and reference to 
Figure 5 characteristic apply only to the 
single-phase bridge and center-tap de¬ 
signs with either inductive or resistive 
loads. With capacitive and battery¬ 
charging loads, even in the above-men¬ 
tioned circuits, intermittent loading on the 
selenium plates occurs with periodic values 
of the forward current greater than the 
periodic values for the same d-c output 
feeding resistive or inductive load; volt¬ 


M_ IU?AD AMPERE PER PLATT 
I RATING AMPERC PER PLATE 

Figure 6. Characteristic illustrating the rela¬ 
tion of F v and N for single-phase half-wave, 
center-tap, and bridge rectifier circuits with 
resistive or inductive load/ also for three- 
phase half-wave rectifier circuit with all types 
of load 

age drops per plate are, therefore, greater 
in the former case. Applications occur, 
however, where the voltage drop per 
plate is smaller than the values shown in 
Figure 5. An example is the three-phase 
circuit where the rectified current is prac¬ 
tically at the peak value of the applied 
alternating current. The output current 
density per plate in these circuits is con¬ 
siderably higher than in the case of a 
single-phase bridge circuit; furthermore, 
the type of load, whether it be resistive, 
inductive, capacitive, or battery charging, 
has practically no effect on the voltage 
drop per plate. 

Inasmuch as a wide variety of circuits 
and types of loading is encountered, a 

Figure 8. Characteristic illustrating the rela¬ 
tion of F v and N for three-phase center-tap 
and bridge rectifier circuits for all types of 
loads 
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Figure 9. Charac¬ 
teristic illustrating 
the relation of F v 
and N for d-c and 
blocking circuits 


method for rating the 21 rectifier types 
according to relative values of output cur¬ 
rent and voltage drop per plate has been 
developed. Figures 6, 7, 8, and 9 illus¬ 
trate the relationships N and Tv for vari¬ 
ous types of circuits and loads. 

The use of these characteristics involves 
first, determination of the value N, which 
is obtained by dividing the actual ampere 
load per plate by the ampere rating of the 
basic plate employed. With this value 
determined, the value of F„ is read from 
one of the characteristics and then multi¬ 
plied by the plate size factor F s to obtain 
the actual voltage drop per plate, dv for 
the plate selected. 

Figure 6 illustrates the relationship of 
F v to the value N for half-wave, center- 
tap, and bridge single-phase circuits when 
loaded with either resistive or inductive 
load; also for half-wave three-phase cir¬ 
cuits for all types of loads. Figure 7 gives 
a similar relationship for F v to the value 
JV for half-wave, center-tap, and bridge 
circuits, all single-phase for capacitive or 
battery-charging applications. Figure 8 
shows the relationship of F t to N for 
three-phase bridge and center-tap cir¬ 
cuits for all types of loads. Finally, 
Figure 9 shows the relationship of F v to N 
for d-c and blocking circuit applications. 

To illustrate this method of design, let 
us compute a three-phase selenium recti¬ 
fier capable of delivering 325 amperes at 
13 volts for the filament supply of a tele¬ 
vision transmitter tube. " An additional 
requirement is that the rectifier deliver 
not more than 488 amperes at approxi¬ 
mately two volts into tube when cold. 

Several plates in Tables I, II, and III 
should be tried; however, plate 13, rated 
at 3.3 amperes, will be most economical; 
the total current of 325 amperes can be 
safely handled by 100 plates connected: 
parallel. 

325 

/<fc== 100 = 3-25 amperes per Plate 


. in 


This plate loading with 1.8 ampere rating 
for basic plate 5 used in type 13 will give 

3.25 


N 


1.8 


= 1.8 


From Figure 8, F v = 1.07 and dv= 1.07 X 
1 = 1.07. 

In aging, the dv value may increase 50 
per cent, and thus becomes 1.6. Sub¬ 
stituting the known quantity in formula 4: 

0.74X13 , . 

n — ~ — --=0.65; or 1 plate m senes 

18-2X1.6 

The foregoing proves that the entire 
rectifier should consist of a total connec¬ 
tion of (6-1-100), where the first number 
(6) designates the number of arms of the 
three-phase circuit, the second number-(1) 
indicates the number of plates in series, 
and the third number (100) gives the num¬ 
ber of plates in parallel. The total of 600 
plates of type 13 may be conveniently 
assembled into 24 stacks, each having 25 
plates in parallel. 

Using formula 3 and the design con¬ 
stants of Table IV: 

Vac = 0.74 X13 +2 XIX 1.07 = 11.8 volts 

when rectifying elements are new; 

Vac = 0.74 X13 +2 X1X1.6 = 12.8 volts 

when they are fully aged. 

In order to meet the requirements of 
approximately two volt^with the current 
output of 488 amperes: 


_ 488 

loo' 


=4.88 amperes per plate 


i7= 


4.88 


'2.7 


1.8 

From the characteristic of Figure 8 
F v =1.37 


Forthenewstacks, therefore, dv= 1.37 X 
1 = 1.37, and for fully aged stacks 

dv = 1.37X1.5=2.06 

Using formula 3 and these two values of 
dv, the new and aged V ae will be found to 
be 4.2 and 5.6 volts, respectively. The 50 
per cent limit for the current requirement 
is actually met by the external limiting 
reactances in each phase of the three- 
phase circuit. The complete assembly of 
this rectifier is shown in Figure 10. 

The ordinary single-phase bridge-type 
rectifier for resistive loading can also be 
designed through the useofrelative values. 
Figure 11 illustrates a two-ampere, 120- 
volt telautograph unit. 

With two number 9 plates in parallel, or 
one ampere per plate: 

N= — = 1.67 

0.6 

From the characteristic of Figure 6 

F„ = 1.2 dv=1.2Xl.0=1.2 

Hence 


n — 


1.15X120 


18-2X1.2X1.5 


=9.6, or 10 plates in. 


senes 


The total connection of the rectifier is 
. then 4-10-2. Practical considerations sug¬ 
gest four stacks, two of which make one 
bridge with ten plates in each arm of the 
bridge. Again, from formula 3, corre¬ 
sponding constants of Table IV and the 
above dv value, V ac is found to be 162 
volts when new and 174 volts when aged. 

Ratings (Tables I, II, and III) of sele¬ 
nium rectifier plates, functioning as block¬ 
ing valves in d-c circuits, are higher in 
current and lower in voltage value than 
they are in half-wave alternating circuits. 
The higher current rating is acceptable, 
inasmuch as the forward resistance ordi¬ 
narily decreases when only forward current 
passes through the selenium rectifier 
plates. The reverse current of the block¬ 
ing unit, on the other hand, is higher, and 
the safe voltage limit is, therefore, more 
conservatively established than for a-c 
circuits. As an example, a 30-volt, 4.5- 
ampere blocking unit consists of a total 
connection of 1-2-5 number 5 plates. 
The value N for this unit is equal to one, 
and dv is 0.84 (Figure 9). 

Experience has shown that for constant- 
current battery-charging and capacitive 
loading, the current rating should be only 


c R ? la ! i0n «! FaC ‘° r ks by Which Normal Rating of Number 7 (That Is, 4 3 /8-lnch- 
Diameter) Selenium Plates Can Be Increased, and the Speed and Amount of Air Necessary 


Multiplying factor for normal plate ratings, ki _1. 

Air speed in feet per minute. q! 

Cubic feet per minute per plate. IIIIIIoI' 
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80 per cent of the values tabulated in 
Tables I, II, and III. In the design of the 
rectifier for charging a 60-cell battery at 
the rate of 0.4 ampere, with 2.4 volts per 
cell, plate 4 may be selected. The value 
of N is 0.67. The new dv, as read off the 
characteristic of Figure 7, is 1.25 and, after 
aging, it becomes 1.87. The number of 
plates in series is determined either by 


or n — 


V b /V2 

V p —2 dv 


depending on which is greater. 


Figure 11. Selenium rectifier with output of 
two amperes at 120 volts for powering tel- 
autograph equipment 


Figure 12 (right). 
Three-phase se¬ 
lenium rectifier unit 
employing forced- 
draft ventilation for 
output of 600 am¬ 
peres at six volts 

Over-all efficiency: 
74 per cent; power 
factor: 94 per cent ) 




60X2.4 

’ V2 ‘ 


-2 X8X1.25=122 volts 


An additional tap to give 132 volts for 
the fully aged condition of the stacks 
should be provided. 

Design of Forced-Draft- 
Ventilation Unit 

The extended current rating of selenium 
rectifier plates with forced draft or fan 
cooling and the speed of air constituting 
the forced ventilation require further con¬ 
sideration. A rather conservative rela¬ 
tionship of current rating to air velocity 
has been established and successfully used 
for the 4 3 / 8 -inch.-diameter number 7 
plate (Table V). 

As an example, let us design a three- 
phase full-wave rectifier supplying a d-c 
output of 600 amperes at six volts. Be¬ 
cause of the low required output voltage, 
as compared to the full rms voltage per¬ 
missible for the number 7 plate, the center- 
tap circuit is most economical and gives 
greatest efficiency. With the fan deliver¬ 
ing air at a speed of 120 feet per minute, 
the 7.5-ampere (Table I) loading of this 
plate can be increased 2.5. times (Table V), 
thus making it 18.7 amperes per plate. 
Practical consideration of possible 10 per 
cent overload suggests that this unit 
should have 36 plates in parallel for the 
total current output of the unit. This 


makes the value N (Figure 8) equal to 
2.22, and the initial and aged dv equal to 
1.6 and 2.4 respectively. The total con¬ 
nection of the rectifier is, therefore, 6-1-36. 
The new V M for half of the transformer 
secondary voltage is 6.1 volts, and for the 
fully aged condition 6.9 volts. A view of 
this equipment is shown in Figure 12. 

Voltage Regulation 

The inherent voltage regulation of the 
selenium rectifier is in the neighborhood of 
10 to 20 per cent. In computing the regu¬ 
lation, one must determine the no-load 


in 

81 
.kj r" 

n 0.7 
” 0.6 


■§L? 0.5 
I OA 

0.3 


-40 -20 O +20+40 
TEMPERATURE °C 


Figure 13. Relation of F v at varying current 
densities to the ambient temperatures through¬ 
out a heating and cooling cycle 


Figure 10 (left). 
Rectifier unit of 325- 
ampere 13-volt rat¬ 
ing with reactances 
limiting output cur¬ 
rent to 488 amperes 
at two volts 


A-c input: 220 
volts, three phases, 
60 cycles. Rectify¬ 
ing element consists 
of 600 plates ar¬ 
ranged in 24 stacks, 
each stack consisting 
of 25 plates in 
parallel 
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+ 15 


20 Figure 14. Alignment chart lor determining *'*"* i -r- 
the rectifier type number for (1) output cur¬ 
rent, (2) nature of load, (3) type of circuit 


10 

9 

a 

7 

6 

5 

4 


3 

2 

+ L5' 


2 + 




CAPACITIVE OR 
BATTERY UOAO 


RESISTIVE OR 
INDUCTIVE LOAD 



3+ 4-2 


21 + 


1.0 
0.9 

BRIDGE . CENTER JAI 

0.6 
0.5 


Z 4 + 

, ^nter tap 1 three y 

- - Ha8^ E WAVE J PHASE ^ ,Q _J_ 

+BRIDGE , CENTER TAP 
iDIRECT CURRENT 



/ '--HALF WAVE 
HALF WWE--X. 


SINGLE 

PHASE 


9 +s._ 

5/V/- 


USE NO. 14 


. \ 12 " 
'V. 'Vi:: 


•0.03 


value of dv and then the no-load output 
voltage. In the case of the first example 
of a four-ampere, 16-volt rectifier, the dv 
value from Figure 5 is 0.4. The d-c out¬ 
put voltage, therefore, at no load is 


ia\r\4_ 
17/VT 

19 

a -l 


4 OF # 8 PLATES IN PARALLEL 
3 N ll II II II 

2 W U H #♦ II 



_ | 


e 4- 


TEMPERATURE ‘C. 



-- 13 
-- 6 

-- 14 

= =$ 

_X^ 18 
'17 

r 

-L a 


TEMPERATURE 

RANGE 

CURRENT 

RATING 

VOLTAGE 
RATING | 

FROM 

TO 

% OF NORMAL 

% OF NORMAL 

35 

40 

63 

100 

40 

45 

67 

100 

45 

50 

47 

100 

'50 

64 

60 

50 

55 

47 

80 

55 

60 

30 

80 

60 

47 

60 


10 “4** 
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i Figure 15. Alignment chart for determining the 
selenium-rectifier plate number required in ambient 
temperatures above 35 degrees centigrade. Also, 
table of percentage of current arid voltage ratings at 
ambient temperatures above 35 degrees centigrade 


I -L- 


„ 23.6-2X2X0.4 _ 

V*- — -■19.1 

Regulation = ———— X100 = 19.4 percent 
16 

Similarly, the regulation of the three- 
phase 325-ampere 13-volt unit (Figure 10) 
is computed by reading F v for N equal to 
zero in Figure 8. Substituting 0.3 for the 
value of dv in formula 3, and taking 11.8 
volts for Vac, one finds the no-load voltage 
to be 15 volts, and the voltage regulation 
is, therefore, 15.4 per cent. 

Efficiency 

The efficiency of selenium rectifiers 
varies with the type of circuit and the 
nature of the load. The single-phase cir¬ 
cuits with fully loaded plates in respect to 
voltage and current, and when feeding 
either resistive or inductive loads, give an 
efficiency of approximately 64 per cent; 
the same circuits, when used for battery 
charging give an efficiency some 14 per 
cent higher due to the greater value of the 
rectified voltage. The three-phase cir¬ 


cuits give efficiency values in the neighbor¬ 
hood of 83 per cent and, for all practical 
purposes, remain the same irrespective of 
the type of load. For all circuits and 
loads, however, the efficiency of selenium 
rectifiers increases with decrease of load 
down to approximately 25 per cent of full 
value, and thereafter falls off rapidly. 



Figure 16. Single-phase bridge-connected 


rectifier 

Output: 180 milliamperes at 2,300 volts 
under ambient temperatures from —40 to 
+60 degrees centigrade 


The efficiency itself depends on the com¬ 
bined losses in the selenium rectifier from 
forward and reverse currents, and, in 
formula form, it is: 

(VM?\ £>+F, x 100 “ %cmcicncy (s) 

where W f are losses due to forward cur¬ 
rent, and W T are losses due to the reverse 
current., 

The computation of exact efficiency of 
all sizes of plates and various loads and 
circuits is rather involved and constitutes 
an extensive subject in itself. 

In order to illustrate the simplified 
method of efficiency computation and the 
effect of dv changes on its value, let us 
compute the efficiency of the 325-ampere 
13-volt three-phase unit illustrated in 
Figure 10. 

Forward losses per plate in the three- 
phase bridge circuit are 

s/tilde dv 
- i - 

where \/2 is a conversion factor for 
approximating the peak value of the a-c 
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wave in terms of effective value of dv. 
Divisor 3 results from the fact that in 
three-phase bridge circuit each plate is 
utilized 2 X Ve times in each cycle. 


... _ 325/100XV^X1.07 
w t q --= 1.64 watts 


plate 


per 


or Wf— 6X100X1.64 = 984 watts for all 
100 plates in six arms. 

The reverse losses are approximately 
one third of forward losses computed for 
the normal rating of the plate used in this 
unit 


w/ __1 w 6X100X0.8X\/2X1.8 
Wr l x ~ - 5 - 


= 136 watts 


The new input wattage W, therefore, is 

W=(I de XV dc )+W f +W r 
= (325X13)-f-984-|-136 = 5,345 watts 

. 4,225 

Efficiency=—- x 100 = 79.2 per cent 
5,o45 

Similarly, assuming a possible 50 per 
cent change in dv, the efficiency of t his 
rectifier with stacks fully aged is computed 
as 72 per cent. 

The foregoing designs illustrate the im¬ 
portance of the quantity dv, which is de¬ 
pendent on the forward resistance and 
current density of the plates, as well as the 
ambient temperature under operating 
conditions. Its changing values under 
varying conditions greatly influence the 
efficiency, regulation, and aging of sele¬ 
nium rectifiers. The ambient temperature 
and current density relationships affect¬ 
ing the value of dv are illustrated in 
Figure 13. The arrows on the curves in¬ 
dicate that the resistance of the plates de¬ 
creases with increase of temperature. As 
the plates cool off, the resistance again in¬ 
creases, and dv is greater at the new lower 
temperatures than during the rising-tem¬ 
perature phase of the heating cycle. This 
phenomenon diminishes with lower cur¬ 


rent densities to a point where the re¬ 
sistance is the same at corresponding tem¬ 
peratures of the heating and cooling por¬ 
tions of the cycle. 

Selection of Plate Type for 35 
Degrees Centigrade and Higher 
Ambient Temperature 

Almost invariably more than one sele¬ 
nium plate type appears suitable for given 
output requirements. The type of circuit 
or nature of loading, as well as the cost, 
however, restricts the choice. 

The alignment chart (Figure 14) has 
been found useful in selecting plate types 
for specified output currents. If a straight 
edge is laid connecting the required d-c 
output with the type of circuit and the 
nature of load, the intersection of the 
straight edge on the plate size scale gives 
the type number of. the required rectifier 
plate. If the intersection falls between 
two plate type numbers, the plate having 
the higher current rating should be chosen. 

For ambient temperatures higher than 
35 degrees centigrade, the plate type 
number for a 35 degrees centigrade am¬ 
bient should first be found. Referring to 
Figure 15, a straight edge connecting the 
35 degrees centigrade ambient tempera¬ 
ture plate type number with the desired 
higher ambient value of the temperature 
scale intersects the right-hand scale, in¬ 
dicating the required higher ambient 
plate type number. Again, if the inter¬ 
section is between two plate type num¬ 
bers, the plate type number with the 
higher current rating should be used. It 
will be noted that, by decreasing the volt¬ 
age rating, a small increase in current 
rating is allowable. 

As an example, let us design a high- 
voltage low-current rectifier of the type 
illustrated in Figure 16 for either resistive 


or inductive load. Referring to Figure 14, 
the line drawn through the 0.18 reading on 
the left-hand scale, and the point marked 
“single-phase bridge” in the middle of the 
chart, intersects the right-hand scale be¬ 
tween “2” and “20.” Thus, plate 20 
(Table II) would be used if the rectifier is 
to operate under maximum ambient tem¬ 
perature of 35 degrees centigrade. In 
order to derate plate 20 for a 60 degrees 
centigrade ambient, reference is made of 
Figure 15. The line drawn on this chart 
through the same point (between “2” and 
“20”) of the left-hand scale (as in Figure 
14) and the point marked “60 per cent of 
voltage” indicates that the number 21 
selenium plate (Table II) should be used 
for the required assembly. Further com¬ 
putations of quantities N, dv, and n re¬ 
sult in the design of a rectifier with total 
connections of 4-224-1, arranged in 28 
stacks, each consisting of 32 of lV 8 -inch 
plates in series. 
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Rectifier Terminology and Circuit 

Analysis 


C. H. WILLIS 

FELLOW AIEE 

A NYONE reading several articles on 
the subject of rectifiers must be im¬ 
pressed by the confusion caused by a lack 
of exact terminology. This paper pre¬ 
sents definitions of a few terms represent¬ 
ing the most important concepts arising 
in the rectifier field. The definitions are 
presented with the hope that they will be 
found sufficiently useful to be widely 
adopted. Constructive criticism of the 
terms and definitions is invited. 

These terms have been defined to con¬ 
form with the general practice in the 
power-rectifier field. It is to be hoped, 
however, that the concepts will be suffi¬ 
ciently broad and accurate to be generally 
useful in all fields where rectifiers are 
employed. 

In many of the definitions the term 
“circuit element” is employed. This has 
not been defined, because it is in general 
use in electrical literature and has been 
defined elsewhere. 1 The definitions sug¬ 
gested are given below. 


C. C. HERSKIND 

MEMBER AIEE 

4. Simple Rectifier. A simple rec¬ 
tifier is a rectifier in which the total direct 
current at any instant, exclusive of the 
commutating time, flows through a single 
rectifying element for a single-way recti¬ 
fier, or flows through two rectifying ele¬ 
ments in series (one on either side of the 
a-c circuit element) for a double-way 
rectifier. 

5. The Number of Phases in a Simple 
Rectifier. The number of phases in a 
simple single-way rectifier is equal to the 
number of rectifying elements. 

The number of phases in a simple 
double-way rectifier is equal to half the 
number of rectifying elements. 

A double-way rectifier may have a pri¬ 
mary-current wave shape and a d-c ripple 
voltage corresponding to a single-way 
rectifier having twice the phases of the 
double-way rectifier. 

In describing a simple rectifier, three 
items of information are usually necessary 
and sufficient: 


In describing a multiple rectifier, four 
items of information are usually given, 
and a fifth, the classification as single¬ 
way, is usually assumed. The informa¬ 
tion expressly stated is: 

(a) . The primary wave shape, or the num¬ 
ber of phases in a simple single-way rectifier 
to give the same primary wave shape. 

( b ) . The number of component simple 
rectifiers in the multiple rectifier. 

(c) . The number of phases in a component 
simple rectifier. 

(d) . The transformer-circuit description if 
transformers are used. 

Example: a 12-phase quadruple wye 
(single-way) rectifier, using delta zigzag 
wye transformers. 

7. Cascade Rectifier. A cascade rec¬ 
tifier is a rectifier in which two or more 
similar simple rectifiers are connected in 
such a way that their d-c voltages add. 

8. Commutating Reactance. The 
commutating reactance is the reactance 
which effectively opposes normal currens 
transfer between rectifying elements 
which conduct consecutively. 

In the actual rectifier circuit this react¬ 
ance is usually distributed in various parts 
of the circuit; for example, the anode 
leads, the transformer windings, and the 
a-c supply system. In many cases these 
reactances may be considered as lumped 
in the transformer secondary. 

9i Reactance Factor ( Commutating- 
Reactance Factor ). The commutating- 
reactance factor is the per-unit commutat¬ 
ing reactance calculated on the arbitrary 
base of the rms value of the secondary 
line-to-neutral voltage divided by the 
direct current commutated. 

Particular attention is called to the 
terms "double-way” rectifier arid “single¬ 
way” rectifier. These terms are sug¬ 
gested to replace the terms "half-wave” 
and “full-wave” as frequently employed. 
There are two arguments against the old 
terms. In the first place, they have been 
used by two groups in different ways. 
For example, the circuit shown in Figure 1 
is sometimes described as a “full-wave” 
circuit. It is also described as a “half¬ 
wave” circuit by a substantial group. 




Figure 1. Single-way rectifier circuit 

Electrical Engineering 


Rectifier Terms 

1. Rectifying Element. A rectifying 
element is that circuit element which has 
the property of conducting current effec¬ 
tively in only one direction. 

In arc rectifying devices, the portion of 
the circuit including an anode, its cath¬ 
ode, and the arc space between the anode 
and cathode, is the rectifying element. 

When a group of rectifying units is con¬ 
nected, in either parallel or series arrange¬ 
ment, to operate as one circuit element, 
the group of rectifying units should .be 
considered as a rectifying element. 

2. Double-Way Rectifier (. Double-Di¬ 
rection Rectifier ). A double-way recti¬ 

fier is a rectifier in which all parts of the 
alternating-voltage circuit elements, con- 
ductively connected to the rectifying ele¬ 
ments, conduct current in both direction s 
(that is, in alternate half-cycles). 

3. Single-Way Rectifier {Single-Direc¬ 
tion Rectifier ). A single-way rectifier 
is one in which no portion of the alternat¬ 
ing-voltage circuit elements, conductivdy 
connected to the rectifying elements, con¬ 
ducts current in both directions (that is 
in alternate half-cycles) because of the 

action of thf rectifying elements. 
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(а) . The number of phases of the rectifier. 

(б) . Classification as either single way or 
double way. 

(c). The transformer-circuit description if 
transformers are used. 

Example: A three-phase single-way 
rectifier using delta zigzag wye transform¬ 
ers. 

6. Multiple Rectifier. A multiple 
rectifier is one in which two or more 
similar simple rectifiers are connected in 
such a way that their direct currents add, 
but their d-c voltage rippies do not coincide. 
Interphase transformers are usually re¬ 
quired between the component simple 
rectifiers in a multiple rectifier. 

When two or more groups of rectifying 
elements operate so that their d-c cur¬ 
rents add and their d-c voltage ripples 
coincide, the groups of rectifying elements 
are in parallel. 

Paper 42-83, recommended by the AIEE committee 
on electrical machinery and joint subcommittee on 
electronics for presentation at the AIEE North 
Eastern District meeting, Schenectady, N. Y., 
April 29-May 1, 1942. Manuscript submitted 
February 17, 1942; made available for printing 
April 2, 1942. 

C. H, Willis is professor of electrical engineering, 
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Herskind is electrical engineer, power rectifier 
department. General Electric Company, Schenec¬ 
tady, N. Y. 
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Figure 2. Angle of overlap-—characteristic 
curves. P = 3 
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when a=0 


cos u = 1 — 
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With this background of confusion a new 
term seems the only solution. A further 
objection to the terms “full-wave” and 
“half-wave” is the fact that they are ac¬ 
curately descriptive only in the case of 
180-degree conduction, which is not 
widely used in power rectifiers. The terms 
“double-way” and “single-way” describe 
accurately the physical difference which 
separates the two classes of rectifiers and 
results in different general relations for 
several current and voltage ratios. 

The “simple rectifier” is an essential 
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Figure 4. Power factor—characteristic curve 
for delta double-wye rectifier. P= 3, C= 3 
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step in the development of the more com¬ 
plicated rectifier circuits, and it seems nec¬ 
essary to employ this term. 

The definition of the number of phases 
as given is required if a general relation 
for the d-c voltage is to be employed. 
This definition is logical and consistent. 
Unfortunately the biphase rectifier as here 
defined has frequently been classed as a 
single-phase rectifier. 

The “multiple rectifier” is here re¬ 
stricted to the case of several simple rec¬ 
tifiers operating in parallel in such a way 
that their d-c voltage ripples do not coin¬ 
cide. This is a unique arrangement in 
rectifier practice which improves the 
operation on both the a-c and d-c sides. 
Some name for this type of rectifier is 
needed. 

The effect of commutating reactance in 
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Figure 6. Amplitude of harmonic currents in 
a-c line current—characteristic curves. q=*6 

a=0 

n“0,.1,2 

Per-unit base is amplitude of fundamental with 
ho overlap 

causing d-c voltage regulation is a source 
of much confusion. It is to be hoped that 
an exact definition of commutating react¬ 
ance may help to dispel some of this con¬ 
fusion. 

Reactance Factor 

The methods employed in analyzing rec¬ 
tifier circuits and the formulas for recti¬ 
fier-circuit characteristics have been quite 
thoroughly covered in the literature and 
are now well understood. However, no 
standard procedure has been devised for 
making the circuit calculations or present¬ 
ing the calculated data, and as a result 
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Figure 3. Overlap factor—characteristic 
curves. C — 3 
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Figure 5. Amplitude of harmonic voltages in 
d-c voltage wave—characteristic curves. q = 6 

a = 0 

/n=1, % 3/ and 4 
Per-unit base is E&q 
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Figure 7. Amplitude of harmonic currents in 
a-c line current—characteristic curves. g=6 

«=0 

n=3 and 4 

Per-unit base amplitude of fundamental with 
no overlap 
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the routine calculation of rectifier c ar 
acteristics has been more laborious than 
necessary. Furthermore, with the lack o 
a standard method for presenting the 
calculated results, it is difficult to make 
comparisons between the different types 
of circuits. 

Some attempts have been made to ex¬ 
press the rectifier characteristics as a func¬ 
tion of a single-circuit factor. 2 5 This 
work has indicated the usefulness of a 
factor which combines the current, react¬ 
ance, and voltage constants of the circuit 
in a single quantity, although the use of 
such a quantity has been limited largely 
to the determination of the harmonic con¬ 
tent of the d-c voltage and the a-c line 
current waves. 

This paper proposes the definition and 
advocates the general use of a single fac¬ 
tor of this kind for the purpose of simplify¬ 
ing the description and calculation of the 
operating conditions of any rectifier cir¬ 
cuit. It is further proposed that this fac¬ 
tor be known as the “reactance factor” 
and that it be the product of the direct 
current commutated I c and the line-to- 
neutral commutating reactance X c di¬ 
vided by the rms value of the transformer 
secondary line-to-neutral voltage E s , that 
is, I C X C /E S . 

Circuit Analysis 

The rectifier-drcuit characteristics de¬ 
pend to a large degree upon the effect of 
reactance in causing an overlapping of the 
anode current waves The amount of 
overlapping is given by the well-known 
equation for the angle of overlap, which 
follows: 


cos u — 1 ■ 


IcX c 


V2E s sin \ 
P 


With phase control, the overlap equation 
is 


cos («+«) = cos a- 


IcX c 


•\/2Es sin — 
P 


It will be noted that the angle of overlap 

is a function of the “reactance factor,” 
I C X C /E S . Therefore, for any given value 
of the reactance factor, the angle of over¬ 
lap will always be the same, regardless of 
the particular current, voltage, or react¬ 
ance constants of the circuit. From this 
it follows that if the magnitudes of the 
current and voltage waves in the rectifier 
circuit are expressed in per-unit quanti¬ 
ties upon a suitable base, the configura- 
hon of the current and voltage waves will 
be the same for any given value of the 
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reactance factor, regardless of the voltage, 
current, and reactance constants of the 
circuit. Inasmuch as the reactance factor 
enters directly in the determination of the 
overlap, and may be calculated readily 
from the circuit constants, it provides a 
convenient quantity for indicating the 
functional relations between the rectifier 
characteristics and the circuit constants. 

The use of per-unit quantities greatly 
facilitates the calculation of rectifier cir¬ 
cuits. One set of characteristic curves 
may be prepared for each type of rectifier 
circuit, if the circuit constants are repre¬ 
sented by the reactance factor I C X C /E S 
and the rectifier characteristics, such as 
voltage drop, harmonic voltages, and cur¬ 
rents, interphase .voltages, power factor, 
and so forth are expressed in per unit. 
Using such a procedure, it is possible to 
reduce rectifier calculation to a minimum, 
calculating the characteristic curves only 
once. F or example, to obtain information 
regarding any specific circuit, its reactance 
factor is first calculated from the circuit 
constants. Reference is then made to the 
characteristic curves, and the correspond¬ 
ing per-unit value of the desired charac¬ 
teristic determined. The actual numerical 
value may be calculated by multiplying 
this per-unit value by the base value. 
The theoretical d-c voltage E^ and the 
rms value of the transformer secondary 
line-to-neutral voltage E 3 are convenient 
bases for calculation of per-unit voltages, 
while the direct current commutated I a 
and the theoretical a-c line current I L are 
convenient bases for per-unit currents. 

The list of rectifier formulas and the 
accompanying curves show a few of the 
more commonly used rectifier charac¬ 
teristics, with their equations reduced to 
their simplest form in terms of reactance 
factor and the calculated values given on 
a per-unit basis. These curves illustrate 
the application of the reactance factor to 
one type of circuit. Characteristic curves 
for other types of circuits may readily be 
prepared from the equations. 

Rectifier Formulas 

1. Angle of overlap u (Figure 2) 


cos (it+a) = cos ot- 


(^*y) 


1 IcXc 

E& 


(with no phase control) 


cos it = 1 — 


IcXc 


2. Overlap factor Vi— cf(u,a) (Figure 
3) 

where 


/(«, «) = - 


'sin it(2-l- cos (it+2a)) — 
«(l+21 


2 v L (cos 

3. D-c voltage drop E x 
I C X C P 


- cos (u-\-2a)) — 

2 cos a cos (it+a)) 
a— COS («4-a)) 2 _ 
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X s 


2 ir 
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Ex 
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4. Power factor PF (Figure 4) 

( cos ““t) 


PF**K • 


Vl-c/(«, a) 


5. Harmonics in d-c voltage (Figure 5) 
Amplitude of sine components 
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Amplitude of resultant 

h m - Vo,» 2 4-6>» 2 

All amplitudes may be expressed in per- 
unit values by dividing the above equa¬ 
tions by E i0 . 

6. Harmonics in a-c line current (Figures 
6 and 7) 

Amplitude of sine component of funda¬ 
mental 
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Amplitude of the resultant of the funda¬ 
mental components 

fti=Vai 2 -W 

Electrical Engineering 



Method of Test 


Temperature-Aging Tests on Class-A- 
Insulated Fractional-Horsepower 
Motor Stators 

J. A. SCOTT B. H. THOMPSON 


MEMBER AIEE 

Synopsis: Temperature-aging data are pre¬ 
sented on class- A -insulated fractional-horse- 
power motor stators, determined at 200, 
160, and 136 degrees centigrade. Of par¬ 
ticular interest is the relative aging time to 
failure at the different temperatures and the 
resultant temperature-aging curve. This 
curve shows a slope of 10 to 16 degrees centi¬ 
grade increase in temperature to halve the 
aging time to failure in the temperature 
range covered, 136 to 200 degrees centigrade. 

T HE question of the rate at which mo¬ 
tor insulation ages due to the tempera¬ 
ture to which it is exposed was brought 
actively to the fore several years ago 1-7 
by discussion concerning methods of rat¬ 
ing machines whose normal load cycle was 
intermittent. Many such are encountered 
in air conditioning, welding, and other ap¬ 
plications governed by automatic con- 


NONMEMBER AIEE 

temperature variation be not greater, as 
regards aging of the insulation, than the 
continuous temperature for which the 
motor was designed. In order to know 
this, it is necessary to have a knowledge 
of the rate of aging at different tempera¬ 
tures. This is really a demand for a knowl¬ 
edge of the aging temperature charac¬ 
teristic of insulation such as is shown in 
Figure 6. 

To obtain such a temperature-aging 
characteristic, we must carry out our tests 
at more elevated temperatures, starting 
perhaps much higher than those in which 
we are interested, and, through simul¬ 
taneously started tests at a number of 
temperatures between this and our oper¬ 
ating range, gradually accumulate the 
data from which our life-temperature 
curve may be drawn as far down toward 


The question of type of test must next 
be answered. The actual operation of 
motors of even moderate size, under load 
in numbers sufficient to yield statistically 
reliable results, becomes costly and sub¬ 
ject to a number of causes of motor fail¬ 
ure, such as bearings, starting switches, 
and so forth. 

If we wish to study the influence of 
temperature on the insulation alone, it is 
desirable that the tests be conducted so 
that they are not complicated by these 
additional sources of failure which arise 
in an actual running test. 

In the past 1 this has been attempted by 
constructing samples of a variety of kinds, 
aging them at a number of selected test 
temperatures, and periodically making a 
number of tests and measurements of 
properties, usually destructive. The 
study of these results enabled one to plot 
the deterioration of these arbitrarily 
selected properties in terms of time and 
temperature, and, with some approxima¬ 
tion, to arrive at a temperature-aging re¬ 
lation. One of the present authors gave 
the results of such a study several years 
ago. 1 Such tests involve doing things to 
the sample of insulation such as breaking 
it, bending it, or otherwise maltreating it. 
Since service does not involve these fac- 


trols. In such intermittent operation the 
temperature of the motor varies, depend¬ 
ing upon the load cycle to which it is sub 
jected. It is desired that the effect of such 

Paper 42-82, recommended by the AIEE committee 
on electrical machinery and standards co-ordinating 
committee 4 for presentation at the AIEE North 
Eastern District meeting, Schenectady, N. Y., 
April 29-May I, 1942. Manuscript submitted 
March 4, 1942; made available for printing April 
2,1942. 

J. A. Scott and B. H. Thompson are with the gen¬ 
eral engineering laboratory. General Electric Com¬ 
pany, Schenectady, N. Y. 


the operating range as the results lead us tors in similar kind or degree, one usually 
to continue. finished his labors with a curiosity as to 


Schedule of one-hour runs and 
number of days to failure 

O—Run one hour without 
failing 

•—Failed during run 
N=>10 

Average life=6.4 days 
<r = 0.7 day 



Figure 1. 200 degrees centigrade aging tests on class-A-insulated stators, type N 


Amplitude of sine component of higher 
harmonics 

4 1 _ sin (nnr/Z) _^ 

Qm v l)(cos a— cos («+<*)) 

[cos a cos ma — cos («+a) cos m(u- j-a) + 
m sin a sin ma — m sin (u+a) sin ] 

Amplitude of cosine component of higher 
harmonics 

^ _4/ _ sin (mr/3) _ 

m r m(m 2 — 1) (cos a — cos (tt+a)) 

[cos a sin ma — cos (tt+a) sin m(u-\-a) — 
m sin a cos ma + m sin (u + a) cos m («+ a) ] 


Amplitude of the resultant for each of the 
higher harmonics 


The amplitude of the fundamental of 
the theoretical line current wave, that is, 
with no phase control («=0) and no 
overlap (w=0) is 


2\/3 1 

ai“-— 

T 


Jl = 0 


All amplitudes may be expressed in per- 
unit values using the amplitude of the 
fundamental with no phase control and 
no overlap as a base by dividing the above 


equations by 


2y/3l 



Refer to references 2, 3, and 5 for sym¬ 
bols not defined in text. 
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Schedule of one- 
hour runs and num¬ 
ber of days to failure 

O—Run one hour 
without failing 

•—Failed during 

run 



Figure 2. 160 degrees centigrade aging tests 

on class-A-insulated stators, type W 

17 Average life =*77.9 days 

<r = 13.8 days 

what the actual service life at the test 
temperature might have been. 

The present tests followed a course in¬ 
termediate between the two alternatives 
outlined above, with the full recognition 
that the results could not be directly used 
to predict motor life in service, but hope¬ 
ful that some light might be thrown on 
the temperature-aging relationship, even 
though only in a proportional manner. 
Recognizing that the completely wound 
and insulated stators of fractional-horse¬ 
power induction motors are both low cost 
and convenient specimens, and ones which 
represent a very widely used kind of class- 
A insulation, it was decided to use these 
for the test specimens. Exploratory 
tests and previous experience led us to 
choose aging temperatures of 200, 160, 
135, and 115 degrees centigrade. To de¬ 
termine when these stators had tempera¬ 
ture-aged to a nonserviceable condition, 
selected groups were removed from the 
aging ovens periodically and in turn as¬ 
sembled with the other parts of the motor 
(squirrel-cage rotor, end shields, bearings, 
and suitable switch arrangement), and 
subjected to an actual and severe operat¬ 
ing test. This test consisted of a one-hour 


successful completion of this operation 
test the stators were restored to the aging 
oven for a continuation of the aging test. 
When the aging had proceeded to the 
point at which failures began to be ex¬ 
perienced, tests were made more often. 
Proceeding in this way, an aging time was 
determined which reduced the insulation 
to such a state of embrittlement and 
crumbliness that physical separation was 
no longer afforded the conductors, and 
short circuits, or grounds, resulted. This 
aging time we call the time to failure of 
the insulation at that temperature for 
the specific conditions of the test. 

Results 

Figures 1, 2, and 3 show the results 
which have been obtained to date at 200, 
160, and 135 degrees centigrade for one 
type of class-A-insulated stator, which we 
will, for purposes of identification, call N. 
Figures 4 and 5 show the results at 200 
and 160 degrees centigrade on another 
type of class-A-insulated stator, which we 
will designate Ml. Figures 8 and 9 show 
the results at 200 and 160 degrees centi¬ 
grade on another type of class-^4-insu¬ 
lated stator, designated M2. Stators Ml 
and M2 are similar except for winding dif¬ 
ferences. 

These figures are similarly drawn and 


Figure 3. 135 degrees centigrade aging tests 
on clas$-A-insuiated stators, type N 

N=24 Average life=345.8 days 

or=43.7 

4. The root-mean-square deviation, <r, of 
the time to failure of the individual stators 
from that of the group average. This is the 
customary statistical measure of the dis¬ 
persion of test results. 

6. A normal distribution curve calculated 
from the root-mean-square deviation, «r. 

6. The width of the 90 per cent zone or the 
time interval during which approximately 90 
per cent of* all the motors fail. This total 
width is 3.29 a. 

We have purposely placed emphasis in 
this presentation on the normal variation 
in the life span, here at least 2 to 1. Life 
is inherently a variable thing, and engi¬ 
neers must accept this in their motors as 
they do in their own lives. 

Having determined the “time to fail¬ 
ure” of these three types of stators at 
several temperatures, the data can now be 
plotted in the form of the temperature¬ 
aging characteristic listed at the start as 
the object of our investigation. The av¬ 
erage times to failure at the several test 
temperatures are plotted opposite each 
temperature. Figure 6 is such a curve for 
the type N stators from 200 down to 135 
degrees centigrade (with another point at 
115 degrees centigrade due to come at 


period of operation at no load, and ap¬ 
proximately full-load heating, with a sud¬ 
den and complete reversal in rotation 
from full speed every two minutes. On 

Figure 4. 200 degrees centigrade aging tests 
on class-A-insulated stators, type Ml 


show: 

1. The time for each stator at which test 
runs were made. 

2. The time of the test run at which failure 
occurred; this is called the "time to failure” 
at that stator. 

3. The average time to failure of the group 


some time in the future). Figure 7 is for 
the type Ml stators, covering only the 
two temperatures—200 and jL60 degrees 

Figure 5. 160 degrees centigrade aging tests 
on class-A-insulated stators, type Ml 

N= 20 Average life=146.3 days 







10 20, 304050 100 200300 500 

TIME TO FAILURE-DAYS 

Figure 6. Temperature-aging characteristic, 
class-A-insuiated stators, Type N 


Figure 9. 160 degrees centi¬ 
grade aging tests on class->4- 
insulated stators, type M2 

Schedule of one-hour runs and 
number of days to failure 

0—Run one hour without fail¬ 
ing 

•—Failed during run 
N= 17 

Average life = 104.0 days 
a— 37.5 days 




Figure 7. Temperature-aging characteristic, 
dass-A-insulated stators, type Ml 



(VI 


Figure 8. SOO degrees centigrade aging tests 
on class-A-insulated stators, type M2 

Schedule of one-hour runs and number of days 
to failure 

O—Run one hour without failing 
•—Failed during run 

N = 9 Average life = 16.6 days 

<r = 4.9 days 

centigrade, and similarly Figure 10 for the 
type M2 stator. 

At the present time after 660 days 
elapsed time since starting, the tests on 
the Ml stators at 135 degrees centigrade 
have yielded five failures in 30 stators, 17 
per cent. The 135 degrees centigrade 
point may thus be seen as lining up fairly 
well with the trend outlined by the two 
higher temperatures. 

Conclusions 

A method of studying the temperature- 
aging characteristics of dass-A -insulated 


fractional-horsepower motor stators has, 
been presented. The results available to 
date cover the tests made at 200 and 160 
degrees centigrade and some results at 135 
degrees centigrade. The tests are being 
continued at lower temperatures so that 
this paper is in the nature of a progress 
report. The following general statements 
can be made as to the comparative effects 
of various temperatures. 

1. Below 200 degrees centigrade there is no 
temperature which, if exceeded, causes an 
abrupt failure of the insulation; that is, the 
temperature-aging curve of the insulation 
of these motors is uniform and continuous. 

2. Operation at higher temperatures than 
normal results in a shortening of the time to 
failure of the insulation. Figures 6 and 7 
agree that a temperature increment of 10. or 
11 degrees centigrade is required to cut the 
time to failure of the stators in half. This 
agrees nicely (without the implications of 
accuracy) with the eight-degree value 
widely used for transformer insulations. 8 -* 
Figure 8 gives a corresponding temperature 
increment of 15 degrees centigrade. The 
value has not yet been established below 
the 135 degrees centigrade range in these 
tests. 

3. The width of the "90 per cent zone” (or 
zone containing 90 per cent of the values) 
is shown to emphasize the normal spread of 
results. Its width is obtained from Figures 

1 through 5. 

4. The normal time to failure of the insula¬ 
tion of duplicate specimens has a spread of 

2 to 1. 

It will be noted that no conclusion as to 
the probable actual operating life of the 
insulation for any given temperature has 
been drawn from these tests. This is for 
the reason that, as pointed out previously, 
the tests have been made in such a man¬ 
ner as to single out the effects due to 
temperature and to exclude other effects 
which would be met with in actual opera¬ 
tion of the motor in service. This might 
include the effect of moisture, the effect 
of dirt, oil, or various gases in the atmos¬ 
phere, the effect of vibration which might 



Figure 10. Temperature-aging characteristic, 
class-A-insulated stators, type M2 


be encountered with various types of 
loads, changes in ambient temperature, 
intermittent loading, and other factors, 
some of which may tend to increase and 
others to decrease the life in actual opera¬ 
tion. 
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Synopsis: In the preceding papers 1 of this 
series a method was described for determin¬ 
ing the circle diagram and predicting the 
characteristics for the brush-shifting motor 
as it is used when the brushes are shifted 
to control speed. This paper extends the 
earlier work to show how the motor can be 
used to correct power factor. The range 
and limitations for this condition of opera¬ 
tion are revealed from the circle diagram 
of the motor which has been developed and 
verified experimentally. Characteristics of 
the motor when used in this manner are pre¬ 
sented. 

Brush Settings for Power-Factor 
Correction 

O NDER normal operation of the brush-' 
shifting a-c motor, the two sets of 
brushes which carry the secondary cur¬ 
rent of the stator coils are coupled me¬ 
chanically so that one set of brushes 
cannot be moved without a correspond¬ 
ing motion of the other in the opposite 
direction. Thus, the voltage introduced 
in the secondary circuit from the com¬ 
mutator, while it may vary in magnitude 
with speed adjustment, does not vary 
in phase relative to the voltage induced in 
the stator winding. Figure la is a 
schematic diagram of a two-pole, three- 
phase brush-shifting motor. The hori¬ 
zontal projections of the vectors repre¬ 
sent the instantaneous voltages induced 


minimu m potential about the commutator 
rotate with the field relative to the stator 
so that the voltages at the brush pairs 
are at slip frequency. If the center lines 
drawn midway between the brushes Ai 
and Bi, A 2 arid B 2 , and so on, remain 
fixed relative to the stator, the voltages 
collected from the commutator are fixed 
in phase relative to the induced voltage 
in the stator. The magnitude of this 
voltage, .Eii, will vary with the degree 
of separation of the brushes but is ap¬ 
proximately independent of speed for a 
given primary voltage. Interchanging 
the positions of the brushes A\ to Bi, 
Bi to Ai, and so on, will change the phase 
by 130 degrees, that is, reverse the polar¬ 
ity of the commutator voltage, £n. 

If the coupling between the frames sup¬ 
porting each set of brushes is removed, 
either set can be moved in either direc¬ 
tion independently of the other. The 
various possible brush settings provide 
the motor with an extremely wide range 
.of characteristics. If the flux, <j>, is 
rotating clockwise relative to the stator, 
and the two frames are moved opposite 
to the direction of rotation of the flux 
with respect to the stator by 90 degrees 
from the position shown in Figure la 
(see Figure lb), the voltage, Eu, will be 
advanced by 90 degrees inphase with 


respect to the voltage, E 2) induced in the 
stator. This procedure will advance the 
center lines designating the brush posi¬ 
tions by 90 degrees relative to the stator. 
The phase of the voltage, En, collected 
from the commutator can be varied only 
by altering the mean position of the 
brushes as indicated by these center lines. 

Figure 2a shows the voltage, £ 2 , in¬ 
duced in one phase of the secondary 
when brushes are set as in Figure la, 
that is, when £2 is in opposition to En. 
Figure 2b shows what occurs when both 
sets of brushes are rotated in a direction 
so as to advance En by 90 degrees as 
illustrated in Figure lb. Since both 
voltages, E 2 and Eu, are in series, and 
force currents through the same im¬ 
pedance, I 2 and /u of Figure 2b must lag 
, their voltages by the same angle. I 2 
and In are the currents flowing in the 
secondary resulting from the voltages £ 2 
and En respectively. The two currents 
and their circle loci are shown. If the 
center lines are allowed to remain in 
their new positions of Figure lb, and the 
two sets of brushes are moved across the 
center lines, that is, brushes A and B 
interchange positions, the voltage, Eu, 
from the adjusting winding will be shifted 
in phase by 180 degrees from the direction 
shown in Figure 2b, and E u will lead E 2 
by 90 degrees as shown in Figure 2c. The 
current I 2 lags the voltage E 2 by the same 
angle that the current I n lags the voltage 

E u . • ' ' * 

If the motor is designed so that the 
effective number of series turns in the 
adjusting winding is half the effective 
number of stator turns, the largest value 
of the voltage, Eu, is half the stator 
voltage, £2 at standstill. - If in Figures 
2a, 2b, and 2c, the brushes of each phase 
are spaced 180 electrical degrees apart on 
the commutator, En will have its largest 


in the adjacent coils. The flux, <j>, 
rotates at slip speed, say clockwise, 
relative to the stator. Brushes A h A 2 , 
and rij are mounted rigidly on an adjust¬ 
able frame so that a motion of the fr ame 
will move them all through the samp 
angle; brushes^, B 2 , and B s are mounted 
similarly and also move in unison. These 
two frames are coupled mechanically so 
that when making speed adjustments, 
the brushes are always equal distances 
from the center lines drawn between 
them. The points of maximum and 

Paper 42-7S, recommended by the AIEE committee 
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AIEE North Eastern District meeting, Schenectadv 
N. Y., April 29-May 1, 1942. Manuscript sub¬ 
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(a) . Brushes set to make Eu 180 

degrees out of phase with £ 2 

(b) . Brushes shifted to make Eu ^ 

lead Et by 90 degrees 
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then* is a magnetomotive force produced 
by these same currents, J> and In, flowing 
in the adjusting windings. This mag 
nctomotive force is 90 degrees behind the 
magnetomotive force that these currents 
produce by (lowing in the stator. The 
vector tn J therefore represents the ad¬ 
justing winding magnetomotive force 
when the stator magnetomotive force is 
tn\ The locus of the vector tn J is the 
circle i/W. The proportions of this 
circle are such that 


/u bib degrees out of (h). 
phase with fs 


I n lagging Et 
00 degrees 


f»i leading £' a by 90 
degrees 


Figure St. Vector diagrams of secondary volt* 
•get end current* when bruihe* «r* sat to mahe 

value. The largest value of / 5 t (its value 
at synchronous speed) and tin? largest 
value of /? are as determined in part I of 
this scries. The resultant secondary 
current is the vector sum of / ;; ami lu. 
and, as is shown in Figures 2b ami 2c, 
this current is never zero whenever 
has a quadrature component relative to 
/*.•?. The Units of the extremity of the 
vector representing the sum of /„. and lu 
is derived in apjn udix A, and is found t«» 
l«e another circle shown in wide lines in 
Figure i 2b and 9c, 

In Figure ;.?!♦ it is evident that the total 
ctillf Ut downs/, in the seennduiy lags the 
voltage, l'-. iudtned in the seeondarv 1*V 
a r*l.itivitv large angle at all tunes. In 
Figure lie the total secondary eurrent 
leads the voltage, /*.. over a considerable 
portion of the circle these features 
enable the m e lane to generate power at 
a Figging power factor when reed as a 
generator embed from a synchronous 
sourer Furthermore ft <•;»« apply these 
Figging loads over a wide range of sjteeds. 
the- pa|* t %\ primarily coiicerneil with 
l»owet 'fa* lot correct ion, and, therefore, 


will deal ouly with comlitions illustrated 
in Figure 2c, rather than those of Figure 
2b. 

Primary Currents With 
Power-Factor Correction 

The phase current in the primary of 
this motor can be determined from a 
knowledge of the magnetomotive forces 
in the adjusting winding and the stator 
winding for different values of slip. For 
each eurrent /-„< and In, shown in Figure 
2c, there is a corresponding magneto 
motive force produced in each of these 
windings, The magnetomotive force pro 
duccd by the eurrent lu, of Figure 2e. 
in the stator is represented by the veetor 
m of Figure :t. Likewise, the magneto 
motive force produced by the eurrent I? 
of Figure 2e tu the stator is represented 
by the veetor t>h of Figure it. The total 
magnetomotive force produced iti the 
stator by the eurreuts /? and l%% is there¬ 
fore the vector in of Figure d, which 
i*v the sum of m and ob. The locus of this 
stator magnetomotive force, «r, is defined 
by the circle tla\ With this particular 
brush setting on a three phase motor, 



Figaro 3. Victor 
diagram of motor 
whtn «**d to comet 
power factor 


nt ' tut* tie' .V,n 

•• ** ■-* - (CM ■■■'*■a • •• • 

»«• tu! oe .V., 

With the brushes set as described here, 
motor action results only at speeds below 
synchronism. For such sjweds, mag 

nctomotive forces in the stator and ail 
justing windings are cancelled by equal 
and opposite magnetomotive forces in 
the primary. In Figure d, the stator 
magnetomotive force rn is counteracted 
by the component primary magneto 
motive force tu", and the adjusting 

winding magnetomotive force »*»' is 
counteracted by the component primary 
magnetomotive force nt*". flic total 
magnetomotive force of the primary that 
is necessary to counteract the magneto 
motive forces of the adjusting winding 
and the stator is the sum of tuf and in'", 
which is nr"". The hnais of the extremity 
of this vector w"" is defined by the 
circle rf"'V"V"". The primary mag 
nctomotive force must 1 r» produced by a 
current which is proportional to and in 
phase with in"". In Figure d this cur 
rent is sin»w»i as the vector / ( ‘I he h *eus 
of /,/. is another circle having a center 
coincident with the. center of the circle 
i/""f ""i'"". The locus of the primary 
current can Ik* obtained by adding to this 
current the current f*o. The current 
fnt is the unload current taken by the 
motor when the brushes are set to make 



Figure 4. Charactarlstlc vtctor diagram of 
motor (primary), Ew 90 dagraas ahead of E, 


jt i,v m: 


mt'uU Chirk* Bmk^hijting AC Motor III 


Transactions 



Eu zero. The total current taken by the 
primary, shown on this diagram, is 
vector Jj, and the locus of its _ 

with respect to the point P is ne . 
the same circle that defines lit- 
circle has a diameter passing through the 
point o at an angle 7 , the tangent o w 1C 
is equal to the ratio of the effective nU ** 1 
ber of turns in the adjusting winding be¬ 
tween brushes to the effective num er 0 


stator turns, N Af y/Ni. 

A change in the brush setting wi 
change the total resistance and reactance 
of the total secondary circuit and, con 
sequentlv, change the diameters of bo 
the circfe loci of In and h- With t e 
brushes set to obtain the characteristics 
illustrated in Figure 3, the motor Will 
take a leading current, h, with respect to 


the impressed voltage, Ft over a con¬ 
siderable range of loads. For such con¬ 
ditions of load, it can be used to correct 
the power factor of the line supplying the 


motor. 


Determination, of Characteristics 
When Motor Is Used to Correct 
Power Factor 


On the basis of the theory and as¬ 
sumptions of part I of this series, it was 
shown that the currents I* and In could 
be expressed thus: 


33- 


E,S 


V{R2+RAn-r-+s-( ss x i + ss x Air) 2 


( 1 ) 


Ill 


h')*+.S 2 ( ss-Ya+ss^ att ) 2 


( 2 ) 


Therefore 


It ssEjS 
In fin 


(3) 


If the brushes supplying each stator phase 



(a). Circle diagram obtained from no-load 
tests. Encircled points indicate primary cur¬ 
rents taken by motor under load conditions 
(determined by loading) 

(fc)and (c). o -o o Characteristics 
obtained by loading 

---- Characteristics predicted from the 

circle diagram 


are set so that fin equals half ofis, as is 
illustrated in Figures 2b and 2c, then 

'*M=2S W 

fin 

At standstill S equals one, and 



Since the ratio of /omux to inmax is, from 
equations 1 and 2 , 

Ij max _ S£ Ell fii + fiAtr 

Jllmax fill Vss'Yj + ss-YAir 

a knowledge of the ratio of Rs+Raw 
to ss X 2 + sS ^aft is all that is required 
to determine the diameters of the two 
component circles, i 2 and In, and from 
them the resultant circle defining the 
extremity of the primary current vector 
as described above. At synchronous 
speed h is zero and I n is maximum. If 
the primary currents for standstill and 
for some other speed are known, it is pos¬ 
sible to determine the characteristic 




(b) 


*19-SC 



(C) 


copper loss curves for the circle diagrams 
as it is done for the two-element induc¬ 
tion motor. At standstill all the energy 
in excess of the no-load losses is lost in 
the primary and secondary windings, 
while for other speeds these losses vary 
as the square of that component of the 
primary current which is labelled h L in 
Figure 3. This involves the same ap¬ 
proximation with regard to losses that is 
made in plain induction motor theory; 
namely, that the primary copper loss 
varies as the square of the load component 
of primary current rather than as the 
total primary current. The error intro¬ 
duced by this approximation in the two- 
element induction motor is negligible. 
The error due to this approximation is 
somewhat larger in this motor than in 
the two-element motor, but not so large as 
to invalidate the method. 

The characteristic copper loss curve, 
bjn, is shown in Figure 4. The point, m, 
determined by measurement of primary 
resistance divides rb into components 
proportional to the primary and second¬ 
ary losses. The current pb produces a 
primary loss which is represented by mr. 
The loss for any primary current, pf, can 
be represented by kh which in turn can be 
determined by the relationship 

1 , 1 , {ti\* 

kh=>mr I —r I 

w 

The secondary copper loss represented by 
jk can be found in similar fashion. 

The slip is a function of the angle 
(a—7) by which I 2 +In lags fi 2 . This is 
also the angle between the vector oc 
in Figure 3, representing the magneto¬ 
motive force due to I 2 +/n in the stator 
windings, and the vector labelled fi^, the 
voltage induced in the stator by the air- 
gap flux. The angle a is the phase angle 
between the voltage Vi and the primary- 
current component h L , or the magneto¬ 
motive force oc"". This angle varies 
with slip. The angle 7 is determined by 
its tangent which equals N AW /Nz, thus, 
7 is independent of slip. The relation 
between slip and (a—7) is given by 



This equation is developed in appendix B 
and may be used to determine the slip 
at any point / (see Figure 4) on the circle 
defining the extremity of In The speed 
may be obtained, since speed equals 
synchronous speed times the quantity, 
(1—5). If the motor is loaded so that 
the primary draws a phase current pf in 
Figure 4, the slip will have some value, 
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S, corresponding to the point, /, and can 
be determined from measurements of a 
and equation 7. 

If the impressed voltage per phase is 
represented by Vi, then for the input 
current, pf: 


( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 

(7) 

( 8 ) 
(9) 


Input =» (If) V\ watts per phase 
Output= (jf) Vi watts per phase 
Iron loss, friction, and windage* 
( th ) Vi watts per phase 
Primary copper loss * (hk) V\ watts per 
phase 

Copper loss of stator and adjusting 
winding * (kj) Vi watts per phase 
jf 

Efficiency » - times 100 per cent 

The slip is determined by the angle be¬ 
tween of and Vi (or between of and oy) 
using the equation (7) 

Speed *(1—slip) (synchronous speed 
in rpm) in rpm 
Torque = 

(jf) Vi (number of phases) 33,000 

2ir (speed in rpm) 746 

in pound-feet 


The output torque is zero at the point 
n in Figure 4. For slips less than that 
at n, power must be supplied to the 
machine through the shaft. At the 
point v, slightly above synchronous speed, 
all the power into the machine comes by 
way of the shaft. 


Results of Test With Leading 
Commutator Voltage 

In order to check the validity of the 
foregoing theory, a test was made on a 
General Electric BTA, 550-1,650-rpm. 
4.17-12.5-horsepower, six-pole, 60-cyde 
motor. With the brushes set so that 
the commutator voltage was ahead of the 
induced voltage of the stator by 90 
degrees, the gap between brushes was 
fixed so that the commutator voltage was 
7.8 per cent of the stator voltage at 
s tan dstill. The results of the load test 
and the blocked rotor test are indicated 
by the encircled points on the circle 
diagram of Figure 5a. The theoretical 
primary-current circle locus was deter¬ 
mined from three no-load readings as 
described in parts I and II of this series. 
It is observed that the diameter of the 
circle lies beneath the horizontal chord 
by an angle of approximately ten de¬ 
grees. Only about five degrees of this 
shift is accounted for by y (the shift 
caused by the magnetomotive force of 
the adjusting winding). The remainder 
can be attributed directly to the leakage 
reactance of the primary circuit which, 
with high current values, causes the in¬ 
duced voltage, E 2) in the secondary to lag 
the primary voltage. Figure 5 shows the 


results predicted theoretically in com¬ 
parison with the experimentally deter¬ 
mined results. 

Conclusions 

The advantages of power-factor cor¬ 
rection on a line supplying a motor are 
well-known. Advantages of power-factor 
correction to the motor itself result only 
when these corrections increase the ef¬ 
ficiency of the motor or its horsepower 
capacity. The effect of power-factor cor¬ 
rection on the efficiency of this motor is 
illustrated in Figure 6. Each of the ef¬ 
ficiency curves shown here was obtained 
by a load test with brush settings that 
provided synchronous speed at no load. 



Figure 6. Efficiency as affected by power- 
factor correction 

Brushes separated 

(a) . 0 electrical degrees 

(b) . 6 electrical degrees 

(c) . 12 electrical degrees 

(d) . 18 electrical degrees 

It is evident that the addition of a small 
value of Eu (two per cent of its maximum 
value, that is, a brush separation of ap¬ 
proximately five electrical degrees) to 
improve power factor will increase the 
efficiency only slightly. Further in¬ 
creases in Eu will cause excessive second¬ 
ary currents and reduce the efficiency. 
It is evident from the theory developed 
here that if the primary exciting current 
is to be reduced the secondary must carry 
an additional exciting current to com¬ 
pensate for the reduction in the primary. 
Mftxinrmn efficiency for a given load will 
occur when the voltage En is adjusted 
so as to make the total copper losses in 
the motor a minimum. ,Any exciting 
current flowing in the secondary must be 
supplied through the commutator. For 


some conditions of load this additional 
current will cause poor commutation. 
Thus there is little to be gained from 
standpoint of the motor by setting its 
brushes to improve its power factor be¬ 
yond the values obtained when Eu is 
made opposite to E 2 . 

From information revealed in Figure 5 
it is quite evident that the motor can be 
adjusted to draw various amounts of 
leading current. This feature provides 
the possibility of improving the regula¬ 
tion and efficiency of the line supplying 
the motor. These curves of Figure 5 
also show the relative high power factor 
obtainable on the brush-shifting motor 
as compared with the ordinary well- 
known two-element induction motor. 


Appendix A 


It can be shown that the locus of the sum 
of Ii and In is a circle as follows: 

The line OP of Figure 2c indicates the cur¬ 
rent vector representing the sum of It and 
Jn. Let x equal the horizontal component 
of OP, and y equal the vertical component 
of OP. Since I 2 and In are always at right 
angles 


OP*-J a 4 +I u * 

Or OP* +/ll 4 /2maxJllmax 

ItmaxI Umax(sin 2 6-\- COS 2 0) 

But Il=Itmax Sid 0 
Ill = Illmax COS 0 

OP* — Iilimax sin 0-Kn/umax COS 0+ 

Ifonax/llmax —limaxlll COS 0 Illnualt sin 0 
OP 2 *=Itm&x(It sin 0— In cos 0) — 

Illmax(l2 sin 0— In COS 0) -hlgmaxlllmax 
OP 2 = (A I max — Iimax) (III COS 0 11 sin 0) 4" 

Iimaxhtii 

but x=In cos 6—It sin 0 
and OP*=x*+y* 

X*+y* — (/llmax— I2max)%~\~l2maxll1max 


y i +X*+x(Ilmax—Il\mox) 4 


(lit nax Illmax) 2 


— IimoxIllmax~ 


(llmax /llmax) 2 


y 2 + 


( , Iim ax 


"fi lm«a ^ 2 


( I2max4" IllmoxX 2 
2 ) 


This is the equation of a circle of radius 
(Iimax+Iumax/2) with its center at ac= 
— */i(Itmax~Iiimax) and y—0. A similar 
method may be used to show that the locus 
of P in Figure 2b is also a circle. 


Appendix B 

In order to establish equation 7, it is neces¬ 
sary to refer to Figure 3. In this figure 
(a—y) is the angle by which oc lags Et. 
The vector oc represents the magnetomotive 
force produced in the stator by h-fr-In- 
The magnetomotive forces produced in the 
stator by h and In separately are ob and 
oa respectively. The currents In, Is, and 
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Ja-f In with proper change in scale c , g 
represented by oa, ob, and 0£- _ tr 
done, and if the point c is determined y 
rectangular co-ordinates x and y, then 

x 

tan (a — y = —- 

Since oc now represents famu* an< ^ re P r ^ f 
scnts Junuix, if o is the power factor angle or 

the secondary circuit: 

1 2 — /amas sin 9 
I U — I Umax cos 0 

In Figure 3 

-r =*/. sin 0—Ju cos 0 
3f ar=/„ cos 0-f-Ju sin 0 


so 


x In cos 0 —fa sin 6 
tan (« — ■>•) = —* 
y In sin ff-hfa cos tf 

or 


I 2 

1—— tan 0 
In 

fa 

tan 0+— 
In 


tan for — ->•') = 

From above 

-la fantax 
— *= -- tan 0 

/ll 

and from equation 3, 


la 

/ii 


Ei 


therefore 

Illmnx 


tan 0 ! 


Since 


/ an-Ea-S X 

V £11 / 


Iimax 

Ell N AW 

*»Ei Nt 


= tan y, it follows that 


tan 5 = 


Illmai / -S 

Iurwx Vtan 7 


tan (a — 7 ) ! 


) 

\tan 7/ \famax ) 


( J_\ As 

\tan 7 / \famax / 


s* 


Appendix C. List of Symbols 


En—Voltage generated in adjusting 
winding between brushes supplying 
one phase of stator 

E2—Voltage induced in one phase of 


stator 

ss Ei—Stator voltage at standstill 

Total flux produced by primary 
windings 

a—Angle between Fiandli* 


7—Angle tan" 


Naw 
N> 

(a—y )—Phase angle between total second¬ 
ary phase current and voltage in¬ 
duced in stator 

I lL —Load component of primary cur¬ 
rent 


fa —Total primary phase current 

J u —Current flowing in stator and ad¬ 
justing winding resulting from the 
voltage £n 

fa —Current flowing in stator and ad¬ 
justing winding resulting from the 
voltage £2 

l umax —Maximum value of In and thus 
diameter of In circle 

Ismax— Maximum value of fa and thus 
diameter of fa circle • 

Nr— Effective number of stator turns 
per phase 

Naw —Effective number of adjusting¬ 
winding turns per phase 

Raw —Resistance of adjusting winding 
per phase 

E 2 —Resistance of stator per phase 

5 — Per cent slip 

6 — Phase angle between In and E 11 , or 
I 2 and E 2 

Vi —Voltage impressed upon one phase 
of primary 

ft X a w —Adjusting-winding reactance at 
standstill 

gs X 2 —Stator reactance at standstill 
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Synopsis: The preceding papers of this 
senes presented an analysis of the brush- 
shtftmg a-c motor. Parts I and II dealt 
with uie case when the voltage introduced 
into the stator coils from the commutator 
was collmear with the voltage induced in the 
stator coils* by slip. Part III dealt with the 
case when the voltage introduced into the 
stator coils from the commutator was in 
quadrature with the induced voltage. 

This paper extends the earlier analysis to 
include all the possible phase positions of the 
voltage introduced into the stator coils from 
the commutator. Under these conditions 
power factor and speed are controlled simul¬ 
taneously. Methods for constructing the 
circle diagram for these conditions are given 
and the characteristics of the motor pre¬ 
dicted from the circle diagram are compared 
with the characteristics obtained by labora¬ 
tory tests. 


(c) . The resultant magnetomotive forces 
produced in the primary winding as a result 
of the secondary magnetomotive forces. 

(d) . The primary currents associated with 
the required primary magnetomotive forces. 


I T has been demonstrated 1 that the 
locus of the extremity of the current 
vector of the brush-shifting motor is a 
circle when the brushes are set for speed 
adjustment, that is, when the voltage, E n , 
collected from the commutator is collinear 
with the induced voltage, E 2l in the sta¬ 
tor. further analysis 8 has shown that 
when the brushes are set to make E n per¬ 
pendicular to Ei for the purpose of power- 
factor correction, that the locus of the ex¬ 
tremity of the current vector is also a cir¬ 
cle. An analysis of these circles has 
provided 1 * 8 a means of explaining the 
operation of the motor for these special 
brush settings and of predicting all of its 
characteristics from no-load measure¬ 
ments. 

The developments described above 
have been made from an analysis of: 

(a). The secondary currents I n and I» 
produced by the voltages E u and Ei re¬ 
spectively. 

(b). The magnetomotive forces produced 
by these currents flowing in the stator and 
the adjusting winding. 

Paper 42-76, recommended by the AIEE com¬ 
mittee on electrical machinery for presentation at 
the AIEE North Eastern District meeting, Sche- 
nectftdy, N. Y., April 29—May 1,1942. Manuscript 
submitted December 19, 1941; made available for 
printing March 30,1942. 

A. O. Conrad is associate professor, and J. G. 
Clarks and F.Zweig are instructors in the school 
of engineering, Yale University, New Haven, Cnwi 


This paper, employing the same meth¬ 
ods of analysis, extends the theory of the 
brush-shifting motor and explains its op¬ 
eration when the brushes are shifted to 
control speed at the same time that the 
motor is used to correct the power factor 
of its supply. Specifically, it deals with 
the operation of the motor when the 
brushes are set to make En out of pba^A 
with the standstill value of E z by any 
angle 0 . An understanding of the devel¬ 
opments presented here presupposes a 
knowledge of the material presented in 
the preceding papers of this series . 1-3 

Figure la shows a representative vec¬ 
tor diagram of the secondary currents 
•£u and Ii, and their loci when they are 
produced by the voltages E n and Ei 
which are no longer collinear. Appendix 
A demonstrates that the sum of I n and I 2 
for this condition is a vector the locus of 
which is defined by another circle. This 
circle, representing the locus of the sum 
of I s and /a, is shown in Figure la. For 
the condition shown, the machine will run 
above synchronous speed at no load, and 
the power factor will be leading. The cur¬ 
rent vectors will follow the circle loci 
shown when the speed is varied from syn¬ 
chronous speed through higher speeds to 
infinite speed—infinite negative slip. 
Since the diameter of the i u circle coin¬ 
cides with En, swinging Eu to various 
phase positions moves the I n circle along 
with it. For values of 0 ranging from 0 
to 180 degrees, a current is reflected into 
the primary which has a leading compo¬ 
nent over the operating range of the motor. 
The no-load speed of the machine is above 
synchronous speed if 0 is between 0 and 
90 degrees, as in Figure 1 , and below syn¬ 
chronous speed if is between 90 and 
180 degrees. 

When the brushes are set to maW 
in the same direction as JR*, (0=0), the - 
center lines of corresponding stator and 
adjusting winding coils are collinear, and 


their magnetomotive forces aid. With 
this reference position of En, 0 is also the 
angle by which the magnetomotive force 
of the adjusting winding lags the magneto¬ 
motive force of the stator coils. This is 
the angle in electrical degrees through 
which it is necessary to rotate the brushes 
about the commutator in order to shift 
■Eu by 0 degrees (see Figure 2). Only 
the phase position of E n is changed if the 
brushes are all rotated about the commu¬ 
tator by the same angle, keeping their 
relative spacing unchanged. Positive 
values of 0 are obtained by moving the 
brushes in the direction of rotation fr om 
the position where 0 = 0 . Values of mag¬ 
netomotive force and <rf E n identical to 
those at any given setting of the brushes 
can be obtained by rotating all brushes 
360 electrical degrees around the com¬ 
mutator, or by interchanging the positions 
of all brush pairs, and moving them all 
180 electrical degrees around the com¬ 
mutator. 

Determination of the Primary 
Currents 

The primary current resulting from the 
secondary currents shown in Figure la can 
be obtained from a consideration of the 
various magnetomotive forces involved. 

If the resultant flux crossing the air gap is 
to remain unchanged (so that the gener¬ 
ated voltage will remain approximately 
equal and opposite to the applied volt¬ 
age), the magnetomotive forces produced 
by the secondary currents flowing in the 
stator and the adjusting winding coils 
must be cancelled by component magne¬ 
tomotive forces produced by component 
currents flowing in the primary coils. 

While the polyphase current Is+/ U , 
which flows in the stator coils also flows 
in the adjusting winding coils, the mag¬ 
netomotive forces produced by these two 
sets of coils in series are not, in general, in 
the same time phase with respect to the 
primary. This is because the adjus ting 
winding coils are mechanically dis plaped 
from the stator coils by 0 electrical de¬ 
grees, as shown in Figure 2. If the 
brushes have been shifted to retard En by 
0 degrees (which advances the p rimar y 
current), the magnetomotive-force of the 
adjusting winding lags the magnetomo¬ 
tive force of the stator by 0 degrees, so 
that the primary current cancelling the 
magnetomotive force of the adjusting 
winding lags the primary current which 
cancels the magnetomotive force of the 
stator by 0 degrees. 

Figure lb shows a vector diagram, of 
the components of the primary current 
necessary to cancel the magnetomotive 
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force produced by the secondary currents 
of Figure la flowing in the stator. Figure 
2 shows that this component of primary 
current is obtained by a mirror reflec ton 
of the secondary current while the mo or 
is running above synchronous spee , an 
by a 180-degree reflection of the secondary 
current when the machine is running e 
low synchronous speed. Figure lc shows 
a vector diagram of the components o 
primary currents which cancel the mag 
netomotive forces of the secondary cur 
rents flowing in the adjusting winding. 
Figure Id shows the magnetizing com¬ 
ponent of the primary current. Figure 
le shows the sum of these component 
currents, or I u the total primary current. 
At a given load, the currents reflecte 
from the adjusting winding and the stator 
winding are separated by the angle 0. 
Their sum is separated from the compo¬ 
nent reflected from the stator by the angle 

. Naw sin ft 

y — tan 1 ——■ ~ ~ 

N2+Nj,w cos 0 

The currents reflected into the primary 
from the stator and the adjusting winding 
bear the ratio iV 2 to N A w- 
By adding the reflected currents vectori- 
fllly, the load component of the primary 
current is obtained. The ratio of trans¬ 
formation between the secondary and the 
primary can be obtained from the equa¬ 
tion 


la, the tangent of the angle of slope of 
this diameter is 


Eu a 
— cos 0 
R 


E u 

Ei 


COS j8 


ss 


ss 


Et , En 


X 


sin 0 


R . En 
X + tt E, 


sin 0 


where R and X are the total resistance and 
reactance at standstill referred to the 
secondary. The voltages and 0 in this 
equation may be determined by opening 
the brush leads and measuring En, sgEi, 
and Eu+ ss E 2 - 0 is determined by form¬ 
ing a triangle of these three voltages. 
The quantities can also be determined 
directly if the brush positions and turns 


ratio are known. The remaining, term, 
R/X, can be evaluated from the blocked 
rotor current. At standstill, the resultant 
secondary current, J 11 +/ 2 , lags the re¬ 
sultant secondary voltage, Eu+E 2 , "by 
an angle the tangent of which is X/R. 
This is the same angle that I, L lags Vi at 
standstill. Hence, X/R is the tangent of 
the angle between I lL and V\ at blocked 
rotor. The corresponding diameter of the 
primary current locus lags this diameter 
of the secondary current locus by the 
angle y, which was defined earlier. 

Erecting a perpendicular bisector to 
the chord joining the no-load and the 
blocked rotor current extremities gives 
another diameter, and the center of the 



A T iJ, l — __ 

V(Ni+N a if cos 0) 2 +(N a if sin/3)* (ArMn) 

Obtaining the Circle Diagram 

For specific cases, two general methods 
have been considered for obtaining the 
circle locus of the primary current with¬ 
out loading the machine. One method 
makes use of the fact that a circle is 
uniquely determined if two points and 
the slope of the diameter through one of 
the points is known. This method is 
commonly used to obtain the circle dia¬ 
gram for the two-element induction mo¬ 
tor. It is also applicable for the brush- 
shifting a-c motor for any value of En. 
The two points commonly used are the 
extremities of the no-load and blocked- 
rotor current vectors. In the two-element 
induction motor, the diameter through 
the no-load point is 90 degrees behind the 
impressed voltage, so the circle can be 
constructed from these two currents. 
However, the presence of E u in the 
brush-shifting a-c motor causes a shift of 
the diameter of the secondary current 
locus through the no-load point so that it 
is no longer perpendicular to E* (or the 
applied voltage). As is seen in Figure 
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primary eiirrent circle locus lies at the 
intersection of these two diameters. 

J his method for determining the locus 
of the primary current, from the two 
points and the direction of the diameter 
tluough the no load current extremity, 
involves the same approximation that is 
made in ordinary induction motor theorv 

that this diameter of the eirele passes 
through the no load point. Actually, 
when the machine is running with no out 
put ton jut*, it is loaded with rotational 
losses. The circle should lie constructed 
with the diameter drawn through the 
true no load point, which can he found by 
supplying these losses mechanically. This 
trhuenieut produces almost no change iu 
tin* circle diagram. 

1 he circle can also be located by ob¬ 
taining three (mints, rather than by two 
points and a diameter. This method, 
which was discussed for specific eases in 
the catliei paper,is valid for all brush 
positions, since the current locus is a! 
ways a circle, and three points determine 
a eirele. The necessary data are; 

bel The no load input cut rent and watts 
at normal voltage. 

fT). {In* standstill input current and watts 
at reduced voltage. 

b). Hie un load input eutreut and watts 
at reduced voltage, with the machine run¬ 
ning at. some speed between tin* un load 
speed soul standstill. 

This method eliminates the inaccuracies 
introduced by primal y leakage reactance 
and rotational It »v-.es. 

Characteristics From the 
Circle Diagram 

When the locus of the extremity of the 
primary current vector has been es¬ 
tablished by tin* methods discussed above, 
the characteristics of the motor can Ik* 
predicted, using methods similar to those 

( a ). fJchcfBfttit; diagram of the motor, showing 
the brushes set to retard fu by ji degrees, 
the magnetomotive force of the adjusting 
winding is 0 degrees behind that of the stator 


tised n parts I, IT. and III of this series. 

In the ordinary induction-motor the¬ 
ory, it is assumed that the total copper 
loss of the motor is the loss prixluced by 
the no-load current plus the loss pro¬ 
duced by the load component, of current 
that is reflected from the secondary. The 
portion of the primary copper loss pro¬ 
duced bv the no-load current is grouped 
with the other unload losses, and the 
sum of these is assumed to lie constant. 

1 hese assumptions involve two approxi¬ 
mations, neither of which seriously af¬ 
fects the accuracy of the method for the 
twodement induction motor. First, it 
assumes that the current flowing in the 
primary is directly proportional to the 
current in the secondary, so that the di¬ 
vision of copper loss between the primary 
and secondary is the same for all loads. 
Second, it assumes that the loss for two 
component, currents flowing in a conduc¬ 
tor simultaneously is equal to t he sum of 
the losses produced when each component 
flows separately. 

(/mi,** Mi/,*)A* i f~* f lu,Y l R\ 

This is true only when the component 
current vectors are in quadrature. Over 
the operating range of the ordinary in¬ 
duction motor, the magnetizing current is 
nearly at right angles to the reflected 
component, so that the error due to 
this approximation is small. However, 
in the brush-shifting motor, the voltage 
A'u may he introduced into the secondary 
in such a phase position that the phase 
angle of the reflected current may vary 
widely with resjieet to the mugneti/mg 
current, introducing quite appreciable 
errors. The loss curves for the maehim* 
can he located without these approxima¬ 
tions. Referring to Figure It, for some 
general running condition when the input 
current is pf, the current flowing in the 
secondary is proportional to of, where pn 
is the magnetizing current, pn can be 

(b). Effective currents, representing the 
magnetomotive forces of the stator, adjusting 
winding, and primary windings 
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determined by running the machine at no 
load with the brushes set to make E\\ 
zero. The primary copper loss is propor¬ 
tional to ( pf ) 3 , and the secondary copper 
loss is proportional to {of)-. When the 
rotor is blocked, the total input to the 
motor is used in supplying losses, Assum¬ 
ing that the sum of the iron, friction, and 
windage losses remains constant from no 
load to blocked rotor, the total copper loss 
can be determined for blocked rotor. 
From the resistances of the two windings, 
the division of this loss between the pri¬ 
mary and the secondary can be deter¬ 
mined. Thus, if the point m is located 
so that rmX lq is the primary copper 
loss per phase for a primary current pb, 
and mb X I’t is the secondary copper loss 
per phase for a reflected current ah, then 
for a primary current, pf, the primary cop¬ 
per loss per phase is ItkX l'i where 

A/2 

hk - rnt 

pb* 



Figure 3. Locui of th« primary current, and 
curvci dividing th« power component Into the 
part* allocated to the output and the veriou* 
lone* 


and the corresponding secondary loss is 
kjX Vi where 

.. .of* 

kj**mb,' 

air 

This method can be used to determine 
the copper losses at no loud. By sub¬ 
tracting these copper losses from the no- 
load input, the friction, windage, and iron 
loss is determined. 

Using these relations, curves can he 
constructed that divide the power com¬ 
ponent of the input current into the por¬ 
tions that are allocated to the output and 
the various losses. Thus, in Figure .1, for 
an input current pf; 

Input **lfxV i waits per phase 
Output **i/X Vi watts per phase 
Friction, windage, and iron loss^FiX IT 
watts per phase 

-Primary copper losssMdrXFi watts per 
phase 

Secondary copper loss^JSyX l'i watts per 
phase 
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if 

Efficiency = - 

V 


Power-factor* 


£ 

Pf 


men E n has no quadrature compo¬ 
nent with respect to 2 , (-En s i n '> 
the slip is equal to the secondary oss 
divided by the total power across the gap, 
or 

-(PJQ _ v 

developed power -4-«eo (PR) 

100 per cent of no-load speed 

where I is the total secondary current 
(1 2 +In). Under this condition, all of the 
PR loss in the secondary is supplied by 
the speed voltage, IZ, which varies di¬ 
rectly with slip. Appendix B demon¬ 
strates that when £11 has any phase posi¬ 
tion 0, the voltage supplying the second¬ 
ary PR loss is a combination of a speed 
voltage (IZ)„ which varies directly with 
slip, and a transformer voltage (lZ)t— 
En sin 0, which is independent of slip. 
Under this condition, the slip can be evalu¬ 
ated (see appendix B) in terms of the 
output nrirl the component of the second¬ 
ary loss, sec (/ 2 i?)„ which is associated 
with the speed voltage. The expression 
for the slip is 


™(PR), _ x 

developed power+«eo (PR) t 

1 HO n<ar 


Figure 4. Comparison of observed and pre¬ 
dicted characteristics 

Points are observed. Lines are predicted 



This slip is expressed in per cent of N 0> 
the no-load speed at which the motor 
would operate if the brushes were shifted 
to eliminate the quadrature component 
(£11 sin 0) without altering the inphase 
component (£11 cos 0). Similarly, the 
torque can be shown to be proportional 
to the component of the total secondary 
power which is independent of the trans¬ 
former voltage. 


Developed power+ see (PR),= 


2iri\T 0 Tdev 

33,000 


X746 


or 

33,000 
rdev “ 2^746 

(developed power+soo (PR)s) 

The quantities sec (/ 2 £) s and (devel¬ 
oped power-4- secC ?*#)») may be evalu¬ 
ated by projecting the components of 
Iil on Vi as outlined in appendix B. Also, 
it can be shown that these quantities may 
be evaluated from the product of the pro¬ 
jections of In and V\ on an axis lagging 
Vi by y degrees, and that S ec C PR)t , the 
component of the loss associated with the 
transformer voltage, can be evaluated 
from the product of the projections of I lL 
and Vi on an axis perpendicular to this 
axis. Regardless of the method used to 
evaluate these quantities, it is convenient 
to draw the dotted line m'k', and so 
forth, on the circle diagram of Figure 3, so 
that 


na(I 2 R)t -k'kXVi watts per phase 
no (PR) s *=k'jX Vi watts perphase 
Output-Koo {PR)t—k'fX Vi watts per phase 


From this, the slip and torque can be 
evaluated in a manner which is almost 
identical with that used for the ordinary 
induction motor circle diagram. 


k'i 

Slip ■» ~ X 100 per cent of N 0 

kj 


33 000 *746 ’"k'fX Vi watts per phase 


This involves the same approximation 
that is made with the ordinary induction 
motor—that the effect of rotational losses 
on the slip is negligible. 

Experimental Check on the 

Circle-Diagram Theory 

To check the theory that has been pre¬ 
sented here, tests were made on the Gen¬ 
eral Electric BTA 550-1,650-rpm 4.17- 
12.5 horsepower 60-cycle brush-shifting 
motor that was used in the earlier tests. 

The brushes were set for two tests so 
that /S was approximately 45 degrees and 
135 degrees. The power factor was im¬ 
proved with each of these settings, and 
the machine ran above synchronous speed 
when 0=45 degrees, and below syn¬ 
chronous speed when 0=135 degrees. 

The magnitude and phase position of 
£11 were determined accurately by the 
voltage measurements described earlier, 
and from this, from the no-load measure¬ 
ments and from the blocked-rotor meas¬ 
urements, the circles shown in Figure 4a 
were constructed. It is seen that these 
predicted circles check the observed 
points quite closely. Curves of speed and 
current against torque, and power factor 
and efficiency against output were con¬ 
structed from the predicted circle. Fig¬ 
ures 4b, c, d, and e show these predicted 
characteristics compared with those ac¬ 
tually observed. 

Conclusions 

1. Theory and experiments described here 
have shown that it is possible to adjust the 
brushes of the brush-shifting a-c motor to 
correct the power factor of the current sup¬ 
plying it, regardless of the speed to which it 
is adjusted. 

2. The locus of the extremity of the pri¬ 
mary current with such adjustments is a 
circle. The magnitude and location of this 
circle with respect to the primary-voltage 
vector can be determined from no-load 
measurements taken on the motor. 

3. Power-factor correction is accomplished 




by causing exciting current of the motor to 
flow in the secondary elements instead of the 
primary. This causes extra heating in the 
secondary and reduces the permissible load 
current that the secondary can carry. In 
the particular machine used in this investi¬ 
gation values of the quadrature component 
of Eu, (-E 11 sin p) in excess of 10 per cent of 
the standstill value of the induced secondary 
voltage Ei cause excessive secondary cur¬ 
rents. 

4. While the range of Eu sin p (power-fac¬ 
tor adjustment) is limited, E u cos P (speed 
adjustment) is not limited except by the 
design of the motor. The voltage E n cos /S 
is opposed in normal operation by a speed 
voltage, Ei, which limits the flow of current 
produced by it. The quadrature component, 
Eu sin p, causes a secondary current which 
is opposed only by the motor impedance 
and not by the speed voltage. Conse¬ 
quently, a small angle p can cause consider¬ 
able change in power factor in a low im¬ 
pedance motor. 

5. A method of determining the character¬ 
istics of the motor when used to perform the 
double function of speed adjustment and 


Y 



Figure 5. Diagram for appendix A 


power-factor correction has been presented. 
This method employs the theory and use of 
the circle diagram. The accuracy of the pre¬ 
dicted characteristics indicates that the 
theory and description of the operation of 
the motor as presented here are essentially 
correct. 


Appendix A. Proof of the Circle 
Locus of (/*+/«) 

The two small circles of Figure 5 with 
diameters a and 6 represent the loci of the 
currents Z 2 and In respectively. Establish 
the rectangular co-ordinates, x and y, with 
the * axis along the diameter a. If angles 
are measured counterclockwise from the x 
axis, the angle between b and a is p+r/2. 
A current Ij at angle X from the x axis, when 
added to the corresponding current In at 
angle X+/3 from the x axis, results in (7 2 + 
lu). The locus of the extremity of (Z 2 +Zu) 
is tp be expressed in terms of the x, y co¬ 
ordinates. To do this it is convenient to 
establish another set of- rectangular co¬ 
ordinates m, n rotated counterclockwise by 


the angle X from the x, y axis. It is seen 
that 

m “Za+Zu cos j 8=a cos X +6 sin X cos p 
n =In sin j 8=6 sin Xsin £ 

By the Pythagorean theorem 

(Z 2 +Zn ) 2 = (Zj+Iu cos £)*+ (Zli sin P) 1 
(Z 2 +/ii ) 2 =/ 2 *-(-/ 11 2-(-2/ 2 7 u cos p—abX 

sin p (sin*X+cos 2 X)+a 6 sin p 

Since Z 2 =a cos X and In = b sin X 

(Z 2 +Z 11) 2 =Za 2 +/n*+27 1 7 11 cos p—a sin (3 X 
sin X7u —b sin p cos XZ 2 +a 6 sin p 
=s Z 2 2 + 7 u l + 727 u cos 13—I 2 b cos XX 
sin jS-f7j7n cos p—a sin /SX 

sin \In+ab sin p 
=Z 2 2 + 7 ii 5 + 7 2 & sin X cos P —IJ} X 
cos X sin p+Iua cos X cos p— 

Iud sin X sin Pjrab sin £ 
—Z 2 2 +Zu s +7 2 6 sin (X—/S) +7uaX 
cos (X+/9)+a6 sin p 
" Za [Z 2 +& sin (X—j9) ] +7 U [Z u +a X 
cos(X+/3)]+o6 sin p 
=Z 2 [a cos X +6 sin (X—0)]+7 u X 
{fi sin [(X—£)+j3]+o cos (X+ 

P )} +06 sin p 
—Ii[a cos X +6 sin (X—/9)]+aI u X 
cos X cos fi—alu sin X sin p+ 
Iub sin (X-/9) cos P+I n bX 

cos (X— p) sin j 3+ab sin p 
(Za+Zu) 2 — [a cos X +6 sin (X —/S)](Z 2 +ZnX 
cos p) +7 U sin p\b cos ( \—p)—a 
sin X]+a 6 sin p 

Since ra=Z 2 +Zu cos p and n—I n sin p 

(Za+Zu)* = [a cos X +6 sin (X—/9)]m+»X 
[6 cos (X— p) —a sin X] +06 sin p 
= m [cos X(o —6 sin 0)+6 sin XX 
cos P]+n [—sin \(a—b sin 0)+ 

6 cos X cos /J]+a 6 sin p 
(Z 2 +Zu) s = (a —6 sin p)(m cos X—« sin X)+ 

6 cos p{m sin X+» cos X) + 

ab sin p 

Since the co-ordinates x, y are expressed 
in the m, n co-ordinate system by the equa¬ 
tions 


This is the equation of a circle in x, y co¬ 
ordinates with center at 

a b 

* X—-—- sin p 
2 2 

6 

|y=-cos p 
and radius 

K d b . \* (b cos dX 9 "] 1 /* 


Appendix B. Determination of 
Slip and Torque 

As is seen from Figure 1, I lL is made up 
of two components, one of which, Z la , cancels 



cos X —n sin X 
y—m sin X+« cos X 

(7j+7u ) 2 = (a —6 sin /S)ac +(6 cos /3)y+ dbX 

sin p 


But 


(Za+Z u ) 2 =**+y* 


so 


(b). Secondary voltages and currents 

Figure 6. Diagrams for appendix B 


the magnetomotive force of (Z 2 +Zn) flowing 
in the stator coils, and the other, I\aw> can¬ 
cels the magnetomotive force of (Z 2 +Z u ) 
flowing in the adjusting winding. These 
component currents bear the ratio 


x 2 —x(a—b sin | 8 )+y 2 — yb cos p=ab sin p 
Completing squares 


[*_(?_! si n 0 )]+[ 3 + cos uJ-oJX 

• a a& • „ , (& sin P) a , (6 cos / 8 )* 
sm £+--— sm p+ -j— 1 -+±— 

[*"(H5 sin s )]’ + [ 3 "'i 003 

IKH’+IM 


Iu ZVa gg E 2 

" ■'■—SSI ” ■ a 

Iiaw Nj,w En 

and are added together at the angle P to 
form Zix, as shown in Figure 6 a. Thus, if 
Zii, P, and tsEi/En are known, all the com¬ 
ponent currents are deter min ed. 

By projecting the various current vectors 
in this diagram on the voltage vector, V u 
powers are obtained which can be used in 
evaluating the speed and torque. 

If the vector notation (Zii) • (Fi) is used 
. to mean the scalar product of Vi and the pro¬ 
jection of Zii on Vi, and if the primary re¬ 
sistance is assumed to be transferred into the 
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secondary, the following relations may be 
written 


sin 0 is made zero, leaving E u cos 0 un¬ 
changed. 


sumed that the same division of losses oc¬ 
curred at all loads. 


(Ji l) • (F.) = t h+Iu ) • («Ea+E u ) (1) 

=net power transferred from the 
primary to the stator and the 
adjusting windings 

HuH Vt) = (Ja+JuM M Ea) (2) 

=power transferred from the 
primary to the stator 

(WMF,) = (Ja+Iu)-UZu) (3) 

=power transferred from the 
primary to the adjusting wind¬ 
ing 

(Jiaw cos 0) • (Fi) =» (Ja+Ju) * (-Eu cos 0) ( 4 ) 
an power associated with the com¬ 
ponent of Iiaw which is col- 
linear with I u 

(Iiaw sin 0) • (Fi) = (Ja+Jn) • (Eu sin 0) (Sj 
=power associated with the com¬ 
ponent of Ilaw which is in 
quadrature with J l8 

The power described by equation 5 can 
be identified as a component of the PR 
loss in the machine. Since the resultant 
secondary voltage is equal to the IZ drop; 
and the dot product of the resultant current 
and IZ gives the PR loss, we may write 


(Jis + Jix w cos 0) • (Fi) — 

(J 2 +Ju) * (»*Ea+Eu cos 0) 

. M i^ X 74i ( 8 ) 

33.000 

This is true because 

N 0 ggEa+En cos P ^ Iu+Ii aw cos 0 
JV»yno 2 Iu 

From equations 1 and 5 , it is seen that equa¬ 
tion 8 must represent the developed power 
plus one component of the copper loss 

^Td ev =Pdov+ [(J j+ J U )*E] g 

33,000 f 

which can be solved for torque. 

Obtaining the Speed 

Since the slip from, synchronous speed, 
in per cent of synchronous speed is Ei/ it Ei, 
the speed can be predicted from Et. As is 
seen from Figure 6b 

Ea<=En cos 0+ [(Ja+Ju)-£]« 

where [(J s +Ju)Z,l is the component of the 
impedance drop which is in phase with Ej, 
so that 


List of Symbols 

En—The voltage inserted into the secondary 
element from the adjusting winding 

Ea —The voltage induced in the secondary 
element by slip 

In —The current flowing in the stator and 
adjusting winding, resulting from the 
voltage En 

J 2 —The current flowing in the stator and 
adjusting winding, resulting from the 
voltage Ea 

J— The resultant secondary current J 2 +Ju 

g S E 2 —The value of Ea when the rotor is 
blocked 

Imag —The flux-producing component of the 
primary current 

I 1L —The component of the primary current 
which cancels the magnetomotive forces of 
the stator and the adjusting windings 

I u —The component f of the primary current 
which cancels the magnetomotive force of 
the stator winding 

I 1A w —The component of the primary cur¬ 
rent which cancels the magnetomotive 
force of the adjusting winding 

h —‘The resultant primary current, or 
Jmi»g+Jllj 


Ea+En »=—(J 2 +Jn)-Z 
and 

(Ja+Jn) • (E,-t-Eii) = -(Ja+Jn) ! E 

(See Figure 6b.) If (Ea+E a ) is divided into 
the quadrature components (Ea+En cos 0) 
and (Eu sin 0), the projection of (Ja+Jn) 
on each of these components gives a com- 
.ponent of the total copper loss. 

[(Ja+Jn) s E],= - (Ja+Jn) • (E 2 +E„ cos 0) 

( 6 ) 

[(Ja+Jn) *E], - - (Ja+Jn) * (Eu sin 0) ( 7 ) 

where 

[(Ja+Jn)*E]»+ [(Ja+Ju) s E]i = (Ja+J») 2 E 

But from equation 5, [(Ja+Ju) s E]< is seen 
to be the product of Fi and the projection 
of (Iiaw sin 0) on Fi, so that [(Ja+ Ju) J E]< 
can be evaluated, and since [(Ja+Ju) 2 E] is 
known, the remaining component [(J 2 + 
Jn)*E], can be evaluated. 

Obtaining the Torque 

The power which is transferred directly 
from the primary to the stator is, from equa¬ 
tion 2 


Ea En cos 0 [(Ja+Jn)£]» ^ P 

---—- 1 ---=Oi+o 2 

**Ea **Ea »«Ea 

=slip in per cent of synchronous speed 

where Si is the slip caused by Eu cos 0 
and Si is the slip caused by loading. The 
first term on the right hand side of this 
equation is constant for a given brush set¬ 
ting, and the second term varies with torque. 
This expression can be evaluated more 
simply if the slip is measured from N 0 and 
expressed in per cent of N 0 . This slip is 



[(Ja+J„)Zl, 
agEa+Eu cos 0 


per cent N 0 


Here the slip is expressed in terms of the 
ratio of two voltages. Taking the dot prod¬ 
uct of these voltages with the secondary cur¬ 
rents puts this expression for slip into the 
conventional form: 


I(J»+Ju)ZIr (J 2 +J 11 ) 

(ssEa+Eu cos 0) • (Ja+Jn) 


[(Ja+Jnm 
Euev+ [(Ja+Jn)*E]» 


per cent N 0 


Assumption Regarding Primary 
Resistance 


(/w)-(Fi):-(Ja+Ju)'(„Ea) 

Since this power is transferred by a flux 
which reacts at synchronous speed with the 


In deriving the expressions for speed and 
torque, it was assumed that the primary 
resistance was replaced by an equivalent 
resistance in the secondary. Actually, the 


primary power consumed in the primary resistance 

, . does not cross the air gap. For this reason, 

(Iu) *(F x ) = (/ 2 +Ju) *(mE 2 )= the term [(Ja+Jn) a E]» in these expressions 

2-rlViync Jd«v Kw0 must be replaced by the term ieo [(J 2 + 
33 000 Ju)*E]g> This term, which is part of the 

’ . ’ copper loss in the secondary, was obtained 


Which can be solved for torque. This as- in the manner commonly used for the ordi- 

sumes the more conventional form if it is nary induction motor. The division of the 

^pressed in terms of N 0 rather than, loss at blocked rotor was determined by 

where is the no-load speed when EuX resistance measurements, then it was as- 


Fi—The applied voltage 
A T i—The effective primary turns 
Ni —The effective stator turns 
Naw —The effective adjusting winding 
turns 

0 —The angle in electrical degrees 

(а) . Between Eu and **Ea 

(б) . Between the magnetomotive forces 
of the stator and the adjusting winding 
(c). That the brushes must be rotated 
about the commutator to retard Eu by 
0 degrees 

7—The angle in electrical degrees 
(a). Between Jj, and Jjx, 

(&). Between the magnetomotive force 
of the stator and the resultant magneto¬ 
motive force of the stator and the adjust¬ 
ing winding (e). Between M Ea and 
(ssEa+Eu) 

E—The resistance of the primary, second¬ 
ary, and adjusting winding, reflected to 
the secondary 

X —The standstill reactance of the primary, 
secondary, and adjusting winding, re¬ 
flected to the secondary 
Z—The secondary and adjusting winding 
impedance 

Tdey—The developed torque 
Pie *—The developed power 
(JZ)„—The component of the total second¬ 
ary and adjusting winding IZ voltage 
which is in phase with Ea 
(JZ){—The component of the total second¬ 
ary and adjusting winding IZ voltage 
which is in quadrature with E 2 : (JZ) t = 
-Eu sin 0 

M 3 (PR) «—-The component of the secondary 
J*R loss which is given by J*(JZ)» 
woC^r-The component of the secondary 
PR loss which is given by I?{IZ) t 
No—Tht nb-load speed at which the motor 
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Reactance and Skin Effect of 
Concentric Tubular Conductors 

HERBERT B. DWIGHT 

FELLOW AIEE 


T HE concentric arrangement of tub ular 
conductors to carry heavy alternating 
currents gives compactness, low reactance 
drop, and reduced loss from skin effect 
or crowding of the current to the surface 
of the conductors. This arrangement is 
being used to a considerable ext en t . 12 
In this paper formulas and curves are 
given to enable the reactance and the 
skin-effect resistance ratio of such con¬ 
ductors to be determined for three-phase 
and single-phase circuits. 

Reactive Drop 

In practical cases the reactance of 
concentric tubular conductors is very 
little affected by the variable current 
density which causes skin effect. When 
uniform current density is assumed, the 
“geometric mean distance” method of 
Clerk Maxwell may be used. Using 
values given in paragraph 692 of his 
“Electricity and Magnetism," for geo¬ 
metric mean distances of a tubular sec¬ 
tion from itself and from other sections, 
(references 1, 3, and equations 28 and 30 
oi reference 11 ) formulas for the reactance 
drop in each tube of a concentric, three- 
phase circuit are obtained. 

The general formula for reactive drop 
in conductor 1 of a group of long, parallel 
conductors is (see reference 11 , equation 
55, page 39) 

—>2X10“ 9 [7i logn D w -fJ a logn A*H- 

h logn As-f-...] volts per centimeter ( 1 ) 

\ 

where 


«= 2irX frequency, 

logn denotes natural logarithm, 
self geometric mean distance of con¬ 
ductor 1 , 


D 12 - geometric mean distance of the cross 
■section of conductor 1 to that of con¬ 
ductor 2 , and so forth. 

The currents are in amperes. A conduc¬ 
tor may have any shape of cross section. 

The logarithm of the geometric mean 
distance between two cross sections is the 
average of the logarithms of all possible 
distances between points on one section 
and points on the other. The logarithm 
of the self geometric mean distance of the 
section of a conductor is the average of 
the logarithms of all possible distances 
between any two points of the section. 

Formula 1 is subject to the condition 
that' 


. . . =0 


which is a relation usually obtained in 
any steady-state problem where a sys-, 
tem consists of long, parallel conductors, 
and all the conductors are taken into ac¬ 
count. In other words there is as much 
return current as there is going current 
in such a system. A system of this kind 
may be made up of any number of phases 
and any number of conductors in parallel. 

Let the inside and outside diameters 
of the tubes, from the smallest to the 
largest, be fa, fa, fa, fa, fa, and fa. Let 
there be no neutral current. 


The reactive drop in the inner tube, * 
which carries I a amperes, is, in volts per 
centimeter, 


>27j~ fa* 


t 


10 9 LW-tfi 9 ) 8 
>27X1 fa* 
10 9 [y fa*-fa* 


logn 

logn 


fa 3fa*~ 


fa 

fa 


>27, 

10 * 


w-di a )_r 

—logn-l+ 
- fa 2 ■ faV 


fa 1 


"1 fa* 
.2 + fa *- 


it losa t" 


( 2 ) 


would operate if the brushes were shifted 
to eliminate Eu sin 0 , leaving Eh cos /3 
unchanged 
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Dwight—Reactance and Skin Effect 


The reactive drop in the intermediate 
tube, which carries fa amperes, is 

> 2 /„r i fa]_ 

-fa* 
fa* 

■fay 

>27X1 . fa* 


>27X1 W . fal, 

10 9 |_2 fa*-fa* 0gn d 3 J + 


> 2 fa fa 

10 » [_(d 4 2 - J *'« l0gn 


fa 3 fa*— 


logn 


fa 4(li 
fa fa* 


**-fa* 

4 a -& 9 )_r 


-X 


10 9 L2 fa*-fa*—fa fa*-fa* 

volts per centimeter (3) 


fa 

logn — 

U4_ 


Reactive drop in the outer tube, which 
carries I e amperes, is 

>2(7 a +7 d )J 


10 9 


i) 1 fa* fa~ I 

~ JT fa*-fa* logn X s J 


>27 c f fa* , d, 
——I -logn - 


!+ 
3d,*- 


l,*-d t * " 
fa*). 


102 L(d. 9 -d» a ) a d, 4(d t *- 

volts per centimeter (4) 


The phase currents I a , I b , and I c may 
be unbalanced. Therefore, by putting 
one of the currents equal to zero, the 
single-phase case is included. 

For deriving the first expression, note 
that 


I a logn fa— — 7 6 logn fa—I c logn fa 

since there is no neutral current, and 
similarly for fa in the second expression 
and for fa in the third. 

If the thickness of the above tubes is 
considered negligible, regarding the ef¬ 
fect on the reactive drop, and if, as be¬ 
fore, there is no neutral current, the re¬ 
active drop in the inner tube is 

>2f r , d *,r 1 h 

~m. hlosn i, +1 ‘ loea i, 

volts per centimeter (5) 



Reactive drop in the intermediate 
tube is 

>2 da 

— —7 C logn — volts per centimeter ( 6 ) 

10 * dt 


Reactive drop in the outer tube«=0. (7) 

It does not matter in what units the 
diameters are given, in equations 2 to 
6 , so long as they are all in the same 
units, since only ratios of diameters occur. 

For convenience in computation, it 
may be noted that there are 

2.540 X 12,000 = 3.05 X 10 4 centimeters 
___ in 1,000 feet ( 8 ) 
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Also, 

logn «=2.3026 logio« (®) 

The resistance drop in each tube is 
added vectorially to the reactance drop 
to give the impedance drop in that tube. 

Example 1 . Find the reactance drop 
in each tube of the following concentric, 
three-phase circuit. The inside and out¬ 
side diameters of the inner tube are 1.2 
and 3.0 inches; those of the intermediate 
tube are 4.0 and 4.5 inches, and those of 
the outer tube are 5.6 and 6.0 inches. 
The current of the inner tube is one am¬ 
pere; that of the intermediate tube is 

cos 120°+j sin 120 °=-0.5+j0.866 

and that of the outer tube is 

cos 240°+i sin 240°= -0.5-j'0.866 

The reactive drop in the inner tube is 

7 — [0.188- 0.349( - 0 . 5 +J 0 . 866 ) -0.660 X 
10 » 

(-0.5-j0.866)] 

= ^p(0.692+j'0.270) volts per centimeter 

to compare with jw2(0.55+j 0.25)/10® by 
the approximate formula 5. 

The reactive drop in the intermediate 
tube is 


Integrate from x to / and multiply by 
jca where w=2ir X frequency. 

Put 


4ir<o 


m* 


p 


( 11 ) 


where p = resistivity of the metal in 
abohms per centimeter cube. Reactive 
drop at dx caused by flux inside radius 
r due to a 0 and I v 



a 0 p 



It 1 
3 g 4 g 2 


1 x 3 _ 1 1 l i tl, 27pf j_l t_ 

t* + I t*q 4 t*q 2+ * • ‘..T 2 L 2 q 


1 / 2 
3g* 


X , 1 X i 1 X 8 ”] . . 

•-r t *5-5f + -J W2) 


Let a current density fli + aj flow, such 
that its resistance drop will be equal and 
opposite to the terms in x of equation 12 , 
in order to keep the voltage drop from all 
causes uniform over the section, as it is 
in actual fact. 


jmH 2 f x 1 1 x 8 , 1 x 4 
ai== ^T a V“3* 2 g + i Z 2 g 2 ~ 

, jw2I v ( lx* lx* 1 x 4 
aiS= QP V 2 g + 3 g* 4 g 8 



(13) 

(14) 


(0.164+J0.253) 

to compare with jco2 (0.14+j0.25) /10 # by 
the approximate formula 6 . 

The reactive drop in the outer tube is 


These currents will in turn produce flux 
in the metal and from the terms in * of 
the resulting voltage drops there are ob¬ 
tained values of current densities Os and 
at and so on. The resulting values are 


(0.028+j0.048) 

to compare with 0 by the approximate 
formula 7. 

For the resistance drop in each tube see 
example 2 , 

Skin Effect at Low Frequency 


Let there be a tubular conductor of 
jnnpr raditjs q and outer radius r, as in 
Figure 1. Let there be uniform current 
density a 0 abamperes per square centi¬ 
meter in the tube and let there be a cur¬ 
rent I P in a wire at the center of the 
tube. 

Following the procedure of reference 5, 
beginning at equation 1 of that paper 


Flux density at dx=* (current inside dx )—— 

q+x 


*= 2 xa 0 g 


( 


2 2 s 2* 



( 10 ) 


o'w 2 / 2 ) 2 rv 2 ,*, s *> i 

4! a °lu 5 Z 4 g' 10 t*q* * * * J 

(jmH*)* f x 8 3 ** 1 

a% ~ 61 a ° |_/ 8 7 Z 8 g + 28 Z 8 g 2 ’' J 

(JmH*)* Vx* 4 # 1 cc*_ 1 

° 4 " 8 ! a ° U 8 9 Z 8 g + 3 t*q*' ‘ J 

, jm*t* jo>2lS x* 1 » 4 
° 4 " 31 p b*g 2 t*qy 

x* 11 x*_ 1 

20 ¥q*~~40 Z 2 g 4 ’ "J 


, (jmH*) jco2JJ V 1 x 8 
° 8 " .51 ' P |j 4 g 2 Z 4 g 2 


5__x*__2 x*_ 
14 Z 4 g 8 7 Z 4 g 4 * 



, (jm*t*y juZlS x 1 1 x*_ 

a * 7! p L /*2 2 / 8 g 2+ 


13 

36 Z 8 g* 24 Z 6 g 4 ’ 



Let the total current in the tube be I. 
By integrating the complete expression 


for current density over the cross section 
of the tube 


_ o I 5! 


*• • • 


di 


c 


jmH 2 (jmH 2 )* 




2! "* 4! 

(jmH*) 3 


di 


6 ! 


where 


1 t* . 1 Z 8 11 Z 4 


5 g 10 g 2 70 q* 

*.i + Si_££+i£ 

7 g 28 g 2 21 g* 


...] 


(15) 


Cl 1 20 g 2 + 20 g 8 280 g 4+ 
C2 “ 1 14g 2+ 14g» 

- i <’ 

as in reference 5, and where 

, « < 1,1 < 1 _ 

dl 1 ‘ 3 g 12 g 2 '30 g 8 ' ’ 

,2Z_J_ Z 2 3 <« 

^ « in /»* * * 


4 Z 

di=l+~ - 
9 g 



This gives the value of a 0 in terms of I 
and Ip* 

If the tube were not present, the center 
conductor carrying I p would supply its 
resistance loss including its own eddy- 
current loss. Then, as stated by Waldo V. 
Lyon* at the top of page 1377, AIEE 
Transactions, 1921, in his paper on eddy- 
current losses in armature conductors, if 
the outer tube and its current I be intro¬ 
duced, it does not change the eddy-current 
loss in the inner conductor, and the total 
additional power supplied by the circuits 
to the two conductors is equal to the re¬ 
sistance loss of the tube. There is a 
transfer of power from the inner conduc¬ 
tor to the tube. These amounts of power 
can be computed. 

In the work so far, magnetic flux out¬ 
side the tube has not been considered as 
it would not change any of the current 
densities. It will be included now in 
computing the transfer of power, and,, as 
would be expected,-it will be shown that 
it has no effect on the expression for eddy- 
current loss. 

The voltage drop in all elements of the 
tube is the same as that at its outer sur¬ 
face and is 


ju2(I+I p ) logn ~+pi(t) 


(16) 
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where i( t ) is the current density at the 
outer surface and where s is a certain 
large distance to which flux is counted. 
Since the expression in 5 will finally can¬ 
cel out, the result is the same no matter 
how large a value of 5 is chosen. 

Let conj 7 be the conjugate of 7, that 
is, the same complex quantity except with 
j changed to —j. Multiply equation 16 
by conj 7 and take the real part, to obtain 
the power delivered to the tube from its 
own circuit, per centimeter of the tube. 
This is 


Re conj I ju2(I -f- I p ) logn -+ 


Re conj 7 a 0 p\ 
-] 




( jnfifi)* 


41 


l +^conj/J i ^ I+a ^ 


«3 


jcAt 
2<Z+*. 
(jmH*)* 


51 




+ 

(17) 


where Re denotes “real part of.” Note 
that in this paper conj applies only to 
the single letter which follows it, but Re 
applies to the complete expression which 
follows. 

3 g 4 g 2 


loo 2 

■5 + r ? logn 


H) 


1 fi_ljfi 

5 S 10 e 2 70 q*’ ' ' 

, . 3 t 9 t* 11 

#!= 1-- 

7<z 28<z 2 42 j 3 * ’' 

h-1 

;+s ? • • • 

fc-i-i £+»£...■ 

11 2 44 2 * 

as in reference 5. 
ei=1+ l f!_i ** _3 t _1 *1 

1 12 q* 12 2 S ~* 40 q* 15 2® 

-({+() logn (n~) 

= 14.1 f!_J_ t , M. t 
+ 10 2 a 10 2 ,+ 660 2 4 * ' * 



Figure 1. Tubular conductor and central wire 
July 1942, Vol. 61 


e -i+JL t 

6> + 28 g 2 28 g* * 


*-14- 


9 g 2 9 g* ‘ ’ 


The total flux caused by the current in 
the tube, as far as radius s, is 


27 logn —j-4jra 
r 


by 


L2! 41 ^ 

Unfit *)*, "I U p t f jnfifi 

"J + %Tirir + 

Unfit*)* 1 
51 + -*J (18) 


Note that the real parts of the entire ex¬ 
pressions are taken. 

Equations 15 and 20 can be applied 
to the three tubes in succession of a three- 
phase concentric circuit, thus obtaining 
the skin-effect resistance ratio of each 
tube, that is, the ratio of the resistance 
loss in the tube compared to the loss with 
direct current of the same amperage. 

The power lost in a tube with direct 
current of amperage 7 is 


61 


ll| 2 


*( 2 qt+t*) 


( 21 ) 


Multiply by joa to obtain the voltage in¬ 
duced in the central conductor. Then 
multiply by conj I v and take the real part 
to obtain the additional power supplied by 
the circuit of the central conductor. 
This power is transferred to the tube and 
helps supply the resistance loss in the 
. tube. By adding equation 17, the total 
resistance loss in the tube is found to be 


Re conj I(T)ja2 logn -+Re conj 7 a 0 p X 


[ 


, 1 , .. (*»*>• 

1+J, ^r+ 

Reconj/7„^-X 
2g-N 


... J-f- 


. jnfifi , (jnfifi)*. 1 
M-«y+a- s -+...J+ 


Re conj I p (T)jo>2 logn --f- 


-r [Jnfifi., (jnfifi)*. 1 
Re conj I v a oP I +5, - ^ +... 

T-, . r r joM f jnfifi , 

Reconj/ » / ’ 27 sL e, '^r + 


(jnfifi)* 
1 51 


(19) 


Now conj 77 is a real quantity,|7| a , since 

(a—jb) (a+jb j= a*+b*+jO 

conj 7 Ip+I conj I v is also a real quantity, 
since 

(a—jb) (c+ji) + (a+jb) (c—jd) =2ac+ 

2bd+j0 

It is the sum of a complex quantity and 
its conjugate. Therefore, the terms in 
logn s/r have no real part and disappear. 
The resistance loss in the tube, then, is 

Re conj 7o 0 p-f Re(conj 7+ conj 7„)o 0 pX 
f\ jnfifi , , (jnfifi )*, " 1 . 

r"ir +&2 “ir + '”J + 

Re £conj 7 7„<Ji4-7j> (conj 7-|- 

. r J jnfifi , (jnfifi)*, ... 

conj 1 P ) j —+e 5 ~— +...>! (20) 

Dwight—Reactance and Skin Effect 


The skin-effect resistance ratio of the 
inner tube is the same as that of an iso¬ 
lated tube, since the surrounding tubes 
do not affect its current density. In this 
case, I P =0. The formulas and curves 
were published in reference 5 . 

Dividing equation 20 by equation 21 
and substituting the value of a 0 given by 
equation 15. 


—=Re 


i +bi &£+t. 


21 


41 


, , jnfifi . jnfifi 

——h Ci 


( 22 ) 


3! 


5! 


for the inner tube. 

For the intermediate tube 

R.. LM 

f^-Re—+Re5 
K <u Q 


(23) 


where 


L-1+ 14 




jnfifi 


2! 


37=1 


, Unvr . I 

h f . JmV , , , ( 


(24) 


(25) 


jnfifi _ (jnfit*)* 
y-i+ci-n —Yet ———h 


3! 


51 


(26) 


(Same as equation 16, reference 5 , or 
denominator of 22 ) 


ojv jnfit*(h%*\ 

5 7*~ + (7 + |j r 




Unfit *)*, (jnfifi) 


3! 


ey 


5! 




(27) 


In balanced three-phase circuits, for 
the two opposite phase rotations 


Iv 1..V3 1 .V3 

7—2+; —°r ~j — 


(28) 


14 


conj Ip 1 .-\/3 1..V3 


Ij 

7 




conj 7 

I Ij 

7 


V - . v “ * . . v " 

2 3 2 ° T 2 +7 2 


11 1, V3 1 V3 

B —[-7 — or —1 - 

2 J 2 2 3 2 


The two opposite phase rotations produce 
slightly different amounts of eddy-cur- 
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rent loss, that is, different values of 
Roe, depending on whether the greater 
current density is produced in the inner 
or the outer surface of the intermediate 
tube. See Figure 3. 

For the outer tube 


I p = —I, and 



1+di 


jmH 8 


Re- 


21 


1+Cl 


jmH 1 


3! 


i -dz 


-j-Ca 


( jmH*)* 
4! _ 

(JmH*) 2 , 
5! 4 


(29) 


Equations 22, 23, and 29 give the skin- 
effect resistance ratio of the three tubes 
of a three-phase concentric tubular cir¬ 
cuit. They are applicable up to about 
mt— 4 and t/d—0.2(t/q— */s), as in refer¬ 
ence 5. 

The values of the ratios are plotted in 
Figure 2 on a base of thickness of copper 


Figure 2. Skin-effect ratios for solid copper 
tubes, 75 degrees centigrade, 60 cycles, 
three phase 

Thickness=t and outside diameter=of, of the 
tube being considered 


tube, for standard frequency and tem¬ 
perature. This can save the work of com¬ 
puting by the formulas, in cases where the 
curves apply. For a frequency / such as 
25 or 50 c ycles , multiply the tube thick¬ 
ness by V//60 before reading from the 
curves. 

In order to show that there is a larger 
skin-effect ratio for the intermediate tube 
than for the others, the current density 
in the three phases is plotted in Figure 3, 
as computed by equation 13 and following 
formulas. The case chosen is that of three 
flat straps, which is the same as that of 
three concentric tubes with extremely 
large radii. 

The skin-effect resistance ratio of the 
outer tube of a single-phase concentric 
circuit is the same as the ratio for the 
outer tube of a three-phase concentric 
circuit as given by Figure 2 or equation 
29, since the total current inside the tube 
in either case is -I. The resistance 
ratio of the inner tube of a single-phase 
concentric circuit, and also the ratio of 
an isolated tube, are the same as that of 
the inner tube of a three-phase circuit. 


INTERMEDIATE TUBE 



as given by Figure 2 or equation 22. 
See also references 5 and 7. 

Example 2. Find the effective re¬ 
sistance at 60 cycles and 75 degrees cen¬ 
tigrade of the three copper tubes de¬ 
scribed in example 1. 

The inner tube, whose inside and out¬ 
side diameters are 1.2 and 3.0 inches, has 
a resistance to direct current of 5.47 X 
10~ 8 ohm per centimeter. From Figure 
2, taking t= 0.9 inch and t/d— 0.3, the 
skin-effect resistance ratio is 1.92. Then 
Roc for 60 cycles is 

5.47X10~ 8 X1.92=1.050X10-* ohm per 

centimeter 

This is to be used for resistance drop and 
copper loss in the inner tube. 

For the intermediate tube, with inside 
and outside diameters 4.0 and 4.5 inches, 
and thickness 0.25 inch, the resistance 
to direct current is 9.74 X10 “ 8 . From 
Figure 2, Rac/Rdc~ 1.059 and therefore 
Roc- 1.030X10“ 7 ohm per centimeter. 

For the outer tube, the inside and out¬ 
side diameters are 5.6 and 6.0 inches. The 
resistance ratio, from Figure 2, is 1.008 
and 

Roc =8.92 X10-8 x l .008 - 8.99 X 10 ' 8 ohm 

per centimeter 

Bessel-Function Formulas for 
Single-Phase Concentric Circuits 
and Isolated Tubes 


The well-known solution for skin ef¬ 
fect in an isolated tube in terms of Bessel 
functions is as follows. 2 ' 7 


Rgc 

1 SS5 

Rdc 


Re^^X 

2r 


I 0 (ar)K 0 '(«q)-K 0 (ar)I 0 '(<xq) 
I 0 '(otr)K 0 '(aq)-K 0 '(ar)I 0 '(.aq) 


(30) 


where I 0 and K 0 are modified Bessel func¬ 
tions of the first and second kinds, of 
order zero, Re denotes real part of 


r =outside radius 
g=inside radius 
t —thickness of tube=r— 

f’4jrw . . 
a 2 =- 


P 

iv 



a=me* 

V-i 

«=2TXfrequency 

p=resistivity of the metal, in abohms per 
centimeter cube 


Note that 

7 0 (ar)=ber tnr+j bei mr (31) 

K 0 {otr) =ker tnr+j kei mr (32) 

lo(ar) = e- ix/i (ber' mr +j bei' mr) (33) 
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K 0 '(ar) = e~ iT/i (ker' mr+j kei' mr) (34) 

Equation 30 is applicable to the inner 
tube of a concentric circuit, and to a non- 
concentric circuit in which the conduc¬ 
tors are separated by more than a few 
diameters and proximity effect is con¬ 
sidered negligibly small. 

For the outer tube of a concentric 
circuit, where all the return conductors 
are within the outer tube 2 ’ 4 


~<xt(q+r) 
Rdc 2 q 


X 


Io(aq)K 0 , (ar)~K 0 (ocq)I 0 '(ar) 

Io'^Ko'W-Ko'iaqWiar) 


(35) 


This is the same as formula 30 for an 
isolated tube, except interchange q and r 
and multiply by — 1. Both formulas 
30 and 35 may be derived by following the 
general method used in references 7 and 
4 

Formulas 30 and 35 may be used for 
direct computation of numerical prob¬ 
lems, using tabulated values from refer¬ 
ences 7, 8, 9, or 10. 

For very small or very large values of 
the argument, or for tubes whose thick¬ 
ness is small compared to their radius, 
series formulas, as given in this paper, 
may be shorter to use. 


High-Frequency Formulas 


For frequencies higher than 60 cycles, 
formulas derived from the asymptotic ex¬ 
pansions of Bessel functions are often 
convenient. Except that they do not 
give any effect of radiation, and that they 
apply only to the dominant mode of trans¬ 
mission in a coaxial line, they are appli¬ 
cable to very high frequency since they 
are series with powers of the frequency in, 
the denominators of the terms. As is 
usual with power series, their applica¬ 
bility depends on the rapidity with 
which the terms of the series become 
smaller and smaller. 

Formulas of this type for the inner and 





Figure 3. Current density in three-phase strap 
conductors, closely adjacent : 


Current density for same amperage of direct 
current*i. mt* V6* The dotted line is for 
opposite phase rotation 


outer conductors are given here. They 
are applicable to single-phase, concentric 
circuits and the formula for the inner con¬ 
ductor is applicable also to all the tubular 
conductors of circuits which are not con¬ 
centric and in which the conductors are 
separated by more than a few diameters. 
With high frequency, such circuits are 
more likely to occur than three-phase 
concentric circuits. 

To express equation 30 as ‘ a power 
‘series using asymptotic expansions (see 
reference 10, items 810.6, 810.7, 816.1, 
and 816.2) we have 


Io'Wq) Ji(«g) 

K 0 '{ aq )~ K ^ ctq ) 

l _3 3X5 3 2 X5X7 . 

e 2aq l!8ag 2!(8o:g) 2 3!(8ag) 8 

t 3 3X5 3 2 X5X7 

+ l!8ag 2!(8ag) 2+ 3!(8ag) 8 “ * . 

6 18 204 "I 

8ag (8ag) 2 (8ag) 3 ’ J 

Zac_ot(q+r) N 
Rdc 2r D 



where 


l+-i 

| 8a 

e iag-ar Jj-1 

) 8a 

{ 


9 


75 


8 or 2(8or) 2 2t8ar) 3 

9 75 

8ar 2(8or) 2 2(8ar) 8 

6 . 18 204 


and 


giag—ar j ^ 

:• { 


3 


8 aq (8ag) 2 (Sag) 3 


• j + 
-H 


15 


105 


8ar 2(8ar) 2 2(8ar) 8 

3 15 105 

’8 or 2(8ar) 2+ 2(8ar) 3 

6 18 204 

8ag (8ag) 2 (8ag) 8 


I- 

•••> 


Then 

Zac a%+r) f. , 4 
Rdc 

2e 


24 


192 


2r T + '8ar + (8ar) 2+ (8ar) 3 


• •• + 


-Sat 

{ 




42 


8ar 8ar) 2 (8ar) 
6 . 18 204 


8ag (8ag) 2 (8ag) 3 




X 


terms in e~ Aat 


[ 


' _ *(g+ r) . 

' J 


*41+ 

’2 T 4 16«r 10«V* 


.. .-be - 


—tat v 


{ 


ar-j- 


21 


4 32af 
9 


H" 


+ 


32a 2 g J 


■} 


4ag 
-j- terms in 


] 


omitting the final terms of the last two 
brackets. Now 



a m m\y/2 V2/ 


5-5 rW? -5 <D - J > 


e -2a«_ e -miV2( cos mty/2—j sin mt\/2) 

(See reference 10, item 408.05) Taking 
the real part, the resistance ratio for an 
isolated tube is 

r rnr 1 3 0 

Rdc r 2 [_2\/2 4 16mr\/2 r 2 '' ’ 

<-vwv2){^-?4 

32^?l( 7 "^ + 4>)"j + 

e -“V5 (sta ^V2){^- sl ^X 

( 7_ 6'+ 3 ^. • .|+ terms in ...J 

(36) 


The first line is seen to be the series that 
is applicable to solid wire. Formula 36 
was given a number of years ago in his 
Master of Science thesis at Massachu¬ 
setts Institute of Technology by J. M. 
Roberts, now professor of electrical engi¬ 
neering at the University of Louisville, 
Louisville, Kentucky. 

The expansion of formula 35 for large 
values of m is not obtained by inter¬ 
changing g and r in formula 36, for 
would become e mt ^. The expansion is 
made by taking K 0 (aq)/K 0 '(aq) as the 
initial part. The result is: 

High-frequency formula for resistance 
ratio of outer tube: 

fr jfca f jg .-4. 3 i° 4- 

Rdc 2* |_2\/2 4 16mq-\/2 g 2 " 

«-^ 2 (coswtV2)|^|-^+ 

is^( 7 - 6 ; +8 @-j + 

( 7 - 6 ;+ 3 ?)- 

The Penetration Formula 

The “penetration formula” is a well- 
known and useful method for computing 
the a-c resistance of conductors at moder- 


l" -|- terms in 

e -2mtV2 . 1 (37 ) 
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ately high frequencies. However, special 
precautions should be taken in using it 
for tubes, and these will now be de¬ 
scribed. 

A convenient statement of the penetra¬ 
tion formula, arranged so as to give a 
dose approximation to the Bessel func¬ 
tion solution at high frequencies, is that 
the alternating current is taken to pene¬ 
trate, at uniform current density, to a 
depth 5i and the a-c resistance is taken 
to be equal to the d-c resistance of a tube 
consisting of the surface layer of metal 
of thickness $ 1 . The formula for the 
thickness is 

$ 1 = ^/2/m centimeters (38) 

where 

m = y/ (4ir»/p) 

and where p is in abohms per centimeter 
cube (see equation 11). 

For an isolated round wire or tube of 
outside radius r, the effective resistance, 
then, is that of a tube of cross section 

»{r*-('- 8 i)*} =2x^1—^ 

<»> 

from equation 38. 

The resistance ratio by the penetration 
formula is the ratio of the two cross sec¬ 
tions, which is 

y(r«-g») m / l \-i_ t(q+r) 

2acry/2 \ mr y/2/ r* 

/ mr 1 1 \ N 

V2V2 + 4 + 4mrV2 + ’ * 7 (40) 

by the binomial expansion of (l—*)- 1 . 

The first two terms of the series in 
equation 40 are the same as in formula 36. 
These two terms give the equation of the 
straight line which is the asymptote of 
the curve of RgJRic plotted on mt, as in 
Figure 3, reference 5. 

In order for equation 40 to agree with 
the corresponding portion of formula 36 
within what might be called slide-rule 
accuracy, or about 0.5 per cent, it is nec¬ 
essary for 1/8mV 2 to be less than 0.005. 
That is 


This is often expressed by stating that the 
penetration depth 81 should be a small 
fraction of the radius of curvature, and 
under such a condition it can apply to 
conductors that are not round. 


In the case of round tubes, another re¬ 
quirement is found from equation 36, 
namely, that the penetration depth 5i 
should be a small part of the thickness t. 
Equation 40 plainly does not take care of 
the terms in of formula 36, and 

so, if the penetration formula is to be a 
good approximation, these terms should 
be proportionately small. This leads to 
the condition that 


—<0.3 approximately (42) 

V 

In most cases, if equation 42 is complied 
with, then the requirement of equation 
41 also is met. 

The penetration formula can be applied 
to the inner surface of the outer tube of 
a concentric circuit. 

Example 3. Find the skin-effect 
resistance ratio for an outer tube in 
which mt— 3.2, 4.8, and mr— 8. 


g+r_4 
2 q 3’ 


at—mte?*/* 


I 0 (aq) =ber mq+j bei mq 
=ber 4.8+j bei 4.8 
--5.45-f-j0.884 

K 0 '{ar) =e~ i * / \ker' 8 . 0 -| -j kei' 8 . 0 ) 

= e~ ir/ \ -0.000880-.70.00:1336) 


By equation 35, 

Rac = 

Rde 


| —3.2(0+i)xH 
=2.55 by equation 35 


—0.447+/0.376 
0.629 


From equation 37 


*(g+r) 

g 2 


1.777 


First line of equation 37 

= 1.697-0.25+0.0276 
= 1.475 

m/V2 =4.525 <r 4 - 8 “=0.01083 

cos 4.525=-0.1858 
Second line of equation 37 
=0.01083 X (-0.1858) (3.39 - 0.30+ 

0.062...) 

= -0.00634 

Third line of equation 37 
=0.01083 X (- 0.983) (3.39 - 0.062) 

= -0.0354 

I 25 =1.777(1.475 - 0.0063 - 0.0354) 

Ret. 


=2.55 


Thickness of tube in inches, for copper 
at 75’degrees centigrade and 60 cycles 

. 4*« 4irX120x 234+20 

— =-——X- 

P 1,724 234+75 

=2.26 


w = 1.504 

3.2 1 

thickness = - j - X-- 0.838 inch 

1.504 2.54 

.. 3.2 


From Figure 2 

R a JRde=2M 

By the penetration formula, the section 
of the equivalent tube of thickness 5i 
is 



by equation 38 

Rae_ tct(q+r)m 

2(6.78+1) 


which is three per cent too large. 

. V2 


1.504 

81 0.37 

t “0.838 


= 0.94 centimeter or 0.37 inch 


= 0.44 


which is somewhat too large for trie em¬ 
ployment of the penetration formula. 

* 
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Standardized Load-Center Unit Sub¬ 
stations for Low-Voltage A-C Systems 

E. M. HUNTER 

MEMBER AIEE 


T HE tremendous expansion of produc¬ 
tion facilities necessitated by Ameri¬ 
can defense and war efforts has given the 
manufacturer of electrical equipment a 
serious challenge. Entire large defense 
projects, such as manufacturing plants, 
navy yards, drydocks, air depots, and 
office buildings, have been built in incredi¬ 
bly short times. Any one of these proj¬ 
ects will not be complete without an elec¬ 
trical distribution system. One of the 
many tasks before the electrical manu¬ 
facturer is to produce the necessary ap¬ 
paratus for the electrical distribution sys¬ 
tems, and have it available by the time 
the project is ready to receive it. 

In most of the recent projects power has 
been distributed to ultimate loads by 
means of the load-center power distribu¬ 
tion systems. This type, although only 
recently applied to low-voltage systems, 
has been used successfully for years on 
high-voltage systems in the central station 
field. The essentials of load-center dis¬ 
tribution for low-voltage a-c systems are 

1. A large load area is divided into small 
load areas, each ranging from 600 to 1,000 
kva at 480 volts for example. 

2. Power is distributed at medium voltage 
(2.4 to 13.2 kv) to substations, located near 
the electrical load center in each of the small 
areas where the voltage is transformed to 
utilization voltage to service the area loads. 

It has been found that the load-center 
distribution system when properly applied 
is superior to other systems from a per¬ 
formance standpoint, and less costly. One 
of the most important contributions of the 
electrical manufacturer to the field of low- 
voltage a-c systems in recent years has 
been the development and standardiza¬ 
tion of the load-center unit substation to 
service the small load areas described 
above. To the purchaser of electrical ap¬ 
paratus, the development and standardi¬ 
zation of the load-center unit substation 
means that a complete, co-ordinated, pre- 

Paper 42-85, recommended by the AIEE committee 
on industrial power applications for presentation at 
the AIEB North Eastern District meeting, Schenec¬ 
tady, N. Y„ April 29-May 1,1942. Manuscript 
submitted March 2,1942; made available for print¬ 
ing March 23,1942. 

B. M. Hunter is application engineer, protective 
'devices, central station engineering department, 
and J. C. Page also is with central station engineer¬ 
ing department, both of General Electric Company, 
Schenectady. N. Y. 
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engineered step-down substation for a low- 
voltage a-c system may be ordered in the 
same manner as a standard motor or 
standard motor-control equipment. 

It is the purpose of this paper to pre¬ 
sent 

1. A definition of a load-center unit sub¬ 
station. 

2. The general requirements which have 
been met by the standardized line with 
which the writers are most familiar. 

3. A description of units with illustrations. 

4. Tables for the ready selection of load- 
center unit substations. 

For clarity the term “load-center unit 
substation” is defined here as follows: 

A completely metal-enclosed integrated 
substation equipment incorporating 

1. The required high-voltage switching, 
control, and incoming circuit termination 
facilities. 

2. Transformer section or sections to trans¬ 
form a-c power from the medium-voltage 
range (2,400 to 15,000 volts) to the low- 
voltage range of 600 volts and below. 

3. The required low-voltage switching, con¬ 
trol, and outgoing feeder circuit termination 
facilities. 

An installation view of a load-center 
unit substation is shown on Figure 1. 

General Considerations 

The load-center distribution system is 
generally thought of in connection with 


servicing a fairly large area with power. 
Thus the ultimate areas to be served usu¬ 
ally consist of large buildings, mines, 
yards, docks, piers, camps, and so forth. 

Safety considerations usually limit the 
highest voltage at which power may be 
carried within the load area to 13.2 kv. 
It is usually uneconomical to carry power 
to load-center locations at less than 2,400 
volts because of the large cable required 
to carry the higher currents. Thus, for a 
given application any one of the medium 
voltages may be selected for this service, 
depending on local conditions and the re¬ 
quirements to be met. Consequently, 
from the electrical manufacturer’s point of 
view, equipment must be available for the 
medium voltages, such as 2,400, 4,160, 
4,800, 7,200, 12,000, and 13,200 volts. 

When the circuit voltage of the avail¬ 
able power supply is above 13.2 kv, it is 
generally advisable to step this down to a 
voltage in the medium-voltage range for 
distribution to the load area. This can be 
conveniently accomplished by means of a 
multicircuit unit substation, such as is 
shown on Figure 2. Where many such 
load areas are to be served, and service 
reliability is at a premium, two sources of 
supply may be brought in, or the master 
substations can be networked to form a 
primary network. A mobile substation 
can be used to serve as a spare, similar to 
the one shown on Figure 3. 

From the standpoint of the load-center 
distribution, there are four types of basic 


Figure 1. < Indoor installation view of load- 
center unit substation, Pyranol-filled, rated 
three-phase, 60 cycles, 100 kva, 2,400 to 
208/120 volts 

Unit has two sets of primary cutouts for alter¬ 
nate supply and two low-voltage air circuit 
breakers for feeder protection. Located under 
crane rails, and supplies power, to fluorescent 
lamps 













Figure 2. Outdoor unit substation rated 
three-phase, 60 cycles, 4,500 kva self-cooled, 
6,000 kva forced air-cooled, 13,800 to 
2,400 volts 

Unit has four outgoing feeder circuit breakers 
and is located next to building it serves 

circuit arrangements used.' These may 
be described as 

1. The straight radial system. 

2. The primary-selective system which 
comprises two primary lines brought into 
each load-center unit substation, usually 
with provision for connection to only one 
line at a time. 

3. The radial-primary secondary-selective 
system, which involves bringing in only one 
source of primary power, while utilizing nor¬ 
mally open secondary tie circuits to other 
substations to obtain power for emergency 
operation. 

Table I. General Requirements of Load-* 
Center Unit Substations 


Rating or Description of 
Requirement Item Substation 


Frequency. Practically all 60 cycles 

Phases.... Three 

ilOO, 200, 300, 460, 600, 

Kva ratings.•) 600, 760, 1,000, 1,200, 

( 1,500,2,000 

Primary voltage.12,400, 4,160, 4,800, 7,200, 

l 12,000, 13,200 

Secondary voltage. 600, 480, 240, 208/120 

Transformer coolant_ Pyranol, oil, air 

Incoming primary If One or two (switches or 
feeders 3 l circuit breakers) 

Outgoing secondary ) ( Any number (usually less 

feeders 1" ) t ^ an ten air circuit 

( breakers) 

Enclosures.1 Indoor: general purpose 

l outdoor: weatherproof 

System type 

One incoming primary cir- 
cuitto substation, radial 
secondary feeders 
Preferred and emergency 
incoming primary cir¬ 
cuits to substation, 
radial secondary feeders 
One incoming primary cir¬ 
cuit to substation, 
radial secondary feeders 
with secondary emer¬ 
gency tie circuits to 
other substations 
One incoming primary cir¬ 
cuit to substation, sec¬ 
ondary-network protec- , 
tor, radial secondary 
feeders, secondary tie 
circuits 
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4. The low-voltage network scheme. 

Any one or several of these basic sys¬ 
tems may be used in a given application, 
depending upon the requirements to be 
met. 

The low-voltage ratings of load-center 
unit substations are fixed by the Ameri¬ 
can Standards Association standard three-, 
phase transformer voltages which are 
600, 480, 240, and 208/120 Y volts. It 
has been found that the ASA standard 
kilovolt-ampere ratings, from 100 through 
2,000 kva inclusive, cover nearly 100 per 
cent of the application requirements for 
this type of equipment. 

The requirements as to location are 
such that it is essential to have available 
units for both indoor and outdoor service. 
These two types allow the distribution 
engineer to locate the substation in elec¬ 
trical load-center locations, often in space 
that would otherwise be worthless. An in¬ 
stallation view of an outdoor unit is shown 
on Figure 4. 

Thus, the general requirements to be 
met by such equipment may be tabulated 
as in Table I. 

Description of Equipment 

The transformer section of the load- 
center unit substation consists of a three- 
phase transformer with leads from the 


Figure 3. Side view of 1,000-kva mobile 
substation 

high- and low-voltage windings brought 
out of the tank through side-wall bushings 
to metal-enclosed bus connections known 
as throats. The throats are built integral 
with the transformer tanks, with the low- 
voltage throat located on one short-di¬ 
mension side of the tank and the high- 
voltage throat located on the opposite side 
of the tank. The high-voltage throat is 
arranged so that any one of a number of 
high-voltage arrangements of switching 
equipment and cable-termination appara¬ 
tus may be connected to it, while the 
low-voltage throat is arranged for connec¬ 
tion to metal-enclosed low-voltage switch- 
gear. 

The high-voltage equipment may con¬ 
sist of metal-enclosed switchgear. Cir¬ 
cuit breakers are available with interrupt¬ 
ing ratings from 25,000 to 150,000 kva in 
5-kv metal-clad equipments, and 250,000 

Figure 4. Outdoor installation view of load- 
center unit substation, Pyranol-filled, rated 
three-phase, 60 cycles, 1,500 kva, 13,800 to 
575 volts 

Unit has primary liquid-filled disconnecting 
switch and ten low-voltage air circuit breakers 
for protection of feeders supplying office 
building. Transformer at right is spare 



1. Straight radial... j 
! 


2. Primary selee 
tive 


3. Secondary se-1 
lective 3 


4. Secondary) 
network 3 














Figure 5. Load-center unit Jubilation with one F , 3ure 6 . Loed-eenler unit lubrtetion wilt. F ' 8 " ,e 7 - Lo«d-cenlet unit .ubitutlon with 
primary circuit breaker two primary c | rcu|t breakers tw0 pr,mary circuit-breaker positions and one 

circuit breaker 


Load-Center Unit-Substation Application Table II. 120/208 Y Volts, Three-Phase 

For Use in Connection With Load-Center Unit Substations 


Transformer Kilovolt-Ampere Rating 


100 150 200 300 450 500 600 750 1,000 1,200 1,500 

Available ---:-—— - - 

Primary Normal Current (Amperes) 

3-Pba8e ---—— - - 

Short-Circuit 278 417 556 834 1,250 1,388 1,665 2,080 2,780 3,330 4,164 

Kva _ _' 














































































































to 500,000 kva in 15-kv metal-dad equip¬ 
ments. The vertical-lift removable type 
of breaker is standard in these equip¬ 
ments. Instruments, meters, and relays, 
mounted on steel panels, may be part of 
the equipment 

The metal-dad switchgear may have 
only one breaker as shown in Figure 5. 
Again there may be two breakers to meet 
the requirements of the primary-selective 
scheme as shown in Figure 6. A modifica¬ 
tion of the primary-selective scheme com¬ 


prises two breaker positions and only one 
breaker, as shown, in Figure 7. One re¬ 
movable breaker is arranged so that it can 
be inserted in either of the two breaker 
positions. This, of course, results in a 
lower installed cost and has proved at¬ 
tractive for some applications. 

In place of the high-voltage metal-en- 
dosed switchgear a set of three flange- 
mounted gang-operated oil-filled cutout 
switches may be used, as shown in Figure 
8. This type of switch is rated five kilo¬ 


volts, 250 amperes continuous. Most 
applications of the switch have utilized 
the switch as a disconnect only, with cop¬ 
per disconnecting blades in place of fuse 
links. The cutouts may be fused in the 
smaller ratings, when co-ordination with 
the low-voltage drcuit breakers can be 
obtained such that the low-voltage circuit 
breakers will dear secondary faults before 
primary fuses are damaged. Cutouts 
may be fused up to 100 amperes at 5 kv 
and 200 amperes at 2.5 kv, with inter- 


Load-Center Unit-Substation Application Table IV. 480 Volts, Three-Phase 

For Use in Connection With Load-Center Unit Substations Only 


Available 

Primary 

3-Phase 

Short-Circuit 

Kva 


100 150 200 300 


120 181 241 361 


Transformer Kilovolt-Ampere Rating 

450 500 600 750 1,000 1,200 1,500 2,000 

Normal Current (Amperes) 

542 601 722 902 1,203 1,443 1,804 2,406 


For Transformer Main Low-Voltage Breakers (Selection Based on Adequate Interrupting and Current 


28,000 .15-AE1A. .15-AE1A. .25-AE1B. .25-AE1B 

80,000 .1S-AE1A.. 1S-AE1A. .25-AE1B. ,25-AElB 

78,000 .1S-AE1A. .16-AE1A. .25-AE1B. .28-AE1B 

100,000 .15-AE1A.. 18-AE1A. .26-AE1B. .25-AE1B 

160,000 .1S-AE1A.. 1S-AE1A. ,25-AElB. .25-AE1B 

280,000 .15- AE1A.. 15-AE1A. ,25-AElB. .25-AE1B 

600,000 .15-AE1A. . 15-AE1A. .25-AE1B. .26-AE1B 

Unlimited.15-AE1A. .15-AE1A. ,25-AElB. ,25-AElB. 

D. | |~C ~ For Transformer Multiple Low-Voltage Bre 1 


,25-AElB. ,25-AElB. .50-AL2 
,25-AElB. ,25-AElB. .60-AL2 
,25-AElB. ,25-AElB. .50-AL2 
,25-AElB. ,25-AElB. .50-AL2 
. 25-AE1B.. 25-AE1B.. 50-AL2 
,25-AElB. ,25-AElB. .60-AL2 
28-AE1B. ,25-AElB. .50-AL2 
,25-AElB. ,25-AElB. .50-AL2 

ers (Selection Based on Adequate Interrupting Rating 
Table V) 


... 50-AL2 

.. 50-AL2 . 

.50-AL2 

.. 75-AL2 

.. .75-AL2 

.. .60-AL2 

.. 50-AL2 . 

. 50-AL2 

. .75-AL2 

.. .76-AL2 

.. .60-AL2 

.. 50-AL2 . 

. 50-AL2 

. .75-AL2 

...76-AL2 

.. .50-AL2 

.. 50-AL2 . 

. 50-AL2 . 

. .75-AL2 

.. .75-AL2 

...50-AL2 

.. 50-AL2 . 

.50-AL2 . 

. .75-AL2 

...75-AL2 

... 50-AL2 

.. 50-AL2 . 

.50-AL2 . 

..75-AL2 

.. .76-AL2 

. ..50-AL2 

..50-AL2 . 

, 50-AL2 . 

..75-AL2 

.. .75-AL2 

...50-AL2 

.. 50-AL2 . 

. 50-AL2 . 

. .76-AL2 

.. .75-AL2 


Only. Check Current Ratings From 


25,000 .15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A.. 16-AE1A. .15-AE1A. .26-AE1B.. ,25-AElB.. ,25-AElB.. ,25-AElB.. .50-AL2 .. .50-AL2 

50,000 .15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A._. 15-AE1A. ,25-AElB. ,25-AElB.. ,25-AElB...50-AL2 ...50-AL2 ...50-AL2 ...50-AL2 

75.000 .16-AE1A. ,15-AElA.. 15-AE1A. ,15-AElA.. 15-AE1A.. 25-AE1B. ,25-AElB.. ,25-AElB.. .50-AL2 ...50-AL2 ...50-AL2 .. 50-AL2 

100,000 .15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A..25-AE1B. ,25-AElB. ,25-AElB.. ,25-AElB.. .50-AL2 ...50-AL2 ...50-AL2 .. 75-AL2 

150,000 .15-AE1A.. 15-AE1A.. 15-AE1A. .15-AE1A. .25-AE1B. ,25-AElB. .25-AE1B. ,,25-AElB ..,50-AL2 ...60-AL2 ...50-AL2 .. 75-AL2 

250.000 .15-AE1A. . 15-AE1A.. 15-AE1A. ,15-AElA. .25-AE1B. ,25-AElB. ,25-AElB.. ,25-AElB.. .60-AL2 ...50-AL2 ...50-AL2 .. 75-AL2 

500,000 .15-AE1A. .15-AE1A. .16-AE1A. .15-AE1A. . 25-AE1B. ,25-AElB. .25-AE1B.. ,25-AElB... 60-AL2 ...50-AL2 ...50-AL2 .. 75-AL2 

Unlimited.15-AE1A. .15-AE1A. ,15-AElA. .15-AE1A. ,25-AElB. ,25-AElB. .25-AE1B.. ,25-AElB.. .60-AL2 ...50-AL2 ...75-AL2 .. 75-AL2 


m. 


-Itn£ 


For Branch Circuit Breakers Co-ordinated With Transformer Main Lo^-Voltage Breaker (Selection Based on Adequate Interrupting Rating 

Only. Check Current Ratings From Table V) 


25,000 .15-AE1A.. 15-AE1A.. 15-AE1A. ,15-AElA.. 16-AE1A. ,15-AElA. ,15-AElA... 15-AE1A... 15-AE1A.. ,15-AElA.. ,15-AElA.. .25-AE1B 

50,000 .15-AE1A. .15-AE1A. .15-AE1A. ,15-AElA.. 16-AE1A.. 15-AE1A.. 15-AE1A., ,15-AElA.. ,15-AElA.. .25-AE1B.. .25-AE1B.. ,25-AElB 

75.000 .15-AE1A.. 16-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A.. 16-AE1A... 15-AE1A... 15-AE1A.. ,25-AElB.. .25-AE1B.. ,25-AElB 

100,000 .15-AE1A.. 16-AE1A.. 16-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AB1A... 15-AE1A... 15-AE1A...25-AE1B.. ,25-AElB.. .50-AL2 

150,000 .15-AE1A.. 15-AE1A.. 16-AE1A. .18-AE1A.. 15-AE1A.. 15-AE1A. ,15-AElA.. ,15-AElA.. .25-AE1B.. .25-AE1B.. .25-AE1B.. .50-AL2 

260,000 .15-AE1A. .15-AE1A. ,15-AElA. ,15-AElA.. 18-AE1A.. 15-AE1A. .15-AE1A.. ,15-AElA.. ,25-AElB.. ,25-AElB.. .25-AE1B.. .50-AL2 

600,000 .15-AE1A.. 16-AE1A.. 15-AE1A. .16-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A... 15-AE1A.. .26-AE1B.. ,25-AElB.. .25-AE1B.. .50-AL2 

Unlimited.15-AE1A. ,15-AElA. ,15-AElA. .16-AE1A. .15-AE1A. .16-AE1A. ,15-AElA.. .15-AE1A.. ,25-AElB.. .25-AE1B.. .50-AL2 .. .50-AL2 


Total Low-Voltage Short-Circuit Current—RMS Amperes (Impedance As Given in Table V, Total Connected Motor Kilovolt-Amperes Equals 

100 Per Cent of Transformer Rating) 


26,000 .. . 

... .4,020 

..5,810 

..6,390 

.. 9,080 

.. 12,700 

..13,800 

..15,800 

... 17,800 

...21,800 

...24,700 

. .28,600 

.. .34,400 

60,000 ... 

....4,180 

..6,160 

..6,780 

;. 9,860 

. . 14,200 

..15,500 

.. 18,200 

..20,600 

...26,100 

..30,600 

..35,600 

.. .43,800 

75,000 ... 

....4,250 

..6,270 

..6,910 

..10,200 

. .14,800 

..16,300 

..19,200 

..21,900 

...28,100 

..32,600 

..39,100 

.. .49,000 

100,000 . 

... .4,280 

..6,340 

. .6,980 

.. 10,300 

..15,100 

.. 10,700 

..19,700 

..22,600 

. .29,200 

..34,200 

..41,300 

,..52,200 

150,000 . . . 

... .4,310 

..6,400 

..7,050 

..10,500 

.. 15,500 

.. 17,100 

..20,300 

..23,300 

..30,400 

. .35,900 

. .43,800 

...56,200 

250,000 . . . 

....4,330 

..6,460 

. .7,120 

.. 10,600 

.. 15,800 

.. 17,500 

..20,800 

..24,000 

..31,500 

..37,400 

..46,000 

.. .59,900 

500,000 . ; . 

... .4,850 

..0,500 

. .7,160 

..10,700 

..16,000 

.. 17,800 

..21,200 

..24,500 

..32,400 

..38,700 

. .47,900 

.. .63,000 

Unlimited... 

....4.370 

..0,540 

. .7,200 

.. 10,800 

.. 16,300 

.. 18,100 

..21,700 

..25,000 

..33,400 

..40,000 

..50,100 

...66,800 


1. For different voltage base, multiply values in Table IV by the ratio: Standard voltage/New voltage 


2. Transformer contributes approximately 84 per cent of total short-circuit current for 100 per cent connected motors 

V- Transformer Impedance Per Cent 

4.0 4.0 5.0 5.0 5.0 5.0 5.0 5.5 5.5 

VI. Magnetic Air Circuit Breakers Available 


5.5 


5.5 


5.5 


Type 

Interrupting 

Rating 

(RMS Amperes) 

16-AE1A.... 

. 15,000... 

26-AE1B.... 

. 25,000.... 

50-AL-2_ 


75-AL-2 .... 

. 75,000. 

100-AL-2 .... 



Standard Continuous-Current Trip Ratings (Amperes) 


15, 20, 25, 35, 50, 70, 90, 100, 125, 150, 175, 200, 225 


.4,000, 5,000, 6,000 
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rupting ratings of 5,000 amperes rms 
at 5 kv, and 10,000 amperes rms at 
2.5 kv. 

For a five-kilovolt primary-selective 
system two sets of cutouts are available 
in a free-standing metal house. All of the 
cutouts have gang-operating mechanisms, 
usually interlocked so that only one set 
can be closed at a time. This arrange¬ 
ment is shown in Figure 9. 

A liquid-filled 15-kv disconnecting 
switch arrangement is shown in Figure 


10. This switch is the one developed for 
network transformers. It is suitable for 
circuits with normal currents up to 200 
amperes. The switch may be filled with 
either oil or Pyranol, depending upon the 
application. 

In addition to these high-voltage ar¬ 
rangements, the load-center unit substa¬ 
tion may be equipped with a cable ter¬ 
minal and junction box without any dis¬ 
connecting means. These may be oil- or 
Pyranol-filled for either 5-kv or 15-kv 


circuits, or air-filled for 5-kv circuits. 
This arrangement is shown in Figure 11. 

The transformer section itself is avail¬ 
able in all standard three-phase kilovolt¬ 
ampere ratings from 100 to 2,000 kva. 
Transformers rated above 250 kva are 
equipped with four 2 X J% per cent taps 
spaced two above and two below normal 
high voltage. Automatic voltage-regu¬ 
lating equipment is not included in the 
transformer section, because there has 
been no demand for this equipment. 


Load-Center Unit-Substation Application Table V. 600 Volt*/ Three-Phase 

For Use in Connection With Load-Center Unit Substations Only 


Transformer Kilovolt-Ampere Rating 


Available 

Primary 

3-Phase 

Short-Circuit 

Kva 


100 


150 


200 


300 


450 


500 


600 


750 


1,000 1,200 


1,500 


2,000 


Normal Current (Amperes) 


96.2 


144 


192 


289 


433 


481 


577 


722 


962 


1,154 1,444 


1,925 


I. 




For Transformer Main Low-Voltage Breaker (Selection Based on Adequate Interrupting and Current Rating) 


25,000 . 

50,000 
75,000 
100,000 . 
150,000 . 

250,000 . 

500,000 
Unlimited. 


. 15-AE1A. 
. 15-AE1A. 
. 15-AE1A. 
. 15-AE1A. 
. 15-AE1A. 
. 15-AE1A. 
. 15-AE1A. 
.15-ASIA. 


,15-AElA. 
, 15-AE1A. 
. 15-AE1A. 
,15-AElA. 
,15-AElA. 
,15-AElA: 
. 15-AE1A. 
,15-AElA. 


15-AE1A. 
,15-AElA. 
,15-AElA. 
,15-AElA. 
,15-AElA. 
. 15-AE1A. 
,15-AElA. 
. 15-AE1A. 


,25-AElB. 
. 25-AE1B. 
. 25-AB1B. 
,25-AElB. 
.25-AB1B. 
,25-AElB. 
.26-AE1B. 
,25-AElB. 


. 25-AE1B. 
,25-AElB. 
,25-AElB. 
,25-AElB. 
,25-AElB. 
,25-AElB. 
,25-AElB. 
,25-AElB. 


,25-AElB. 
. 25-AE1B. 
,25-AElB. 
,25-AElB. 
,25-AElB. 
,25-AElB. 
,25-AElB. 
.25-AE1B. 


,25-AElB. 
,25-AElB. 
. 25-AE1B. 
, 25-AE1B. 
,25-AElB. 
,25-AElB. 
,25-AElB. 
,25-AElB. 


50-AL2 . 

..50-AL2 

... 50-AL2 ., 

. .50-AL2 

.. .75-AL2 

50-AL2 . 

. .50-AL2 

...50-AL2 . 

. . 50-AL2 

.. .75-AL2 

50-AL2 . 

.. 50-AL2 

...60-AL2 . 

. . 50-AL2 

.. .75-AL2 

50-AL2 . 

.. 50-AL2. 

•. ..50-AL2 . 

.. 50-AL2 

.. .75-AL2 

50-AL2 . 

..50-AL2 

...50-AL2 . 

.. 50-AL2 

...75-AL2 

50-AL2 . 

. .50-AL2 

...50-AL2 . 

.. 50-AL2 

.. .75-AL2 

50-AL2 . 

.. 50-AL2 

...50-AL2 : 

. .50-AL2 

...75-AL2 

50-AL2 . 

..50-AL2 

...50-AL2 . 

. . 50-AL2 

... 75-AL2 


n. 


25,000 . 

50,000 
75,000 . 

100,000 . 
150,000 
250,000 . 

500,000 . 

Unlimited. 


For Transformer Multiple Low-Voltage Breakers (Selection Based'SiPRdequate Interrupting Rating Only. Check Current Ratings From 

Table V) 


. 15-AE1A. 
,15-AElA., 
,15-AElA.. 
. 15-AE1A. 

. 15-AE1A. 
,15-AElA. 

. 15-AE1A. 

. 15-AE1A. 


15-AE1A. 

15-AE1A. 

15-AE1A. 

15- AE1A. 

16- AE1A. 
15-AE1A. 
15-AE1A. 
15-AE1A. 


15-AE1A. 
,15-AElA. 
15-AE1A. 
,15-AElA. 
. 15-AE1A. 
,15-AElA. 
. 15-AE1A. 
. 15-AE1A. 


,15-AElA. 
,15-AElA. 
,15-AElA. 
,15-AElA. 
,15-AElA. 
. 15-AE1A. 
,15-AElA. 
. 15-AE1A. 


. 15-AE1A. 
. 15-AE1A. 
. 15-AE1 A. 
,15-AElA. 
.15-AE1A. 
,15-AElA. 
.15-AE1A. 
,15-AElA. 


. 15-AE1A. 
. 15-AE1A. 
. 15-AE1A. 
. 15-AE1A. 
. 15-AE1A. 
. 15-AE1A. 
. 15-AE1A. 
. 15-AE1A. 


,15-AElA. 
. 15-AE1A. 
,15-AElA. 
,25-AElB. 
,25-AElB. 
,25-AElB. 
. 25-AE1B. 
,25-AElB. 


. 15-AE1A. 
,25-AElB. 
,25-AElB. 
,25-AElB. 
,25-AElB. 
,25-AElB. 
,26-AElB. 
.25-AE1B. 


. ,25-AElB 
. ,25-AElB 
. ,25-AElB. 
. ,25-AElB 
. ,25-AElB 
. .50-AL2 
. .50-AL2 
.. 50-AL2 


. ,25-AElB. 
. ,25-AElB. 
.. 50-AL2 . 
. .50-AL2 . 
.. 50-AL2 . 
.. 60-AL2 . 
.. 50-AL2 . 
.. 50-AL2 . 


,25-AElB. 
. 50-AL2 . 
, 50-AL2 . 
. 50-AL2 . 
. 50-AL2 . 
• .60-AL2 . 
. 50-AL2 . 
. 50-AL2 . 


. 50-AL2 
, 50-AL2 
. 50-AL2 
. 50-AL2 
, 50-AL2 
.50-AL2 
. 75-AL2 
. 75-AL2 


ra. 


-fH£ 


For Branch Circuit Breakers Co-ordinated With Transformer Main Low-Voltage Breaker (Selection Based on Adequate Interrupting Rating 

Only. Check Current Ratings From Table V) 


25 000 .15-AE1A., 15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A. 

50 000 . ... 15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A.. 16-AE1A.. 15-AE1A. 

75*000 .15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A., 15-AE1A.. 15-AE1A. 

100,000 .15-AE1A. • 15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A. 

150 000 .15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A.. 15-AE1A. 

250 000 ...... 15-AE1A. .15-AE1A.. 15-AE1A. ,15-AElA. ,15-AElA. .15-AE1A. ,15-AElA. 

500 000 .15-AE1A.. 15-AE1A.. 15-AE1A. ,15-AElA.. 15-AE1A.. 15-AE1A.. 16-AB1A. 

Unlimited. 15-AE1A. .15-AE1A. .15-AE1A, .15-AE1A. ,15-AElA. ,15-AElA. ,15-AElA. 

IV. Total Low-Voltage Short-Circuit Current—RMS Amperes (Impedances As Given in Table V, Total Connected Motor Kilovolt-Amperes Equals 

100 Per Cent of Transformer Rating) 


. 15-AE1A. 
,15-AElA. 
. 15-AE1A. 
,15-AElA. 
,15-AElA. 
. 15-AE1A. 
,15-AElA. 
. 15-AE1A. 


,15-AElA., 

,15-AElA. 

,15-AElA. 

,15-AElA. 

,15-AElA. 

. 15-AE1A. 
,15-AElA. 
,15-AElA. 


,15-AElA. 
,15-AElA. 
. 15-AE1A. 
,15-AElA. 
,15-AElA. 
,15-AElA. 
,25-AElB. 
,25-AElB. 


,15-AElA. 

,15-AElA. 

,25-AElB. 

,25-AElB. 

,25-AElB. 

,25-AElB. 

,25-AElB. 

,25-AElB. 


.15-AE1A 
,25-AElB 
,25-AElB 
,25-AElB 
,25-AElB 
,25-AElB 
. 50-AL2 • 

. 50-AL2 


25 000 ...3,210 ..4,640 ..5,100 ..7,260 ..10,100 ..11,000 ..12,600 ...14,200 ...17,500 

50000 ’ . ...3,350 ..4,920 ..5,400 ..7,870 ..11,300 ..12,400 ,.14,500 ...16,600 ...20,900 

75 000 3,390 ..5,010 ..5,520 ..8,110 ..11,800 ..13,000 ..15,300 ...17,500 ...22,500 

lOo’oOO ..3,420 ..5,060 ..5,580 ..8,250 ..12,100 ..13,400 ..15,800 .;.18,100 ...23,300 

150 000 .......3,450 ..5,120 ..5,640 ..8,380 .. 12,400 .. 13,700 .. 16,300 ... 18,700 ...24,300 

250 000 . ....3,460 .. 5,170 .. 5,080 .. 8,490 .. 12,600 .. 14,000 .. 10,700 ... 19,200 ...25,300 

500,000 .8,480 ..5,200 ..5,730 ..8,570 ..12,800 ..14,200 ..17,000 ...19,600 ...25,900 

Unlimited_....8,490 ..5,220 ..5,760 .. 8,660 .. 13,000 .. 14,400 ..17,300 ...20,000 ...20,700 

1,. For different voltage base, multiply values in Table IV by the ratio: Standard voltage/New voltage 

2. Transformer contributes approximately 84 per cent of total short-circuit current for 100 per cent connected motors 

. Transformer Impedance Per Cent 


...19,800 
.. .24,100 
.. .26,100 
...27,400 
.. .28,760 
.. ,29,900 
...31,000 
...32,300 


.. .22,900 
.. .28,500 
.. .31,300 
...33,100 
...35,100 
.. .36,900 
...38,400 
.. .40,100 


.27,500 

.35,100 

.39,200 

.41,800 

.45,000 

.47,900 

.50,400 

.53,500 


V. 


4.0 


4.0 


5.0 


5.0 


5.0 


5.0 


5.0 


5.5 


5.5 


5.5 


5.5 


5.5 


Type 

Interrupting 

Rating 

(RMS Amperes) 

Standard Continuous-Current Trip Ratings (Amperes) 

15-AE1A.. 
25-AE1B.. 
50-AL-2 .. 
75-AL-2 .. 
100-AL-2 .. 

. 15,000. 

.. 25,000..... 

.. 50,000......:.. 

.. 75,000.. 

........100,000--- 

.15, 20, 25, 35, 50, 70, 90, 100, 125, 150i 176, 200, 225 _ • 

.15, 20, 25. 35, 50, 70, 90, 100, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 400, 450, 500, 550, 600 - . 

15,20, 25,36, 50,70,90,100,125,150,175,200,225,250, 275,300,325,350,400,450, 500, 650, 600, 800,1,000, 1,200, 1,600 
.2,000, 2,500, 3,000 
.4,000, 5,000, 6,000 
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Figure 11. Load-center unit substation with 
primary junction box only 


depending on the size of the breaker. 
Two or more stacks can be located side by 
side to give the required number of break¬ 
ers. These equipments are used with 
radial types of systems. For network 
applications, the standard network pro¬ 
tector replaces two of the air circuit break¬ 
ers in one of the stacks. 

Load-Center Unit-Substation 
Application Tables 


The transformer may be liquid -filled 
with the medium of cooling either oil or 
Pyranol. The Pyranol coolant is gener¬ 
ally preferred for both indoor and out¬ 
door load-center applications, but oil- 
filled transformers are often used outdoors. 
The Pyranol transformer has been a big 
factor in the development of the load-cen¬ 
ter distribution idea. Pyranol will not 
bum, and thus the Pyranol load-center 
unit substation can be located indoors 
near production centers without an ex¬ 
pensive fireproof vault. 

The dry type of transformer, cooled by 
the natural circulation of air through the 
windings, has also been developed for 
load-center unit substations. 

Metal enclosed low-voltage switchgear 
is used in load-center .unit substations. 
Usually, a number of branch circuits radi¬ 
ate from a single load-center unit substa¬ 
tion. These branch circuits are controlled 
by means of air circuit breakers, mounted 
in compartments in the low-voltage 
switchgear. Air circuit breakers, with 
current interrupting ratings of 15,000, 
25,000, 50,000, 75,000, and 100,000 am¬ 
peres rms, are available in these equip¬ 
ments. The breakers may be either manu¬ 
ally or electrically operated. The ma¬ 
jority of the applications have required 
the use of manually operated breakers 
only, All circuit breakers operate with a 
time delay on overload currents, but trip 
instantaneously on short circuit. The 
breakers may be of either the stationary 
or the draw-out type. The draw-out 
type has been used extensively because of 
the interchangeability of draw-out break¬ 
ers, which is an important factor in avoid¬ 
ing production delays during routine in¬ 
spection. The breakers are available in 
stacks of one, two, three, and four high, 


The interrupting rating of a circuit 
breaker is the maximum current which it 
is able to interrupt adequately and safely. 
It is important to use circuit breakers of 
adequate interrupting rating on load- 
center unit-substation circuits, as well as 
on any other circuits in which circuit 
breakers are used, in order to assure re¬ 
duced arcing time with minimum damage 
to equipment when faults do occur. Con¬ 
trary to a former rather widespread be¬ 
lief that low-voltage circuits will not pro¬ 
duce short-circuit currents in excess of 
20,000 amperes, tests have shown that 
short-circuit currents of several times this 
value may occur. 2 These values can be 
predicted by calculation with reasonable 
accuracy- Tentative rules for the calcu¬ 
lation ofiheke currents have been estab¬ 
lished by the AIEE. 8 < 

The load-center unit-substation appli¬ 
cation tables given here are based on the 
occurrence of a three-phase secondary 
fault near the terminals of the unit sub¬ 
station. The only source of power to the 
secondary, except for secondary motors, 
is assumed to be through the load-center 
unit substation. It is assumed that the 
total connected motor kilovolt-amperes 
will not exceed 50 per cent of the trans¬ 
former rating on 208/120.-volt systems 
and 100 per cent of the transformer kilo¬ 
volt-ampere rating on 240-, 480-, and 
600-volt systems. See Tables II, III, IV, 
and V. 

The calculations for the short-circuit 
currents are based on the following: 

1. Systems with voltages of 208/120, 240, 
480, and 600 volts, because these are ASA 
standard voltages given in tentative stand¬ 
ards C-57.1, dated March 1940. 

2. Transformer reactances have been se¬ 
lected to give the most economical balance 
between transformer reactance and circuit- 


fit*** *M *4 



Figure 12, For main breaker Figure 13. For branch break- Figure 14. For cascaded 
A ' ersA , branch breakers B 


July 1942, Vol. 61 Hunter, Page — Load-Center Substations 


breaker interrupting rating consistent with 
reasonable voltage regulation. The actual 
values of reactance are indicated in the 
tables. 

3. Calculations are based on proposed 
AIEE standard rules, that is: the symmet¬ 
rical three-phase rms short-circuit current 
is increased by a factor of 1.25 to allow for an 
average d-c component. For the motor con¬ 
tribution, 50 per cent connected motor kilo¬ 
volt-amperes is assumed to be capable of 
supplying a short-circuit current of 2.5 times 
the normal full load current of the trans¬ 
former, and 100 per cent connected motor 
kilovolt-amperes is assumed to be capable 
of supplying a khort-circuit current of 5.0 
times the normal current of the transformer. 

Standard load-center unit-substation 
breaker arrangements are shown on Fig¬ 
ures 12,13, and 14. The basis of selection 
of the magnetic air circuit breaker used 
in the tables for these three arrangements 
are as follows: 

Any air circuit breaker directly connected to 
the power source (A' or A) can be used up to 
100 per cent of its interrupting rating only. 

Any magnetic circuit breaker (J3) which is 
backed up by a properly co-ordinated main 
breaker of adequate interrupting rating 
( A ') can be used up to 200 per cent of its 
interrupting rating. 

Breakers arranged as in Figure 14 are 
said to be in “cascade.” 4 The back-up 
breaker (A') must be properly co-ordi¬ 
nated with the cascaded breaker (B), so 
that the breaker (A') will trip instantane¬ 
ously on short-circuit currents in excess of 
the interrupting rating of the breaker (B). 

The cascade arrangement of air circuit 
breakers shown in Figure 14 often re¬ 
sults in a lower-cost substation than is ob¬ 
tained with the arrangement shown in 
Figure 13. However, the cascade arrange¬ 
ment has the limitation that a heavy short 
circuit on any of the branch breakers may 
open the main air circuit breaker and re¬ 
sult in an interruption of service to all of 
the branch feeders. Thus, when lower 
cost can be obtained with the cascade ar¬ 
rangement, careful consideration should 
always be given to the value of continuity 
of service. 
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Synopsis: Coaxial cables insulated with 
solid dielectric are used for transmitting 
elect l ie energy over wide ranges of fre¬ 
quency. During the development of such 
cable* it was important to be able to predict 
the characteristics of finished cable by cal¬ 
culations based upon the known dimensions 
and physical properties of the conductors 
and the insulation. Many comparatively 
simple formulas were known to be valid at 
high frequency, but their applicability at 
lower frequencies was questioned. 

In the first part of this paper we have 
pr cm* tiled: 

t. ‘t he K<*nrt4l rriutiunii which hold tinder all con- 
d»Umo of uperaUuu. 

- The conditions under which “skin-effect” 
trttdr* offer » convenient method for obtaining 
vtiliws **t rrsi ffancc and inductance, ns well ns the 
(•<!i>!itiiHH under which relatively simple equations 
lot tlnrv* quantities arc sufficiently accurate. 

»l 1'lir conditions under which the complete cx- 
jitwnitm lot attenuation may be considerably simpli¬ 
fied t»* the lotm generally used in high frequency 
!•» artier 

In the second part of the paper we have 
prrscnUfft formulas and graphs for the ratio 
• 4 terminal voltages as a function of the 
ph;i*»c angle of the line for several types of 
load for both dissipation less and dissipative 
lines. These relations are helpful in under- 
si.ttidmg observed voltage variations with 
frequency caused by reflections, particularly 
on short lengths of line. 

In the third part of the paper a derivation 
is indicated leading to a general equation for 
the efficiency of transmission. Simplifica¬ 
tions are made which are often applicable 
in practice, ami curves are plotted showing 
the efleet, of mismatch in reducing efficiency. 

A. Transmission-Line Relations 

T UB electrical characteristics of a con¬ 
centric: transmission line with dis¬ 
tributed constants are given by the* rela¬ 
tions 

Propagation coefficient =» y =» _ 

«~h 53 y (i) 

Characterisiie impedance =*£o **y/z/Y (2) 
where 

0 -attenuation per centimeter length of line 
H m phase shift per centimeter length of line 
** ft \-j<aL **z/.O z *b impedance per centime¬ 
ter length 

}*** (t +<ju>C » y /- fty admittance per centi¬ 
meter length 

R »»Httries resistance per centimeter length 
/, series inductance, per centimeter length 
<;« parallel conductance per centimeter 
length 

C*<* parallel capacitance per centimeter 
length 
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Separating real and imaginary terms in 
equation 1 we have 1 

at = Vay• cos Vs (8 S +8 V ) = A cos (8/2) (3) 

P = V7y • sin V i(8z~\~8y) = A sin (8/2) (4) 

or in terms of the distributed properties of 
the line 

a = \/(RG - o*L C) 2 + (GuL +i?«C) 2 - 

co, v(^n -(|£//£§)] (» 

P - ^(RG-^LCy+iGoiL+RuC)*- 

sta («) 

Also since it is the magnitude of charac¬ 
teristic impedance which is of interest in 
cable design we have from equation 2 

■Zo* =(z/y)~ _ 

^/iRG+a'LCy+iGcoL-RwQ'/iG'+u'C 1 ) 

(7) 

■ V 4 

Equations 1 through 7 are general for 
any frequency and for any transmission 
line to which a sinusoidal voltage is ap¬ 
plied, so long as the proper coefficients 
R, L, G, and C are used. We shall there¬ 
fore consider next the relations by which 
these four quantities can be calculated. 

1. Admittance Per Centimeter 
Length 

Our past experience 2 has shown the 
convenience of expressing the admittance 
of a capacitor of any shape as follows: 

y=»G+jci}C= 3 wCpCe'+jV) 



o 0.4 0.8 l;2 1.6 2.0 2.4 2.8 


y 

Figure 1. Ratio of a-c to d-c resistance 
R/Ro as a function of the ratio of thickness to 
depth of penetration t/y for a cylindrical 
outer conductor in a coaxial line 
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from which we have the following defini¬ 
tions of unit quantities characterizing the 
dielectric 

e' = C/C B =dielectric constant (8) 

e"^G/o)C 1) — loss factor (9) 

where C v = capacitance of the same size 
and shape of electrodes in vacuum. For 
coaxial cylinders of radii r\ and r 2 

C 8 = 0.241 X10“ 12 /logio (r 2 /fi) farads/cm 

( 10 ) 

.*. C - 0.241 X10“ 12 6 , /logxo (rs/fi) farads/cm 

( 11 ) 

and 

G — 1.515 X 10“ 12 /e"/logio (r 2 /fi) mhos/cm 

( 12 ) 

Both coefficients e' and e" may vary with 
frequency and must be known or assumed 
for the insulating material for the fre¬ 
quency range being considered. 

2. Impedance Per Centimeter 
Length 

The resistance and the inductance of 
both the inner and outer conductors will 
vary with frequency because of “skin 
effect.” Therefore there are no simple 
general relations which can be used at 
all frequencies. 

If the inner conductor is a round wire, 
the skin effect at low frequencies can be 
obtained from Table I, which has been 
worked out from complicated exact for¬ 
mulas. 8-5 This table gives the ratios J?/jR» 
and L/Lo (where R 0 and Lo represent the 
resistance and inductance at zero fre¬ 
quency) as functions of the parameter 

x =2ttt \\/2pf/ p (13) 

For copper ju=l, p— 1,724 abohmeenti- 
meters and 

*=0.214nV? (14) 

The depth of penetration y is defined 
as the thickness of shell to give the same 
d-c resistance and is given by the relation 

y-VpfrVrf (IS) 

or 

y =6.62 /Vf centimeter (for copper) (16) 

If the outer conductor is a hollow cyl¬ 
inder of thickness t (where rj>5f), the 
corresponding values for the ratio R/Ro 
were worked out by J. R. Whinnery and 
are given in Figure 1 as a function of 
t/y where y is the depth of penetration* 
(equation 16). 
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Eastern District meeting, Schenectady, N. V., 
April 29-May 1, 1942. Manuscript submitted 
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H. H. Race is research engineer in the research 
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engineering laboratory, both with General Electric 
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The resistances of the inner and outer 
conductors are added together to give the 
total resistance per unit length 


[»w®] 

inner outer 

ohm per centimeter length (17) 


where (R/Rq) for the inner conductor is 
taken from Table I and (R/Rz) for the 
outer conductor is taken from Figure 1. 

If the parameter x is greater than 20, 
a condition which is normally satisfied 
at high frequency, then the depth of pene¬ 
tration is so small that it is not necessary 
to use Table' I. Likewise if t/y for the 
outer conductor is greater than 3, then the 
inner and outer resistances vary inversely 
as the radii of the conductors as follows: 3 




X10“ # ohm per centi¬ 
meter length (18) 


For copper conductors this reduces to 


The expression for inductance 8 at zero 
frequency is 


■6 logio (r 2 /fi) +0.5+ 


' 0 = 

T 4.6rs 4 , , , N 3r,*-r 2 *“|) 


X 


10 9 henry per centimeter (20) 


where r 3 =outer radius of outer conduc¬ 
tor in centimeters. The first term gives 
the inductance between the conductors; 
the second and third terms give the in¬ 
ductance within the inner and outer con¬ 
ductors respectively. 

To show the relative magnitudes of 
the several terms in equation 20, assume 
the physical dimensions for cable 1 for 
which the complete calculations are shown 
in Table II (next section). Substituting 
in equation 20 we obtain: 

2.0*= [2.62 +0.5+(8.9092 -8.8752) ]X 

10 -9 henry per centimeter 



ohm per centimeter length (19) 

If the inner conductor is stranded and 
the outer conductor braided, the above 
calculations will be optimistic, since they 
do not take into account contact resist¬ 
ance between strands, which may be very 
important, especially if the copper is dirty 
or becomes corroded or oxidized. After 
considerably more empirical evidence is 
obtained, perhaps multiplying factors 
can be assigned to indicate a proportion¬ 
ate increase of resistance above the values 
given by equation 17 caused by stranded 
inner conductors and braided or wrapped 
outer conductors. For example, we have 
found by experience that in coaxial cables 
built with 0.2-centimeter-diameter inner 
conductors the attenuation is about one 
decibel per 100 feet greater at 315 mega¬ 
cycles with a stranded inner conductor 
than it is with a solid inner conductor. 


Both terms of the inductance within 
the outer conductor were obtained using 
five-place logarithms, and the numbers 
have been recorded in order to indicate 
that the calculation involves a small dif¬ 
ference between two nearly equal quanti¬ 
ties. However, this also demonstrates 
that the inductance within the outer con¬ 
ductor may be neglected in comparison 
with Hie other tenns of equation 20. 
Since the inductance within the conduc¬ 
tors decreases as frequency increases, we 
have 

L = [4.6 logio (fa/ri) +0.5(2/2 0 ) ] X 

10“ 9 henry per centimeter (21) 

where L/Lo for the inner conductor is ob¬ 
tained from Table I. At high frequencies 
the inductance within the inner conductor 
also becomes negligible so that we may 
use the simple relation 

2=4.6 logio (r 2 /ri)XlO -9 henry per 

centimeter (22) 


3. Approximations Leading to 
Simplified Formulas 

In order to show the conditions under 
which the general equations 1-7 can be re¬ 
duced to the commonly used simplified 
forms, we have shown in Table II the im¬ 
portant terms involved for two cables at 
two frequencies. 

Table II shows that at 315 megacycles 
items 10, 12, and 13 are negligible com¬ 
pared to item 11, that is: 

cJLORG (23) 

and 

WLWXGuL+RuC)* (24) 


If equation 5 is simplified assuming the 
above inequalities 


w 2 2C* co'.^V u 2 LC sin L- 


Vu*Lc(] 

i) (25 > 

where 


0=180°—5 

(26) 

and 


(Go>L+Ro>C\ . 

*=“*( mc )- 533 

(27) 

or 


a ^(.GuL+RuC)/2VuPLC 

00 

s. 


or 

aSZaa+ac&AGVITc+'/tRVc/L (29) 

where a d =contribution to attenuation by 
dielectric loss only 

and a e =contribution to attenuation by 
copper loss only 

u d may also be obtained directly from 
equation 5 by assuming R- 0, and 
may be obtained by assuming G=0 in 
this same equation. Therefore, we have 
shown that under the conditions for which 
equations 23 and 24 are true, the contri¬ 
butions to attenuation of the copper losses 
and the dielectric losses may be calcu¬ 
lated separately and considered to be 



additive. 

Figure 2. Ratio of Substituting in equation 25 the rela- 
receiving to sending 
voltage F 2 /Ei as a 

function of line angle Figure 3. Ratio of receiving to sending 

0l for several values voltage Ea/Ei as a function of line angle 

of terminating im- fil for several values of terminating imped- 

pedance Z 3 in a dissi- ance Z 2 for a line having a total attenuation 

pationless line of six decibels 
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cosh 2 <xl+ 


Figure 4. Efficiency 
of transmission for 
several values of 
totar attenuation for 
a range of values of 
mismatch 

«/=0.115 X total at¬ 
tenuation of line in 
decibels 


Zo=Surge impedance (resistive) 
Z 2 = Load impedance (resistive) 
i) o = z~ 2Ctl when Z 0 =Z 2 


Table I. Skin-Effect Resistance and Inductance Ratios for Solid Round Wires 


R/R. 


L/L* 


R/Ro 


L/Lo 


0.0.1.00000.1.00000 . 2, 

0.1..1.00000.1.00000 . 2 

0.2.1.00001.1.00000. 2, 

0.3.1.00004.0.99998 . 2, 

0.4.1.00013...0.99993 . 2, 

0.5.1.00032.0.99984 . 3 

0.6....1.00067.0.99966 . 3 

0.7..1.00124.0.99937. 4 

0.8...1.00212.‘..0.99894.... 4 

0.9..1.00340.0.99830 . 5 

1.0.1.00519.0.99741. 6 

1.1 .1.00758.0.99821. 7 

1.2 .1.01071.0.99465 . 8 

1.3 .1.01470...0.99266. ;. 9 

1.4 .1.01988.0.99017. 10 

1.5 .1.02582.0.98711. 11 

1.6 .1.03323.0.98342. 12 

1.7 .1.04203.0.97904. 13 

1.8.. .:.1.05240....0.97390. 14 

1.9.1.06440.0.96795. 15 

2.0..1.07818.0.96113. 20 

2.1 .,.1.09375.;. .0.95343 . 25 

2.2 .1.11126.0.94482. 30 

2.8 .1.13069.0,93527...... 40 

2.4.. ...1.15207.0.92482... 50 

60 

80 

100 


5 . 1.1753$,.0.91347 

6 . 1.20056. 0.90126 

7 .. 1.22753.0.88825 

8 . 1.25820.0.87451 

,9. 1.28044.0.86012 

,0. 1.31809.0.84517 

,6. 1.49202.0.76550 

,0. 1.67787_.".0.66632 

,5. 1.36275.0.61563 


2.04372......0.55597 

2.39359.0.46521 

2.74319.0.40021 

3.09445.0.55107 

3.44638..0.31257 

3.79857.0.28162 

4.15100.0.26622 

4.50358....0.23601 

4.86831.0.21703 

5.20915. .0.20160 

5.56205.0.18822 


. 7.32767.0 

. 9.09412..0 

.10.88101,...,.0 

.14.39545.0 

.17.93032,.0 

.21.46541.0 

.28.53593.0 

.35.60666.0 

0 

i « \ 

limit 


(l> 


14128 

11307 

.09424 

.07069 

.05656 

04713 

.03536 

.02828 

.00000 

0.354x 


Table II. Important Items in Equation 5 


Cable 1 


Cable 2 


Cable specifications 

n........ ,0.1028cm. 

r*. .....0.381 cm. 

(. .....0.025 cm. 

€'....2.04 

...0.001 


,0.325 cm 
.1.27 cm 
.0.025 cm 
.2.65 
.0.0089 


.3.15X10* ....... 2.5 X10 4 


.3.15X10* 


1. 

2. 

3. 

4. 
6 . 
6 . 

7. 

8 . 
9. 

10 . 

11 . 

12 . 

13. 

14. 

15. 

16. 

17. 

18. 

19, 

20 . 
21 . 


Frequency 

(cycles per second).... 2,5 X10 4 ... 

C (eq 11).i.017X10-»*...1.017X101*.. 1.08 X10 .1.08 X10 "» 

G (eq 12) ...6.65X10"“.8.39X101 .1.85X10"i» .2.34X10"* 

* (eq 14)......3.48 ..(590) .11.0 .(1,230) 

R/Ro....1.485 .(209) ..4.15 .(435) 

R (eq 17)..;....... 1.06X10" 4 ...0.303X10" 4 

R (eq 19).. .(0.81X10' 4 ).91.0X10" 4 .(0.254X10- 4 )..28.5X10" 4 

L/U ...0.769 .....0.256 

L (eq 20).. .3.00X10-* ......2.85X10-* 

L (eq 22) --.(2.62X10“*).2.62X101 ...... .(2.72X10"*) .2.72X10"* 

RC?.........7.05X10-«--.7.63X10"* .5.60X10-1* _.6.67X10-* 

Ci>*LC ...7.52X10-11 -- .1.045X10-* .......7.58X10-“ ■ .1.15X10“*' ' 

GaL ..3.13X10- M .......4.35X10“* _..8.27X10-“ ......1.26X10“* 


.1.83X10-* 


RuC. ..1.69X10 

A (eqs 3 and 5). ...... .8.8X101 

6 (eqs 3 and 5).... .167.3 

cos (0/2)........ .0.11 

a (eq 5).. ;9.69X101 

«<• (eq 30). .(8.0X101) 

ai (eq 32).......(1.7X101) 

« (eq 29)..•<'.•.,..(8.02X101).11.1 X101 

Ndb/I00tt. .. .2.56X10-* ,.. ..,2,94 


...... 6.09X10"* 


.5.14X10-1* 

........8.7X101 

...............176,1 

...0.034 

...2.96X101 

. .9.0X10-* . . . .,. .(2.52X101) ..2,83X101 

. 2.14X10-* -...(4.67X101) ......5.9X10-* 

.....(2.57X101) .8.7X10-* 

., ...7;.35X10-» ......2.31 


tions for jR, L, C, and G given in equations 
19,22,11, and 12 respectively, we have 

a e Sl.50Xl0- 10 V / /e"'0 i +“J/l°gio X 

(r 2 /fx) neper per centimeter (30) 
or . 

^ e ^3.98X 10"«V/e'^+^/^gio X 

(fi/ri) decibel per 100 feet (31) 

and 

ad=1.05X10“ 10 /e'/\/ e' neper per centi¬ 
meter (32) 

or 


.Af d =2.78X10 -8 /€V'V / e' decibel per 

100 feet (33) 


where 


Ntotai=N c (copper loss only) + 

Na (dielectric loss only) (34) 

If equation 7 is simplified assuming the 
inequalities, equations 23 and 24, we have 

Zo=VA/C= 138 logio (r i /r l )/Ve i (35) 

which is the expression usually used for 
characteristic impedance at high fre¬ 
quency. 

Likewise assuming the inequalities, 
equations 23 and 24, equation 6 reduces 
to 

j3sV uPLC&uCZo (36) 

The trigonometric term in equation 5 
is important, because it is zero if the losses 
are zero. Thus an approximate evalua¬ 
tion at high frequencies for this term (al¬ 
though it is small) leads to the useful re¬ 
lation given in equation 25. 

On the other hand, the trigonometric 
term in equation 6 is unimportant, since 
it is unity for zero losses, and losses at 
high frequendes simply decrease this 
term slightly bdow unity. The recog¬ 
nized effect of high losses in increasing the 
phase constant must appear, because 
some of the factors in the first term of 
equation 6 are not negligible compared to 
w 2 LC. However, when the inequalities, 
equations 23 and 24, are true, the losses 
do not appredably increase the phase 
constant. 

Similarly equation 29 can be expressed 
in terms of Zo 


a=(GZo/2) + (R/2Zq) 


(37) 


Brror using approximate equation. 


-17%.. 


.-13% 


The frequency above which the sim¬ 
plified relations, equations 25-37, can be 
used depends upon the error which can be 
tolerated. Table II shows that appreci¬ 
able errors result if the approximate rela¬ 
tions are used at 25 kilocycles. How¬ 
ever these relations should be suffidently 
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accurate for frequencies in the broadcast 
band or above. 

B. Voltage Relations 

In a transmission line of length l, hav¬ 
ing uniformly distributed constants, the 
complex expression for the ratio of the 
voltage at the sending end Ei to the volt¬ 
age at the receiving end JE 2 is given by the 
relation 


Ei Z 0 

— — cosh y /+— sinh yl 
JC»2 * %% 

which upon expansion becomes 
E 


(38) 


I cos 18 /+ 


~ = ^cosh a/+~ sinh al'j 

J^sinhcosh al'j sin (il (39) 


where Zo=surge impedance of line 
and Z 2 =impedance across receiving end 
of line 

From this general relation several spe¬ 
cial cases lead to usable simplifications. 

1. Dissipationless Case 

fG^R— sinh a/=0 \ 

\ cosh al ! <=* 1, Zo—real / 

(а) . Assuming pure resistance ter¬ 
mination, (Z 2 —real), the absolute value 
of the voltage ratio given by equation 39 
can be reduced to 

Ei\ • 

hg I 

VC-(D'M-(§']“» 

(40) 

(б) . Assuming complex termination 
(Z 2 — "\/RS + ac 2 2 ) equation 39 becomes 



(sfurayi 

\z,J J 2 L W 


cos 2/3/+ 


sin 2/3/ (41) 


The last two equations have been used 
to calculate the data given in Figure 2 
which show the ratio of receiving to send¬ 
ing voltage E 2 /E 1 for the dissipationless 
line for several types of load impedance. 

2. Dissipative Line 

For a line having high losses, particu¬ 
larly at low frequency, the surge imped¬ 
ance (Zo) may have an appreciable reac¬ 
tive component. But in lines for which 
equations 23 and 24 apply, the reactive 
component of Zo is negligible as indicated 
by equation 35. 


(a). Assuming pure resistance ter¬ 
mination (Z 2 =real) equation 39 reduces 
to 

Ei \ 


V 


7 

sinh 2 al+z 
Z 2 


iMt)l 

Hi)'] 


cosh 2 a/+ 
cos 2/8/ (42) 


(6). Assuming complex termination, 
(Z 2 — Vi ? 2 2 + * 2 2 ) equation 39 becomes 


E 

ki 

4 


shih 2a/+ 


Hi)’] 
Hi)'] 


cosh 2a/+ 


XiZn 

cos2/3/-l—— sin 2/3/ 


Z 2 2 


(43) 


Figure 3 shows plots of the last two re¬ 
lations for a total attenuation of six 
decibels for the same terminating imped¬ 
ances as were used in Figure 2. 

3. High-Loss Lines 

1 . 

As the total attenuation is increased, 
the variation in the ratio of Et/Ei with 
line angle decreases. For a line having an 
attenuation of 20 decibels, al— 2.3, and 
there is only about two per cent error in 
the relation 


cosh al =sinh al = 1 / 2 € a<1 


(44) 


Under these conditions equation 39 can 
be further simplified. 

(a). Assuming pure resistance ter¬ 
mination (Z 2 = real) 


£1 

Et 


-tH) 


(45) 


(6). Assuming complex termination 

(Z 2 =VlW+x 2 2 ) 


jEj 


€ a 'V / Z !i s +2i? 2 Zo-fZo J 


2Z 2 


(46) 


The simplest relation for the ratio Ei/E% 
is obtained when the line is terminated 
in a load which is exactly equal to its surge 
impedance (Z 2 =Zo) in which case 


LEi 

Ei 


— e al 


(47) 


Equations 38-47 were derived in order 
to interpret voltage data taken during 
measurements of attenuation in commer¬ 
cial high-frequency solid dielectric coaxial 
cables. 7 

C. Efficiency of Transmission 

The efficiency of transmission is defined 
as the ratio of output to input power; 


however, the mathematical expression is 
simpler if the reciprocal relations are used. 
The most general case is that for which 
both the characteristic and load imped¬ 
ances of the line are complex. This case 
has been solved by E. W. Ha mlin (un¬ 
published report, General Electric Com¬ 
pany). The essential steps and final rela¬ 
tion are: 

Characteristic impedance=Zo= Ra+jXo 

(48) 

Load impedance=Z 2 «=.R 2 -|-iX 2 (49) 

then the input impedance is given by 8 

# 

Z 2 cosh 7 Z+Z 0 sinh 7 /I 


?x = Z 0 ; 


Zo cosh yZ+Z* sinh y/J 


(50) 


and the input current as a function of the 
load current is given by 


h —— (Zo cosh yl +Z 2 sinh yl) 
Zo 


(51) 


The input power= |/i| 2 Xreal 

component of Zi (52) 


and the output power = I 2 | 2 Ri 


(53) 


Hamlin takes the ratio of these last two 
relations and upon expansion and simpli¬ 
fication obtains the general equation: 


W x Ro 


Wi Ri\Z 0 ' 


X 0 


Ri\Z o 2 


-[(RiRo+XiXo) cosh2a/+ 
V 2 (|Z 2 | 2 +|Zo| 2 ) sinh 2a/]+ 
'[(XoRi-XiRo) cos2/3/+ 
1 A(|Z 2 | i —|Z 0 | 2 ) sin 2/3/] (54) 


As a simplification of equation 54, let 
X 0 =0, that is, assume that the reactive 
component of the characteristic imped¬ 
ance is negligible, as is usually the case in 
high-frequency transmission. Then equa¬ 
tion 54 reduces to 


--co*2«;+>«/,(-+-+—J su* 2 

(55) 


When the reactive component of the 
load impedance is also negligible, the last 
term in the parenthesis drops out. 

The last equation has been used to cal¬ 
culate the efficiency of transmission for 
several values of total attenuation for a 
range of values of mismatch. (Zo/Z 2 or 
Z 2 /Z 0 from 1 to 10) as shown in Figure 4. 
An important observation is that for a 
mismatch as large as 2/1, the efficiency is 
90 per cent or more of the efficiency which 
could be obtained with perfect matching 
of characteristic and load impedances. 

The curves of Figure 4 express only the 
increase in power losses in the line caused 
by standing waves on the line resulting 
from reflections at the load end. Unless 
the attenuation of the line is high, the 
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Calorimetric Method for Determinins 
Efficiencies of Electric Machines 


VICTOR SIEGFRIED 

member AIEE 


A MONG the methods available for de¬ 
termining losses and efficiencies of 
electric machines, many have been de¬ 
veloped to their utmost capabilities. 
Some measure individual losses sepa¬ 
rately and with good accuracy, 1 10 hut 
many have inherent drawbacks. There 
still remains the desirability of a satisfac¬ 
tory over-all test which will rate the per¬ 
formance of all sizes of machinery under 
actual conditions of loading and yet yield 
highly accurate results. This aim is 
largely met by the calorimetric method 
and is justified by its basic character. 
A simplification of the classical testing 
technique can be introduced in which the 
important measurements are all electrical. 
By this in pans , accurate measurements of 
heat values are obviated, and the calo¬ 
rimeter becomes in reality only a compara- 
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tor for a substitution process. Test re¬ 
sults of calorimetric measurements on 
e-mail induction and d-c motors show ex¬ 
cellent agreement with other tests on the 
samp, machines. Analysis of the method 
indicates that it is equally applicable to 
all classes of machines of any size and that 
it can be used more generally for over-all 
loss and efficiency measurements under 
loaded conditions. 

Calorimetric Method 

The classical form of the calorimetric 
method makes use of the basic principle 
that all losses axe converted into heat. 
Meas urements of thermal values from 
specific heat of the coolant, its volume, 
and temperature rise, have involved un¬ 
certainties and difficulties which have 
tended to discredit the method. How¬ 
ever, these can be avoided by a simplifi¬ 
cation possible with electric machinery, 
in which the volume of the cooling me¬ 
dium is kept constant, and the tempera¬ 
ture rise is measured under load and 
again with calibrating power input, thus 
giving a direct indication of the total 
losses within the system. The method is 
applicable to many types of machines, 
motor or generator, d-c or a-c, with only 
slight revisions in detail for each. Since 
total losses may be determined by it, and 
all other losses can be measured sepa¬ 
rately, stray load loss can be determined 
by this type of test. The American Stand- 


mismatch at the load end will affect the 
input impedance of the line, and in any 
practical case the coupling between the 
line and the generator will have to be ad¬ 
justed to give the best power transfer. 
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ards Association Standards 8 and the test 
codes recognize the use of the calorimetric 
method, although reports of its use are 
rather scarce in the American literature. 
Eu: opean tests reported to the Interna¬ 
tional Electrotechnical Commission meet¬ 
ings at Prague in 1934 and Scheveningen 
in 1935 by the late Edouard Roth 2 ’ 11 show 
the development of simplifications in the 
calorimetric method. The procedure was 
to enclose the machine under test in a 
trunking or duct, through which a con¬ 
stant quantity of air was blown. Tem¬ 
perature rises from inlet to outlet were 
determined by the resistance of grids in 
the air stream, and losses to produce 
equal rises were introduced by means of 
heaters. Elaborate interpolation of data 
was required, because of difficulty in ad¬ 
justing to exact equality. 

Further extension of these simplifica¬ 
tions is made in the tests being reported 
in this paper. Where possible, the cali¬ 
brating losses are introduced directly into 
the machine under test so as to simulate 
actual losses exactly. A succession of 
points is taken so that a graphical deter¬ 
mination of equal temperature-rise con¬ 
ditions may be made between the loaded 
and calibrating runs, thus minimizing 
the work of calibration. The use of dif¬ 
ferential thermocouples makes possible 
direct readings on a microammeter with¬ 
out the necessity of delicate potentiome¬ 
ter readings. 

Equipment and Procedure 

The test work was done on two ma¬ 
chines, one an induction motor ai;d the 
other a d-c motor of comparable size. 
The equipment consists principally of: 

A double-walled calorimetric box of heat- 
insulating material to enclose the machine 
under test, in this case reversible so as to 
be usable on either end of the set. 

A constant-speed blower to force air through 
the box. 

Thermocouples differentially connected be¬ 
tween inlet and outlet ports. 
Power-measuring instruments in the leads to 
the test box. 

Heaters inside the box near the test machine. 

Figures 1 and 2 show the arrangement of 
parts. 

The pair of machines is mounted on a 
wooden base with an iron subbase, and 
bolts are staggered so as to prevent any 
direct path of high thermal conductivity 
to the outside. A layer of insulating 
board is fitted around the machine feet, 
and the box is sealed to it. A slot on one 
side makes provision for a close-fitting air 
seal around the shaft, the coupling being 
outside of the enclosure. Dead air spaces 

Electrical Engineering 




A —Thermocouples 
B —Measurins instruments 
C—Loading generator 
D —Test machine 
E—Heaters 
F —Blower unit 


6 7 6 9^ 10 II 


Figure 4. Typical temperature-difference 
curves (or three values of total input to box 
with machine loaded 

Readings taken at end of intervals 


Figure 1. Arrangement of calorimeter and 
machines 

are filled with rock wool. A terminal 
plate provides electrical connections to 
the inside. Thermocouples are connected 
differentially in series between the blower 
pipe at the inlet and an insulated outlet 
at the diagonally opposite comer. Small 
ports are used to insure thorough mixing 
of the air, thus keeping all parts at a uni¬ 
form temperature. This was verified by 
test and by observing the air stream 
through a window at the top of the box 
when smoke was injected. 

As indicated in the introductory dis¬ 
cussion, this method uses the calorimet¬ 
ric quantities for a comparison of the 
power values which will produce the same 
temperature conditions: 

1. The machine is operated under load, and 
electric power input and thermocouple 
measurements are made. All losses of the 
machine, whether in electrical or mechanical 
form, are dissipated within this box and 
eventually contribute to the heating of the 
air. No measurement of shaft output is 
made unless desired as a check. 

2. The coupling between machines is 
broken, and a set of measurements is made 
with the machine running idle to find the 
power input that is required to duplicate 
previous thermal conditions. 

Finding the loss input which gives ex¬ 
actly the previous (loaded) temperature 
difference is unnecessarily tedious. For 
satisfactory results and minimum time 
used on a test, the better procedure is to 


KILOWATTS 

Figure 3. Temperature differences under load 
and calibrating conditions 

Value of loss for corresponding input indi¬ 
cated by equal temperature differences 

tflkp two curves of temperature difference 
(microamperes) for several values of heat¬ 
ing, the air volume being held constant. 
One curve is taken as a function of total 
input under loaded conditions, and an¬ 
other is taken as a function of total losses. 
Such a set of curves is shown in Figure 3, 
with both curves plotted to the same scale 
for illustrative purposes. The total losses 
for any input are then determined from 
the curve of calibrating loss at the corre¬ 
sponding temperature difference. The 
machine output is found by subtraction 
and efficiency is computed in the usual 
manner. 

As may be expected, time must be al¬ 
lowed for the thermocouple currents to 
become stabilized. Figure 4 shows typi¬ 
cal curves for one run (air rate different 
from Figure 3). In the case of this ther¬ 
mal system, about one hour was required 
per reading, although this time could be 
shortened by changing the air rate during 
the transition period, gradually returning 
to the standard value. The air rate must 
be selected so that a total difference be¬ 
tween inlet and outlet temperatures does 
not exceed about 20 degrees centigrade to 
approximate nominal ambient conditions. 
Since actual thermal values are not re¬ 


quired, blower speed need be kept con¬ 
stant only during any one set of measure¬ 
ments. Air density and humidity should 
remain constant within the same period 
or not change appreciably. Inlet air tem¬ 
perature may vary slightly without er¬ 
ror, but care should be taken to keep 
loading and control rheostats reasonably 
distant from the inlet. Because the 
method requires only repeatable condi¬ 
tions, even slight air leaks are not serious 
so long as they stay constant. Speed of 
the machine under test may vary slightly 
without serious error, due to changing the 
ventilation pattern within the calorimeter. 

Up to this point, the procedure is per¬ 
fectly general for any type of apparatus. 
The loaded temperature determination is 
likewise general, but consideration must 
now be given to methods of introducing 
the no-load or calibrating power into the 
calorimeter. The test machine is discon¬ 
nected from the load, and it is allowed to 
run at its nominal speed. Additional 
heat may be introduced by heaters so 
placed that the internal ventilation will 
circulate the heated air. The calibrating 
power is thus the sum of the no-load in¬ 
put to the machine and the power to the 
heaters. In the case of induction ma¬ 
chines, the entire power may be introduced 
into the machine by raising the applied 
voltage so that increased running-light 
losses will duplicate those at full load. 
This has the advantage of placing aU the 
loss within the machine, although current 
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FigureS. Calorime¬ 
ter and machines 

A —Thermocouples 
B—Terminals for In¬ 
put and instruments 
C-«-Loadlng genera¬ 
tor 

D —Test machine 
E—Heaters 
F—Blower unit 
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Figure 5. Total losses and efficiency at dif¬ 
ferent loads derived from Figure 3 

A —Per cent efficiency B —Total losses 
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limitations may require partial use of the 
heaters. Synchronous machines permit 
similar abnormal adjustments by field 
control of reactive currents, but it must 
not be overlooked that field copper loss 
contributes to the total heat within the 
calorimeter. D-c machines are the least 
amenable to this treatment, and heaters 
have to suffice. 

Test on Induction Motor 

An induction motor which had been 
thoroughly calibrated by many tests was 
available for test by the calorimetric 
method. This was fortunate, because the 
induction motor illustrates the good fea¬ 
tures of this test to the utmost, and illus¬ 
trates the method well. In the calibra¬ 
tion of the box, all of the necessary no- 
load losses can be confined to the machine 
itself by raising the applied voltage and 
exciting current until copper and rota¬ 
tional losses are of the order of total 
loaded losses, provided the stator current 
is not dangerously large. This permits 
the nearest approach to the ideal of hav¬ 
ing all losses identical in the two tests. 
The squirrel-cage machine used is rated 
10 horsepower, 220/440 volts, 26.6/13.3 
amperes, 60 cycles, 1,710 rpm squirrel- 
cage motor, and was operated at 220 volts. 

Complete data were obtained from 
which separation of losses could be made, 
the calorimetric tests providing only the 
total lo?s value. Slip, stator resistance, 
and rotation losses were measured . in 
addition to line current, voltage, and 
power usually measured in the efficiency 
test Thermocouple current is the indica¬ 
tion of temperature difference and is 
plotted in Figure 3 for the steady-state 
deflections given by a certain total input 
in the load run, and by a certain total loss 
input in the unloaded run. Since corre¬ 
sponding deflection currents indicate 
corresponding power values, the total 
loss for a given input is found by follow¬ 
ing across the proper ordinate to pick off 
the loss abscissa. The dotted lines indi¬ 
cate test data for rated load on the ma¬ 
chine. It may be seen that deflection is 
proportional to loss in the box for con¬ 
stant blower speed. This is to be ex¬ 
pected so long as the heat is dissipated in 
the same manner at all loads. As the box 
gets hotter however, other factors appear 
to permit heat to escape by conduction, 
with a resultant flattening of the curve. 
These make an actual calibration for each 
test very essential. An additional test 
using heaters for no-load input was made 
with identical results. 

The final curves of total losses and 


efficiency derived from the data of Figure 
3 are shown in Figure 5, with output as 
.the abscissa. The full-load efficiency of 
this machine is 81.5 per cent as compared 
with 81.7 per cent from other test meth¬ 
ods using conventional losses plus stray 
load loss measured separately. 

As a demonstration of the accuracy 
possible with the calorimetric method, a 
set of values of stray load loss found by 
this test is plotted in Figure 6. The ex¬ 
perimental points are obtained by two 
groups of observers. The solid curve is 
the stray load loss as determined by 
other methods, 4 * 6 several curves not 
widely different being averaged together. 
These results are quite consistent, espe¬ 
cially when it is appreciated that stray 
load loss here is found as an indirect meas¬ 
urement by subtracting all other known 
losses from the total determined by the 
calorimetric method. 

Test on D-C Machine 

The calorimetric set used was revers¬ 
ible; so the box was turned around on the 
base, and measurements were made with 
the d-c machine as the test machine. 
The induction motor acting as a genera¬ 
tor was loaded by operating it from a sepa¬ 
rate alternator. In this test, the cali¬ 
brating losses were supplied by heaters in 
addition to the running-light input 
The full-load efficiency by this method, 
was 83.1 per cent, whereas the efficiency 
by conventional methods plus stray load 
loss 10 was 83.4 per cent. 

Conclusions 

The calorimetric method described in 
this paper consists of two fundamental 
steps only: 

1. Determination of a temperature rise of 
the cooling medium under loaded conditions. 

2. Substitution of an equivalent measur¬ 
able loss which will produce the same tem¬ 
perature rise under no-load conditions. 

This is a comparison or substitution 
method which determines with high ac¬ 
curacy the total losses of a machine under 
conditions of actual loading. The 
method permits good comparative data 
to be taken even under poor calorimetric 
conditions, although refinements improve 
the ease of obtaining good results. 

Losses measured by it compare di¬ 
rectly and favorably with those of other 
methods of high accuracy and show a 
final stray load-loss value very close to 
those from other tests. Although tests of 
only two machines are reported, the 



Figure 6. Stray load loss of induction machine 
tested 


Solid curve average of tests by other methods . 6 
Experimental points determined by calori¬ 
metric method by two groups of observers 


method has been demonstrated to be 
workable and fundamentally sound. 
Since it depends on a basic principle, the 
accuracy which may be expected will be 
determined by the care and techniques 
employed. Further attention to the 
calorimetric method will doubtless bring 
forth other advances in its use. 
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High-Voltage Fusing of Transformer 

Banks 


unfused group we had had three fires, one 
explosion, and had lost nineteen trans¬ 
formers such that they were either 
scrapped or completely rewound. 


H, H. MARSH, JR. 

MEMBER AIM 


Synopsis: The patter summarizes smite 1.1 
years' experience with the high side fusing 
of 11-, 22, and some tifl-kv transformer 
hanks The original purpose of fusing has 
through this experience heeu expanded to 
rover funcliotts that are deemed desirable, 
and the authors feel that their approach to 
the s|»eeifte protect ion field served by fuses 
has resulted in satisfactory proteetion at 
minimum cost. 

The results of some faults occurring in 
fused ait«l unfust'd hanks are described 
briefly, and the various factors taken into 
consideration in selecting the proper fuse to 
use ure discussed The conclusions drawn 
are that fuses, when applicable, are a satis* 
factory economical means of olitaining 
reasonable coverage for faults in and Iteyund 
transformer banks 

T ill? cxfH'rietU’c of the f hiquextic bight 
Cottipuny with what wc shall call 
modern high voltage f tower fuses Itegitn 
in Ifl2(* when Schweitzer and Conrad 
li<|ttitS fuses were applied In the high 
voltage side of several 22 kv banks in 
stations serving customer* front a radial 
transmission hue. The previous outages 
to this particular line were the dctermiit 
ittg factor in these fuse applications as an 
effort to improve service to the remainder 
of t he line in caws of station trouble, 

Early Experience 

loir the first few years our exjierieiwe 
with these fuse installations was anything 
hut satisfactory. These fuses deterio 
rated, causing uncalled for ojierutiuu*, and 
many justified blowings resulted in failures 
to clear, ffashover of inadequate sparing*, 
and llashover of inadequate insulators, 
These fuse ojierations were carefully 
followed, and such conditions of installu 
tion as contributed to unsatisfactory 
performance were eliminated. Mount¬ 
ings were replaced with higher insulation, 
spacing and clearances generally in 
creased, and 34.5-kv fuses standardized 
upon for iiur 22-kv service. These 

Paper 41*90, romntnwRdmt by W* AIKK mm 
loittrrn tin power trmnftiniimton and .(otrilinUtm and 
protective device* for prewnUOun at the At HU 

North limit mi World meelitnt. JSchrneel»*ly. 
N V,. April W May I MM2 Mamorrtpt »uh 
mil led l'rbnmry II, 1042, mad* available («>r 
printing Mmch 10, 1042 

H, H Mmn, |n t* aantoiMt geeml *aprtint«ft«t 
ent. mibetutiun* end »hep«. and G It. Donna i* relay 
protection *BXinter Ouqurnrw l.ijthl Company, 
Paoburgh Pa 


G. B. DODDS 

ASSOCIATE A1EE 

changes, together with the nuumfaetur- 
ers‘ changes of liquid, cap design, fuse 
element changes, and other advances, 
had made it possible to place considerable 
confidence in high voltage fuses such that 
by 1037 our experience justified an ex¬ 
tension of our fusing applications and the 
development of a general policy of fusing 
where applicable. 

Experience up to 1937—Fused 
Versus Unfused Stations 

By 11137 our number of fused banks had 
increased in proportion to our growing 
confidence in high voltage fuses, and at 
that time we had 32 power applications in 
laith customer and company distribution 
stations. An analysis of |>erfortnunee of 
fused and tmfused stations for the years 
Pt.'tu to IU37, as disclosed by fault rec¬ 
ords, brings out a striking comparison, 
and the records are tabulated in Table I 
for parallel consideration. 

hi the fused group we hurl had no 
fires, no explosions, no serious damage 
and, in many cases, immediate return to 
service of the faulted equipment, since 
prompt clearing had prevented perma¬ 
nent faults. Contrasted with this in the 


Origin of High-Voltage 
Fusing Policy 

The original purpose of the high-side 
fusing of transformer banks was to mini¬ 
mize outages to nmltieustomer circuits 
where one customer biult would other¬ 
wise involve a total line outage. 

An analysis of the above performance 
record disclosed that the fuses, iu per¬ 
forming this original function, had pro¬ 
vided additional benefits by preventing 
fires, explosions, or serious damage. 

Bused on this analysis, a policy has 
been established to provide adequate 
protection for all new bank installations 
and, over a period of years, to cover ex¬ 
isting stations using fuses wherever 
applicable. 

Experience 1937 to the Present 

Our fuse installations now number well 
over 12(i, cover banks ranging in size 
from 50 kvu at 22 kv, up to 10,000 kva at 
00 kv, and involve the use of Schweitzer 
and Conrad types /*>, C, and AM/, and 
Westinghmise type BA. 

From 1037 to the present we have had 
50 faults involving 87 fuse operations all 
functionally correct, and several of these, 

Figure 1. Selection curve* of trarumi»ion- 
llnc relay*, transformer-bank fuses, and low- 
voltage protection 
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we feel, have avoided possible explosions 
and fires, and in addition, have prevented 
interruptions to other customers served 
from the lines involved. Many of these 
fuse operations have cleared low-voltage 
faults, where customer protection has 
been inadequate or inoperative, and 
where such faults could not have drawn 
sufficient current to operate the high- 
voltage protective relays until after 
winding breakdown. Such fuse opera¬ 
tions have avoided transformer-winding 
burnout. 

In one station fuses were used on each 
of four 10,000-kva, 66/11-kv transformer 
banks to avoid the installation of a high- 
voltage breaker and relaying, and, in final 
analysis, to give the customer- better 
service. On two occasions these fuses 
have performed as intended, once by 
blowing to clear a fault not covered by 
the customer’s low-voltage protection, 
and once by not blowing on a similar 
type of fault which was cleared by such 
protection. In the first instance high- 
voltage breaker protection would have 
given a complete interruption until 
performance of switching to segregate the 
defective low-voltage equipment, while 
the fuse application caused no interrup¬ 
tion to three fourths of the service and 
segregated the fault promptly and prop¬ 
erly. 

The success we have had with our fuse 
installations has not been due alone to the 
improvement in the fuses themselves, nor 
to better installation conditions, but has 
been the result of these factors together 
with a judicious selection of the proper 
fuse for the existing conditions, and to a 
rigid inspection policy, and the practice of 
removing such fuses that give any indica¬ 
tion of suspicion as to their condition. 

Control of Fuse Applications 
(Design Stage) 

In deciding all protective layouts, our 
cjesign engineers seek the advice and 
recommendations of the protection engi¬ 
neer, and whether the problem involves 
that of the more complicated types of 
reactance relays, pilot-wire schemes, 
differential protection, or fuses, the pro¬ 
cedure is the same. In following this 
policy, the simplest fuse ins tallat ion gets 
the necessary careful consideration it 
requires, and all of the factors entering 
into proper selection get uniform atten¬ 
tion. 

Our protection policy, based on ex¬ 
perience, is that all portions of an elec¬ 
trical system should be covered by protec¬ 
tion of some sort to dear whatever fault 
oiay devdop. This policy cannot always 
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be met on an economically justified basis 
by rdays and breakers. Where this 
condition is encountered, high-voltage 
fuses frequently provide a reasonably 
satisfactory solution. 

Selection of Fuses for 
Transformer-Bank Protection 

In selecting fuses for transformer-bank 
protection, investigation is made of the 
fault current obtained for faults, both on 
the high-voltage and low-voltage side of 
the transformer bank, and consideration 
is given to the protection that is provided 
on the low-voltage side of the transformer 
bank. A fuse is then selected with a 
time-current curve and a current-carrying 
capadty that will provide the desired 
time of operation for low-voltage faults. 

In many cases, transformers that are 
fused supply industrial customers, and a 
variety of types of protection are used by 
the customer on his own breakers. 
Settings of these protective devices are 
determined, and high-voltage bank fuses, 
are chosen to select with the low-voltage 
equipment. In some cases where cus¬ 
tomers’ equipment is involved, it has 
been found that the protective equipment 
has been set unnecessarily high in current 
and time, and these settings have been 


lowered to the mutual advantage of the 
utility and the customer. 

The fuse-current rating in relationship 
to full-load current of the protected 
transformers is not selected as any arbi¬ 
trary value in relationship to the size of 
the transformer bank, but is selected as 
required with due consideration of the 
time-current characteristics of the differ¬ 
ent fuses available. 

Since the application of these fuses is 
for the clearing of faults in and beyond 
the transformers, no attempt is made to 
protect the transformers against over¬ 
loads. In this connection the current 
rating of fuses on our system varies from 
IV 2 to 4 times the bank full-load rating. 
The time delay and current-carrying 
capacity of the fuses are inseparable and 
are varied in order to obtain the necessary 
time delay for clearing of low-voltage 
faults. In practice the time delay pro¬ 
vided for low-side faults varies from a 
minimum of 0.3 second on some lighting 
transformers to a maximum of 1.5 seconds 
on some power banks. 

Time Selection of Fuses With 
High-Voltage Relays 

While fuses are installed primarily to 
obtain clearing of faults in transformer- 


Table I. Comparison of Performance of Fused and Unfused Substations 


Fused Stations Unfused Stations 


1. Two fuses operated to clear a defective trans¬ 
former caused by water entering the winding 
through a leaky low-voltage bushing. 

2. All fuses operated to clear a defective bank of 
three 667-kva units during flood. 

3. One fuse operated to clear a failure of customer 
static capacitor on 2,300-volt side of bank. 

4. On two different occasions one fuse operated to 
dear a defective nonautomatic breaker bushing 
which had flashed over during storms. 

5. Three fuses operated to clear a high-voltage bus 
flashover. 

6. Two fuses operated on initial cut-in to clear a 
low-voltage potential transformer which had been 
connected reversed with 115-volt winding on the 
customer’s 2,300-volt bus. 

7. On three different occasions fuses operated to 
dear trouble on customer-owned high-voltage 
transformers. 

8. Two fuses operated to clear a 2,300-volt bus 
fault caused by boys having thrown wire across a 
bare low-voltage bus. 

9. One fuse operated to clear an internal flashover 
of high-voltage lead in one transformer. 

10. One fuse operated to clear defective low- 
voltage customer breaker and again three fuses 
operated to clear a flooded three-phase unit, leaving 
line in service. 

11. On four different occasions fuses operated to 
dear internal flashovers in transformers during 
storms. 

12. On three occasions fuses operated to dear 
faults on four-kilovolt circuit fed from bank. 
Low-voltage breaker inoperative. • 

13. One fuse operated to promptly clear an acci¬ 
dental contact with a ground chain being handled 
with rubber gloves. 


1. Entire station, consisting of three 2/1 trans¬ 
formers and housing, destroyed by fire as result of 
transformer failure. Evidence of original failure 
lost. 


2. Three 333-kva transformers destroyed, fortu¬ 
nately without fire, when a customer low-voltage 
fault held on, the customer's breaker found in¬ 
operative. 


3. Three 100-kva units destroyed, necessitating 
complete replacement as result of low-voltage 
winding failure. 


4. Three transformers destroyed as result of low- 
voltage customer-equipment failure. Fault held on 
until breakdown of high-voltage winding, when 22- 
kv protective relays operated. Fortunately no fire. 


5. Failure of one transformer resulted in oil fire 
which destroyed the entire station on customer 
premises. 


6. Transformer failed and exploded at the station, 
resulting in fire which involved three other units 
and loss of all electrical equipment. Several inter¬ 
mittent grounds had been indicated at the supply 
station. 


7. Low-voltage disconnects pulled under load, 
fault held on until winding breakdown. Three 500- 
kva units complete winding loss. 


8. On two occasions customer low-voltage cables 
caused failure of low-voltage bushings, due to fault 
hanging on and ultimately communicating to the 
high-voltage side of the bank. 
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bank windings or on secondary busses 
that would not otherwise be cleared prop¬ 
erly, other benefits are sometimes ob¬ 
tained. These are: 

(а) . To prevent or decrease outages to 
other customers. 

(б) . To reduce damage to high-voltage 
bushings of transformers due to 1 quick 
clearing. 

In connection with item a, selection is 
not always obtained between the trans¬ 
former fuses and the protective relays on 
the transmission system. In many cases, 
however, selection is obtained, particu¬ 
larly for short-circuit faults, and there 
are many instances where long outages to 
other tap or nonautomatic loop stations 
have been prevented by fuses clearing 
transformer faults before relays operated. 

In some instances, the fuse and trans¬ 
mission-line relays may operate together, 
in which case the transmission line can be 
returned to service, as the fuses will have 
deared the fault. 

On many faults, however, the trans¬ 
mission-line ground relays do not select 
with fuses during line-to-ground faults, if 
the fault currents are of a low value. 
This nonsdection is recognized and 
accepted. 

With regard to item 6, many trans¬ 
former-bank high-voltage bushing flash- 
overs have been deared so quickly that 
service could be restored immediatdy. 

Illustration of Specific Application 

In Figure 1 is shown one example of 
application of fuses to three relatively 
small customers, supplied with tap service 
from a 22-kv loop circuit. In this par¬ 
ticular case the distance between auto¬ 
matic stations is only about IV 2 miles and 
is dose to a large 66/22-kv substation; 
as a result the current for 22-kv faults is 
rdativdy high. . 

Time-current curves of phase and 
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ground relays at stations A and B and the 
melting time of fuses at customer C are 
shown. Maximum current of 6,000 am¬ 
peres at 22 kv for a fault on the high- 
voltage side of transformer at customer C 
is indicated and a current of 600 amperes 
at 22 kv for fault on the low-voltage side 
of the same transformer. 

These curves show that for a fault on 
the low-voltage side of the transformer at 
customer C, the melting time of a certain 
100-ampere fuse is 0.45 second. This is 
adequate time to permit the low-voltage 
bank oil circuit breaker, with instantane¬ 
ous trip coils, to operate. The curves 
also show that the phase relays at stations 
A and B sdect with this fuse at all current 
values. It is shown' that the ground re¬ 
lays at the two stations do not sdect 
with the fuses at all currents. However, 
as the fault current is supplied from both 
ends of this circuit, the fuse obtains more 
current than dther of the ground rdays 
and may sdect. Also for any ground 
fault current above 1,000 amperes, the 
fuse will properly sdect with the ground 
relays. As it is possible to obtain 2,000 
amperes ground, current at this location, 
the probability of the ground rdays se¬ 
lecting with the fuses is very good. 

From the above it is seen that in this 
case the fuses not only serve to protect 
the transformer banks, but also to protect 
service to the adjacent customers. 

The above illustration is only one of 
numerous similar conditions on our sys¬ 
tem. 

Miscellaneous Factors to Be 
Considered in Applying Fuses 

In applying fuses for the protection of 
transformers that supply various types 
of loads, different factors must be con¬ 
sidered, depending on the type of load. 

For example, fuses on the high-voltage 
side of a furnace transformer should have 
a continuous carrying capacity above the 
value of current that can be obtained for 


the condition of shorted electrodes in the 
furnace, as this is a condition that may 
exist for a considerable period of time 
during normal operation of the furnace. 
In this case, the fuses do not adequatdy 
protect the transformer bank in event of 
low-side failures, but do serve to discon¬ 
nect the equipment from the system in 
event of severe faults in the furnace 
transformer. 

In applying fuses for the protection of a 
transformer bank that supplies distribu¬ 
tion circuits that are protected with oil 
circuit breakers, care must be taken to 
obtain sufficient time selection between 
the breaker opening and the blowing of 
fuse, so that the fuse will not operate in¬ 
correctly on normal redosure of the oil 
circuit breaker on a faulted distribution 
circuit. Our present practice is to allow 
from 0.7 to 1.0 second selection between 
low-voltage reclosing feeder rdaying and 
high-side bank fuses and while we have 
experienced no difficulty with this differ¬ 
ence in sdection, we realize it is open to 
question and to reconsideration as experi¬ 
ence requires. 

Conclusion 

It is not intended to convey the im¬ 
pression that high-voltage fuses should 
be used for the protection of transformer 
banks in preference to relays and oil cir¬ 
cuit breakers. Where this equipment is 
available or can be justified, it should be 
used. In many cases, the cost of oil 
circuit breakers cannot be justified, and 
in such cases, fuses, if applicable, can be 
used. 

In general, it is felt that, in the voltage 
range of our experience, the modern high- 
voltage fuse, properly applied and not 
forgotten, is a reliable protective device 
that should be added to the other protec¬ 
tive schemes, and that it has a definite 
place in meeting requirements at moder¬ 
ate cost that cannot otherwise be eco¬ 
nomically justified. 


Marsh, Dodds — High-Voltage Fusing 


Transactions 535 



A 600 -Volt Enclosed Limiter for 

Network Use 

P. O. LANGGUTH H. L. RAWLINS J. M. WALLACE 
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Synopsis: The extension of the conven¬ 
tional network system to industrial plants 
has established requirements for a higher- 
voltage limiter. 

The network system has been adopted as 
a standard by many utilities for 120-208- 
volt distribution, whereas industrial-plant 
distribution is usually at higher voltages up 
to 600 volts due to the predominance of 
power load. The requirements of a limiter 
for this service are more severe, due to the 
proximity of operating personnel and in¬ 
creased interrupting duty associated with 
higher voltages and shorter cable runs. 

A new totally enclosed limiter has been 
developed for this application. This limiter 
embodies new principles of operation and 
will interrupt fault currents in excess of 
50,000 amperes at 600 volts without per¬ 
ceptible noise or visible demonstration. 


Limiters have been in service on 120- 
208-volt network systems for several 
years and have been found ideal for the 
application. 4 Factors contributing to 
the rapid adoption of iimiters on net¬ 
work systems are as follows: 

1. The limiter requires no maintenance. 
It has no contacts or adjustments and con¬ 
sists of a simple conductor having swedged 
or bolted'connections. It can be connected 
into the cable and forgotten. The rapid 
adoption of the limiter has been due prin¬ 
cipally to this one factor of simplicity and 
reliability. 

2. It eliminates damage to unfaulted por¬ 
tions of the cable. Being a thermal device, 
it is ideally suited to the protection of cable 
insulation from heating due to fault cur¬ 
rents.® 



Figure 2. Assembled and sectional view of 
new limiter 


N ETWORK systems as originally con¬ 
ceived and installed did not make 
use of limiters, for the systems were based 
on the premise that cable-insulation fail¬ 
ures encountered on 120-208-volt cir¬ 
cuits would be self-clearing. Experience 
has proved this premise to be generally 
correct. 1 Obviously, however, there can 
be solid metal-to-metal faults that are not 
self-clearing. Furthermore, faults, al¬ 
though self-clearing, could persist until 
heating of the cable resulted in permanent 
damage to the cable insulation. Usually, 
such persistent faults would spread to ad¬ 
jacent cables, materially increasing the 
resultant damage. The large amount of 
power liberated in these extensive faults 
often produced combustible gases in suffi¬ 
cient quantities to cause manhole explo¬ 
sions.* These factors led to the develop¬ 
ment of the limiter which consists of a 
fusible section located at the ends of cable 
nuis to guarantee the clearing of any fault 
on the cable before its insulation is dam¬ 
aged or the fault spreads to other cables. 
The correct analysis and solution of this 
problem is due largely to the work of 
C. P. Xenis of the Consolidated Edison 
Company o f New York. 8 

Paper 42-99, recommended by the AIEE commit¬ 
tee on industrial power applications for presenta¬ 
tion at the AIEE summer convention, Chicago, Ill., 
ro?o 1942. Manuscript submitted April 8, 

1942; made available for printing April 23, 1942. 

■P*. O, ; Lanogttth (now in military service) is 
assistant manager, cireuit breaker and protective 
devices division, H, L. Rawlins is section engi- 
ueer, and J.M. Wallace is design engineer, switch- 
War engin eer jng department, all of Westinghouse 
Jalectdc and Manufacturing Company, East Pitts- 
' D d r eb, Pa. 


3. The limiter insures the rapid clearing of 
heavy fault currents, thereby minimizing 
system disturbances and localizing all faults. 

4. In networks having two or moire cables 
per phase, proper selectivity between limit¬ 
ers is automatic. Co-ordination with net¬ 
work protector fuses can be easily obtained 
by proper planning.*' 7 

5. A quick redosing device in place of the 
limiter would be of no particular benefit, for 
considerable maintenance must be per¬ 
formed on the cable after a fault. 

6. The limiter is relatively inexpensive and 
renders a service out of all proportion to its 
cost. It may be used at both ends of all 
cables. Consequently, a fault will disable 
only a short section of cable. 

Previous Limiters 

Until the advent of industrial net¬ 
works the application of limiters was con¬ 
fined almost exclusively to 120-208-volt 
networks for city distribution. The re- 
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Figure 1, Recovery of dielectric strength of 
arc space Of short arcs with reference to the 
peak restored voltage of standard systems 


quirements of limiters connected in these 
systems were not too severe. The low 
system voltage combined with short-cir¬ 
cuit currents which seldom reached 30,000 
amperes represented moderate interrup¬ 
tion duty. Since the limiters were usu¬ 
ally placed in underground vaults, there 
were no strict requirements on noise or 
demonstration. In addition, the limiters 
were not the only line of defense, for most 
faults at this low voltage are self-clearing. 

The limiter developed for this service 
consists of a reduced metallic or fusible 
section incorporated in a connector lug 
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Figure 3. Cross section of new limiter 
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or other connecting device. The fusible 
section is surrounded with heat-resistant 
insulation, and the whole assembly is 
placed in a rubber sleeve and securely 
taped to prevent the escape of hot gases 
or flame during interruption. These 
limiters, when operating within their cur¬ 
rent and voltage limits, have given suc¬ 
cessful interruptions without demonstra¬ 
tion. They have been found admirably 
suited to the service for which they were 
designed. 

Requirements for a New Limiter 

The entrance of the network distribu¬ 
tion system into the industrial field 
created several new problems. Systems 
up to 600 volts were encountered, cable 
runs were considerably shorter, and power 
concentrations were greater. All of this 
led to greatly increased short-circuit cur- 


Figure 4 (left). Comparison of 
new limiter with cartridge fuse 


Figure 6 (right). Interruption 
of current above rating 



of about 250 volts instantly at current 
zero. This is sufficient to cause inter¬ 
ruption of arcs on a 120-208-volt circuit. 
Considerable time is required for the arc 
space to recover sufficient dielectric 
strength to cause circuit interruption at 
higher voltages; hence, faults on a 440- 
volt system must be cleared by an inter¬ 
rupting device. Limiters, therefore, were 
necessary to guarantee the interruption 
of the circuit. Strict requirements con¬ 
cerning noise and demonstration were im¬ 
posed on the limiters, because they were 
required to operate in close proximity to 
factory personnel. Furthermore, the 
limiters for industrial application could 
not present any fire hazard whatsoever. 

In accordance with these requirements, 
it was decided that a limiter for this new 
service should have the following charac¬ 
teristics: 

1. It must be totally enclosed and have 
minimum space requirements. 

2. It must have an interrupting rating of 
50,000 amperes at 600 volts, 60 cycles. 

3. It must have a low temperature rise to 
permit bunching of limiters in confined 
spaces. 

4. It must have a time-current characteris¬ 
tic to permit co-ordination with other lim¬ 
iters, co-ordination with its cable insulation, 
and co-ordination with the network protec¬ 
tor fuses. 


5. It must have suitable ter minals to per¬ 
mit coupling with the proper cable. 

Design of a 600 -Volt Limiter 

The design of a totally enclosed limiter 
of the required small size presented the 
dilemma usually associated with engineer¬ 
ing problems. On one hand the device 
must have five times the interrupting 
ability of a cartridge fuse of comparable 
current rating, and on the other hand, not 
only must it be made smaller, but the 
demonstration attendant to circuit inter¬ 
ruption must be eliminated. 

The design was accomplished by solv¬ 
ing two problems: 

1. The metallic vapors and gases from the 
heavy fusible element had to be accommo¬ 
dated. Tests revealed that a copper sheath 
or cover around the fusible element would 
supply a condensing surface on which the 
fused metal would be deposited, thus elimi¬ 
nating high internal pressures. 

2. Totally enclosed interrupting means had 
to be provided to insure positive interrup¬ 
tion of all currents up to the interrupting 
rating. Further development evolved a 
concentric fiber gas generator, which would 
supply the necessary turbulence to cause de¬ 
ionization of the arc. 

Figures 2 and 3 show the final design 
of the limiter. The conducting element 
is made from copper tubing which is 


rents which had to be interrupted at 
these higher voltages. Under these con¬ 
ditions, faults are seldom self-clearing. 8 
Referring to Figure 1, it is seen that an 
arc space recovers a dielectric strength 



Figure 7 (right). 
Pressure record dur¬ 
ing interruption by 
new limiter of fault 
current near rating 

The pressure varia¬ 
tions preceding the. 
melting of the fusible 
section are induced 
but are not present 
after the current is 
interrupted 


Westinghouse Enclosed Limiter 
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Figure 8. View of limiter cut 
open after interrupting mod¬ 
erate current 

Note deposition of copper 
on inside surface of case 


flattened and sized to produce the proper 
fusible element and terminal connectors. 
The closure plugs are moulded on the 
conducting element in an extrusion-type 
mould with the retaining ring in place. 
Split fiber washers are used as barriers to 
prevent arc flame from burning the 
moulded material and to produce the gas 
generating structure. This structure is 
held from moving under the stress of in¬ 
terruption by the retaining ring which 
fits up against embossed shoulders on the 
outside casing. A copper tube forms the 
case of-the limiter and in addition fur¬ 
nishes the condensing surface for the 
metal vapors. The conducting element is 
restrained from sliding by embossing the 
copper tubing, after which the entire as¬ 
sembly is sealed by swedging in the ends 
of the case. Figure 4 compares the size 
of the limiter with a 600-volt cartridge 
fuse of the same current-carrying ability. 

Tests 



CURRENT IN THOUSANDS OF AMPERES 


Repeated interruption tests were made 
throughout the entire current range. In 
many tests, the limiter was completely 
surrounded by surgical cotton in accord¬ 
ance with the procedure established by 
the Underwriters’ Laboratories, Inc. In 
no test was the cotton discolored, thus 
proving the absence of flame or hot gases 
external to the limiter. Figure 5 is an 
oscillogram showing an interruption at a 
moderate current value. In Figure 6 the 
interruption of a current in excess of the 
rating of the limiter is shown. Note the 
shift in power factor of the circuit caused 
by the relatively high arc voltage. This 
characteristic of the limiter is an ad¬ 
vantage in that it aids in the interruption 
of the circuit and protects the system from 
voltage stresses. Internal pressure is re¬ 
corded on the oscillogram in Figure 7. 
The short duration of the pressure is 
caused by the rapid condensation of the 
metallic vapor by the copper case and by 
the cooling of the generated gas. The 
condensed metal vapor is seen in Figure 
8 as irregularities on the inside surface 
of the blown limiter. Voltage tests were 
made on blown limiters by putting them 
on overvoltage immediately after inter- 


Figure 9. Time-current curves for new limiter 

The limiter is designated by the size of cable 
for which it is intended 


ruption. In all cases the limiters with¬ 
stood voltages above 2,200 volts con¬ 
tinuously for several days until removed 
from test. 

The sizes of fusible elements were de¬ 
termined by the co-ordination require¬ 
ments. Time-current curves for several 
common sizes are shown in Figure 9. A 
study of the curves will reveal that any 
one limiter will be blown without damage 
to the other limiters on the system, if the 
fault current is fed to the limiter which 
interrupts the circuit through at least 
two other limiters in parallel. This is the 
case in a properly designed network sys¬ 
tem, where there are two or more cables 
per phase, as will be seen by reference to 
Figure 10, a schematic diagram of a 
typical load bus unit. 

Temperature-rise tests were made with 
the limiter connected to the supply by 
eight-foot lengths of the proper size type- 
R cable. The limiter was supported in 
free air and was shielded from air cur- 
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Figure 10. Unit of network system in which 
selectivity between limiters is automatic 


Note that current flows in parallel through all 
other limiters on the bus to the limiter clearing 
the fault 


rents by a canvas screen placed com¬ 
pletely around the device. Temperature 
rises were found to be less than 30 degrees 
centigrade for all sizes at the maximum 
current ratings of the cable. 


Conclusions 


Past experience has shown the desira¬ 
bility of a network system and the effect¬ 
iveness of limiters in providing the proper 
protection. The new 600-volt limiter de¬ 
scribed in this paper is serving in a num¬ 
ber of industrial plants at the present 
time, and all experience has been satis¬ 
factory. In addition, extensive labora¬ 
tory testing has adequately proved the 
new limiter’s ability to perform its func¬ 
tions. There has been provided a new 
600-volt limiter, small in size, but capa¬ 
ble of interrupting large currents with¬ 
out perceptible noise or visible demon¬ 
stration. 
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Modern Impulse Generators for Testing 

Lightning Arresters 

THEODORE BROWNLEE 

ASSOCIATE AIEE 


N ATURAL lightning is very destruc¬ 
tive and so elusive that it cannot 
readily be used for testing. However, the 
behavior of materials or equipment which 
are subject to lightning may be studied 
with artificial lightning from the impulse 
generator. In impulse testing of insula¬ 
tion strength, it is necessary to control 
only the wave shape and magnitude of the 
impulse voltage. There are numerous 
papers 1 ' 6 describing methods of pro¬ 
ducing and measuring impulse voltages, 
and other papers 1 ' 2 ' 6-9 show how to 
calculate the circuit constants required 
to produce such waves. 

The complete testing of lightning 
arresters requires, in addition to means for 
obtaining voltage waves, facilities for the 
accurate control of both magnitude and 
wave shape of discharge current. A 
variety of these impulse current waves 
are needed to simulate service conditions 
reasonably. The newly revised AIEE 
Lightning Arrester Standards No. 28 
include tests with 10x20-microseeond 
waves of 5,000, 10,000, and 20,000 am¬ 
peres; 5x 10-microsecond waves of 
65,000 and 100,000 amperes; and 10,000, 



Figure la. Typical impulse-current waves 


The time to crest for all three waves is desig¬ 
nated by t m , but t 2/ as shown, represents the time 
to half value for wave I only 


15,000, and 20,000 ampere tests with a 
nominal wave steepness of 5,000 amperes 
per microsecond. Since the internal im¬ 
pedance of the arrester is a factor affect¬ 
ing the impulse current, the complete 
testing of various types and ratings of 
arresters requires impulse generators with 
considerable flexibility and facility for 
quick adjustment. This paper describes 
several impulse generators designed pri¬ 
marily for lightning-arrester testing, and 
which have proved over years of constant 
use to have the desirable features of 
safety, flexibility, reliability, and con¬ 
venience. 

The circuit constants necessary to pro¬ 
duce various current waves cannot be 
calculated exactly, because the resistance 
of the arrester valve element is not con¬ 
stant but a function of the voltage or cur¬ 
rent. So far as the author is aware, the 
methods for determining such circuit con¬ 
stants have not been published although 
there have been described impulse gen¬ 
erators 10 ' 11 which are adapted for light¬ 
ning-arrester testing with different cur¬ 
rent waves. Through long experience, 
methods of approximate calculation have 
been developed, chiefly by the use of 
curves, which enable circuit constants to 
be selected roughly with a minimum of 
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cut-and-try procedure. These methods 
are general in character and are applicable 
to unidirectional or oscillatory waves, 
including, of course, those specified in the 
AIEE Standards. 

List of Symbols 

The following symbols refer to the im¬ 
pulse-generator waves or circuit of Figure 
1: 

C— capacitance in microfarads 
E —initial voltage on C in kilovolts 
L = inductance in microhenrys 
R = constant resistance in ohms 
Ra ~resistance of arrester* 

J?r=total circuit resistance =R-\-R A * 

Ri == critical resistance below which oscil¬ 
lations are produced 
Tjn = crest of current wave in kiloamperes 
tm — time in microseconds corresponding 
to I m 

h —time in microseconds corresponding to 
0.5 I m (on tail) 

A=ratio of crest current for any half 
cycle to that of the preceding half cycle 
in an exponentially damped sine wave 
Em = crest of voltage wave produced by cur¬ 
rent wave through R T 

Typical Waves and Circuits 

Figure la shows three current waves** 
and Figure lb the customary circuit for 
producing such waves. The wave shapes 
I, II, and III are produced by circuits in 
which the total resistance is respectively 

Paper 42-96, recommended by the AIEE committees 
on protective devices, and power transmission and 
distribution for presentation at the AIEE summer 
convention, Chicago, Ill., June 22-26, 1942. Manu¬ 
script submitted April 13, 1942; made available 
for printing May 19,1942. 

Theodore Brownlee is research engineer in the 
lightning arrester engineering department of the 
General Electric Company, Pittsfield, Mass. 

and Rf are not constant but functions of volt¬ 
age (or current) and time. Consequently Ra and 
Rt can only be represented completely as curves of 
instantaneous resistance plotted as a function of 
time. Such curves have a minimum at or a little 
after the maximum current. 

**For time measurements in Figure la and through¬ 
out this paper, the actual zero is used. AIEE Stand¬ 
ards No. 28 use the virtual zero which is the inter¬ 
section on the time axis of a straight line projected 
through the 10 and 90 per cent points on the front 
of the wave. There is little practical difference, 
amounting to the order of only 1 per cent of the 
time to half value on the tail, for the waves here 
considered. 
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Figure 2. Effect of 
resistance on waves 
in RLC circuit 


are so related that the following ratios 
are constant. 

1. t m /VZc 4. E/E m 

2. t»lVic 5. I m h/CE 

3. E/I m Rf 

It is possible to determine experi¬ 
mentally circuit constants to produce 
various wave shapes and by use of the 
above principles to calculate directly 
the constants required for other waves, 
similar in shape, but of different magni¬ 
tudes or durations. Since the resistance 
may be a function of the current or volt¬ 
age, the wave shape depends upon the 
voltage of the impulse generator as well as 
. upon its other constants. 


less than, equal to, or greater than the 
critical resistance. This total resistance 
R t is composed of the constant resistance 
R and the nonlinear resistance R A of the 
arrester. Valve-type arresters are de¬ 
signed to have a variable resistance R A 
which is low at high currents but high at 
low currents, and R A is the principal 
stumbling block to straightforward calcu¬ 
lations of impulse circuits. 

While both types of resistance may be 
present in any proportion, it will be 
shown how to compute the circuit con¬ 
stants when the resistance is predomi¬ 
nantly linear or predominantly variable; 
from these, rough interpolations can be 
made for various combinations. 

Before specific cases are considered, the 
principles of similarity and proportion¬ 
ality of circuit constants should be em¬ 
phasized. Waves having similar shapes 
are those which can be represented by a 
single plot if either or b’oth* co-ordinate 
scales are multiplied by the necessary 
factors. In an RLC circuit as shown 
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Figure 3. Impulse-current waves calculated 
by curves of Figure 2 


Wave I 
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in Figure lb th e wav e shape depends 
only upon R T /ViL/C. If R A is negligi¬ 
ble, R t is a constant and the above ex¬ 
pression is a simple ratio of definite con¬ 
stants. However, if R A is not negligible, 
R t is really a function of time, as ex¬ 
plained in the list of symbols. In this 
condition the expression is of little use; 
but with different waves of similar shape, 
the curves of R t versus time also are 
similar, and any two corresponding 
values of R T , such as those at maximum 
current, can be used for comparison pur¬ 
poses. 

For current waves of similar shape, the 
circuit constants and wave specifications 


Calculations When Arrester 
Resistance Is Low in Comparison 
With Total Circuit Resistance 

For the cases where the arrester resist¬ 
ance can be neglected (or lumped with 
the circuit resistance) the current for any 
particular circuit can be found easily 
from the well-known equations: 


I<= (E/o>L)e~ ai sin at where R<Ri 
Ete~ at 


L 

E er ml -e 


nt 


L n —m 


where R — Ri 
where R>Ri 


( 1 ) 

( 2 ) 

(3) 


Figure 4. Current 
and voltage oscillo¬ 
grams on lightning- 
arrester element in 
RLC circuit of Figure 
lb 

c=4.41; L—15.4; 
R— 0.142. The same 
arrester element was 
used for all six waves 
with the wave shape 
determined only by. 
£ which is listed in 
upper right-hand 
corner of each oscil¬ 
logram 
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Figure 5. Curves of 
F m and / m taken 
from oscillograms of 
Figure 4 

Curves of E/E m and 
Imk/CE are com¬ 
puted from these re¬ 
sults, but are ap¬ 
plicable for any 
other combinations 
of circuit constants 
which can produce 
similar wave shapes 
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Equation 1 defines an oscillatory wave 
such as wave I in Figure la, while equa¬ 
tions 2 and 3 are for the nonoscillatory 
waves II and III, respectively. 

Equations 1,2, and 3 are transcendental 
and it is not possible to calculate directly 
the equation for a specified impulse such 
as a 5,000-anipere 10x20-microsecond 
wave. It is best to assume various dr-: 
cuit constants and plot curves which then 
can be used directly. It is found that for 
the RLC drcuits the shape of the current 
wave depends only upon the ratio R/Ri 
and this ratio is the most convenient 
parameter for absdssa of the curves. 
Figure 2 shows a set of such curves with 
ratios of R/Ri from 0.01 to 100. The 
left-hand side of Figure 2 represents osdl- 
latory conditions and the right-hand side 
nonosdllatory conditions. For a 5x10- 
or 10x20-microsecond wave, h/t m = 2, 
and it is found that such a relation holds 
only for osdllatory waves for which 
R/Ri—0A3 and A=0.22. For the 
critically damped waves R/Ri— 1 and 
k/k ,=2.68. 

An infinite number of drcuits and volt¬ 
ages will produce any possible wave, and 
at the start one constant must be arbi¬ 
trarily fixed. Usually the first selected 
constant is either the impulse-generator 
capadtance or voltage, but in some dr- 
cumstances the limiting value might be 
inductance or resistance. Figure 3 shows 
two waves for which the impulse-genera¬ 
tor capadtance was fixed and the re¬ 
maining constants determined by use of 
the curves in Figure 2. It is seen that 
the two waves are not greatly different, 
but considerably more charge was re¬ 
quired for the critically damped wave. 
For any nonosdllatory wave, the area 
under the ampere-time wave in ampere- 


seconds is equal to the charge CE (C in 
farads and E in volts) but for osdllatory 
waves an integration for the first half 
cycle shows the ampere-seconds to be 
CE(1 +a), and providing the resistance 
can be kept low enough, it is possible to 
get in the first half cyde nearly twice the 
ampere-seconds originally stored in the 
capadtance. This means, however, that 
the wave will osdllate for many half 
cycles, which frequently is not a desirable 
condition. 

Empirical Calculations to Include 
Nonlinear Resistance of Arrester 

Valve-type lightning arresters are de¬ 
signed to have low resistance at high cur¬ 
rents and high resistance at low currents, 
and rigorous calculations of drcuits con¬ 
taining such resistances are not possible. 
Figure 4 shows the types of waves which 
can be obtained in the drcuit shown in 
Figure lb where the variations in waves 
are caused only by variations in the charg¬ 
ing voltage. Considering only the first 
half cycle, the current waves are remark¬ 
ably similar in shape and are all approxi¬ 
mately 12.5x22-microsecond waves. This 
ratio of h/t m of about 1.75 is typical of . 
impulse-generator drcuits in which the 
arrester-valve element comprises most of 
the resistance, and so the spedfied ratio of 


two for 5x10- or 10x20-microsecond waves 
can be fulfilled approximately without 
difficulty. If a closer agreement is de¬ 
sired, it can be obtained by using some 
additional constant resis tan ce. 

In addition it should be observed that 
the first quarter cycle is practically a sine 
wave and the time to crest of 12.5 micro¬ 
seconds is a close approximation of the 
calculated time to crest for no resistance 
where: 

(4) 

which gives 0.5r\/4.41X15.4= 13 micro¬ 
seconds. In Figure 5 are plotted the 
crest measurements of current and volt¬ 
age from Figure 4, and in addition the 
ratios E/Em and I m k/CE. 

The curves for l m and E m apply only 
for the drcuit constants listed for Figure 
4, but the ratios E/Em and I m k/CE are 
universal in application for circuits 
wherdn the resistance is chiefly arrester 
valve element. The absolute magnitudes 
and durations are immaterial for these 
ratios which depend only upon the wave 
shapes. The points for the ratios are 
identified with letters A-F corresponding 
to the osdllogranis A-F in Figure 4. 
Hence, in any circuit if the wave shape of 
Figure 4E is desired, E/Em must be 1.97. 
and l m k/ CE must be 1.31. In the calcu¬ 
lation of such a drcuit, it is necessary to 
know or assume the maximum voltage 
across the arrester and resistance expected 
at the desired current. The following ex¬ 
ample shows the general method of attack. 

Example 

A 75-kv impulse generator is available 
with a maximum capadtance of seven 
microfarads and a minimum inductance 
of two microhenrys. Determine if this 
equipment is capable of produdng a 
100,000-ampere 5xl0-microsecond dis¬ 
charge through an arrester having ap¬ 
proximately 18-kv crest on this wave. 
Here J m k/CE— 1.9. 

The curve of J m k/ CE in Figure 5 goes 
only to 1.8 so the desired wave, if at all 


Figure 6. Voltage 
and current oscillo¬ 
grams for nominal 
100,000 - ampere 
5 x 10-microsecond 
current waye through 
a valve-type light¬ 
ning arrester 
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Figure 7. Adjustable-capacitance impulse generator number 1 


Figure 9. Marx-circuit impulse generator number 2 



Figure 8. Circuit diagram of impulse gener¬ 
ator number 1 

Hand-operated switches Hi-Hj throw capaci¬ 
tor units or banks on the busses ABCD or dis¬ 
connect and short-circuit the terminals to the 
cases, EF. Solenoid-operated switch S has 
three positions: "left” for positive generator 
charge; "right" for negative generator charge; 

middle" automatically grounds all live ca¬ 
pacitor points except during charging periods 
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possible, will be more oscillatory than 
that shown in Figure 4A. Since some 
tolerance is allowed, a 4.7x9.4-microsec- 
ond wave is acceptable, which gives 
IJk/CE—1.8. Hence there is sufficient 
charge available to produce a 4.7x9.4- 
microsecond wave similar in shape to 
Figure 4A. 

Using equation 4, J m =0.57r\/.LC=5.9 
microseconds, which is close enough for 
practical purposes. 

For I m UjCE= 1.8, the corresponding 
value of E/Em is 3.38. This means that 
sufficient additional resistance should be 
added to the circuit so that E m = 
75/3.38 = 22 kv. 

Figure 6 shows waves actually pro¬ 
duced under the conditions specified in 
the above example. However, no re¬ 
sistance was added, so that for the waves 
of Figure 6 the current is higher and the 
oscillations greater than in the example. 

The foregoing example shows that it is 
not always possible to fulfill the exact re¬ 
quirements determined by calculation, 
and in order to test various types and rat¬ 
ings of arresters over a range of currents 
and wave shapes, the impulse-generator 
constants and charging voltage must be 
adjustable over a wide range. 

When several ratings of arresters are to 
be tested with the same wave, the circuit 
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adjustments are minimized by setting up 
to test the highest rating first, and when 
other ratings of lower internal resistance 
are substituted, sufficient resistance is 
added to keep the total resistance constant. 

Often it is found impossible, with exist¬ 
ing equipment, to get aperiodic waves 
coming rapidly to zero as in Figure 4E. 
If the maximum charging voltage E is too 
low for a particular arrester rating, the 
waves will look like Figure 4F. If there 
is current to spare, the voltage wave can 
be brought down to zero by the use of a 
constant resistor in parallel with the 
arrester or generator capacitance. If the 
product CE is too small to produce the re¬ 
quired wave like Figure 4E, the current 
can be increased in low ratings of ar¬ 
resters by letting it oscillate somewhat as 
was done in Figure 6 or Figure 4 (A-D). 

Calculation for a Wave of Specified 
Crest and Nominal Steepness 

For a wave specified by steepness in¬ 
stead of duration, it is only necessary to 
redesignate it in the usual way and calcu¬ 
late the circuit constants as previously 
shown. For circuits where R is low com¬ 
pared to R T) the first quarter cycle is 
almost a sine wave. The nominal steep¬ 
ness, or the slope of the line through the 
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10 per cent and 90 per cent points, is 
approximately 

Nominal steepness = 1.2 I m /t m (S) 

or with hjt m = 1.75 as in the waves of 
Figure 4 

Nominal steepness=2. ll m /h (6) 

For critically damped waves in circuits 
where Rj_ is low compared to R T , similar 
approximate equations are 

Nominal steepness = 1.4I m /7 m (7) 

or 

Nominal steepness » 3.7 I m /t t (8) 

for intermediate wave shapes an approxi¬ 
mate equation is 

Nominal steepness =>1.3/ m /f m (9) 

and the equation in terms of h can be 
found using the ratios of t 2 /t m in Figure 2. 

Hence, using the equations 5 to 9 any 
wave based on crest and nominal steep¬ 
ness can be redesignated by crest and 
duration and calculations made as before. 

Control of Impulse-Current Wave 
Shapes in General Testing 

The calculating methods here pre¬ 
sented are also applicable where no nlinear 
resistances, such as Thyrite, are used to 
control impulse-current wave shapes. 12 - 18 
The use of such resistors permits higher 
crest currents without oscillation, and 
shorter wave tails, than can be obtained 
by use of constant resistance. 

Description of Impulse Generators 

It is evident from the foregoing ma¬ 
terial that lightning arrester impulse 
testing requires an extended range of cir¬ 
cuit constants and unless the various 
circuits can be conveniently and quickly 
set up, much valuable time will be lost. 
In addition to the very high voltage and 
very high current impulse generators 
necessary for special tests on lightning 
arresters, there have been built, during the 
last few years four generators at the con¬ 
tinuous disposal of the lightning arrester 
department in Pittsfield. 

Generator Number 1 for General 
Testing 

Generator number 1 is shown in Figure 
7 with part of the steel panels removed. 
The capacitors are all Pyranol-filled 75- 
kv units especially designed to have low 
inductance and to withstand repeated 
short-circuit currents. All units have 
mid-points tied to the cases. There are 28 
capacitors rated 0.24 microfarad and 4 
trimmers for fine adjustments rated 0.06 
microfarad. The charge and discharge 
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circuits are connected to two pairs of 
copper-tubing' busses which may be 
operated in series for 150 kv or in parallel 
for 75 kv. The capacitors are mounted 
on two three-deck steel frameworks insu¬ 
lated from ground and each other. At 
150 kv connection, the cases of capacitors 
in the front framework are at 112.5 kv 
and those in the back framework are at 
37.5 kv. The handwheels shown in 
Figure 7 throw two or more capacitors on 
the lower busses or short circuit them to 
their respective frameworks. The capaci¬ 
tors in the two upper decks are perma¬ 
nently bussed in parallel but they can be 
connected either to the lower busses or 
short-circuited to the framework. The 
charging equipment is located on top of 
the steel housing, and the large cylinder 
contains a combination polarity reversing 
switch and ground switch which grounds 
all busses and frameworks except during 
the charging period. 

Figure 8 shows the elementary circuit 
diagram for the 150-kv connection. For 
clarity none of the hand-operated switches 
Hi-Hy are shown completely closed, but 
Hi and H 2 , when thrown to the indicated 
position, connect the two upper decks to 
the busses ABCD while the capacitors in 
the lower deck are all removed from the 
busses and short-circuited by the switches 
Hf-H 7 . By means of the switches any 
capacitance from 0.04 to 1.75 microfarads 
in steps of 0.04 microfarad can be in¬ 
stantly selected for 150-kv operation. 
For 75-kv operation switches (not shown 
in Figure 8) connect bus D to bus A and 
mid-point E to mid-point F. Also G is 
moved from D to BC and J from BC to 
EF. With these connections the capaci¬ 
tance can be varied from 0.16 to 7 micro¬ 
farads in steps of 0.16 microfarad. For 
very long waves, all the capacitor bush¬ 
ings can be bussed together, using the 
cases for the return circuit, and then 28 . 
microfarads can be obtained for charg¬ 
ing voltages up to 37.5 kv. 

Tests at moderate currents are made in 
the oscillograph room at the rear of the 
generator. High-current tests require 
short leads and are made inside the steel 
housing. Some of the tapped resistance 
and inductance control elements are 
shown hanging on the wall inside the door. 
The minimum discharge inductance is 
about two microhenrys and tests up to 
100 kiloamperes can be made on low-volt- 
" age arresters. The oscillograms of Fig¬ 
ure 6 were obtained using this generator. 

The advantages of this impulse gen¬ 
erator are: 

1. Safety. No power can be applied until 
all safety gates are closed and all capacitance 
parts are grounded after every discharge. 
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2. Convenience. Capacitance and voltage 
are variable over wide ranges with little ef¬ 
fort. The polarity can be changed by the 
flip of a switch. The three-electrode gap 
spacing is controlled by a wooden shaft 
extending into the oscillograph room, and 
the charging-voltage control is located on 
the oscillograph table. 

3. Reliability. Several years of service 
without trouble have demonstrated its re¬ 
liability. 

4. Compactness. A minimum of floor space 
is used, the dimensions being 6Va by 12 feet. 

5. Totally ■ Enclosed. ■ • The steel housing 
eliminates stray electrostatic fields, and the 
exterior is neat even when destructive tests 
are being made inside. It also reduces the 
noise when high-current tests are being 
made. 

Generator Number 2 fOr General 
and High-Voltage Testing 

Impulse generator number 2 has a 600- 
kv six-stage Marx circuit as shown in 
Figure 9. The Pyranol-filled capacitors 
are rated 2.2 microfarads at 25 kv and 
have but one bushing with the r ase serv¬ 
ing as the other terminal. Each stage 
consists of two groups of four capacitors 
in senes. The primary groups are shown 
on the left in Figure 9 and the secondary 
groups at the right can be connected in 
parallel or short-circuited and left with 
cases floating. The charging resistors and 
interstage sphere gaps are mounted on the 
vertical wooden box at the extreme left. 
By means of switches the generator can 
be connected conveniently to operate at 
reduced voltage and high capacitance, 
and, if desired, part of the capacitance 
can be omitted. .The following combina¬ 
tions can be obtained with either polarity 
and any voltage up to the maximum 
listed: 


Maximum Kv 


Microfarads Available 

50. 

.. 1.1 to 26 in steps of 1.1 

100. 

. .0.55 to 6.60 in steps of 0.55 

200. 

..0.28. 

..0.55... 0.82... 1.1... 1.6 

300. 

..0.18. 

..0.37... 0.73 

400. 

..0.14. 

..0.28 

500. 

..0.11. 

. .0.22 

600. 

..0.09. 

. .0.18 


The advantages of this generator over 
number 1 are its higher voltage and 
greater energy. Tests can be made on 
arresters up to 75-kv rating at 5,000 am¬ 
peres, 10x20-microsecond waves, and at 
appreciably greater currents on lower rat¬ 
ings. Its minimum inductance is higher 
than for generator number 1 since the 
Marx circuit necessitates longer connec¬ 
tions. Because the minimum inductance 
at 100 kv is about 3.5 microhenrys, 
generator number 2 will not produce as 
high currents as generator number 1 even 
though it contains nearly twice the energy. 
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Figure 10. Adjustable-capacitance impulse 
generator number 3 used for operating-duty 
power tests 

However, for a wide range of voltage and 
moderate currents of 50 kiloamperes or 
less, it supplements the other generator. 
The oscillograms in Figure 4 and all those 
in a contemporary paper 14 describing a 
new oscillograph were produced using 
this generator. 

Generators Numbers 3 and 4 Used for 

Operating-Duty Tests 

For convenience, two additional im¬ 
pulse generators are used for operating- 
duty power tests. Generator number 3, 
shown in Figure 10, consists of two rows 
of capacitors which can be connected in 
parallel or series for 50- or 100-kv opera¬ 
tion. The usual connection is 100 kv, 
and by means of the handwheel-operated 
switches, the capacitance can be adjusted 
from 0.125 to 1.9 microfarads in steps of 
0.125 microfarad. • Units not in use are 
short-circuited by the switches, but the 
cases remain at the midtap potential of 
those in use. All live parts are auto¬ 
matically grounded except when the 
generator is on charge. The voltage and 
gap settings are easily adjustable, and 
the polarity can be reversed if desired. 

Generator number 4 is similar in con¬ 
struction and rating to number 3. Either 
one is capable of sending a 10,000-am¬ 
pere 10x20-microsecond wave through a 


12.5-kv arrester. Number 3 is used for 
routine tests with a power supply of 500 
kva at 3, 6, 12, or 24 kv at 00 cycles, 
while number 4 is used with a supply of 
2,500 kva at 7.5 or 15 kv. 

In addition to the four impulse gen¬ 
erators described, there are available in 
the high-voltage engineering laboratory 
impulse generators rated up to 5,000 kv 
and a high-current generator 11 which 
can be connected for a maximum 6.2 
microfarads at 150 kv, 14 microfarads at 
100 kv, or 56 microfarads at 50 kv. This 
high-current generator has very low in¬ 
ductance and can produce currents up to 
250 kiloamperes. It can be used for 
regular impulse tests or for operating- 
duty power tests with either of the power 
sources used with generators number 3 
or 4. 

Summary 

1. Thorough testing of lightning arresters 
requires a wide variety of impulse-current 
waves. 

2. The strictly mathematical calculation 
of circuit constants to produce such waves 
is limited to the few cases where the circuit 
resistance is constant. 

3. Valve-type lightning arresters have a 
resistance that is intentionally a function of 
voltage or current and the determination of 
the constants of circuits containing valve 
elements must be done experimentally. 

4. Impulse-current waves of the same 
shape but various durations and magnitudes 

have circuit constants where R-r/y/^L/C is 
fixed. 


5. Once the circuit constants are deter¬ 
mined for a particular wave, the constants 
for similar waves of other magnitudes and 
durations are easily calculated. 

6. The curves of Figure 5 facilitate such 
calculations for the wide range of wave 
shapes shown in Figure 4. 

7. The testing of various types and rat¬ 
ings of arresters with a number of different 
waves, requires extremely flexible impulse- 
generator circuits. 

8. Ordinarily the impulse-generator capaci¬ 
tance is the most difficult circuit constant 
to adjust, but four special impulse generators 
are described having capacitance values 
easily adjustable over a wide range. Several 
years of experience with these generators, 
and the previously mentioned calculating 
methods, show that constants for any de¬ 
sired wave, within the capabilities of the 
equipment, can be computed and set up 
easily and quickly. 
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Analytical Treatment for Establishing 
Load-Cycle Ratings of Ignitrons 


D. E. MARSHALL E. G. F. ARNOTT 
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Similar methods are now in use em¬ 
ploying the familiar concept of may-imum 
averaging time and are satisfactory 
enough for most purposes but give re¬ 
sults that seem artificial under certain 
conditions. It is hoped that the present 
paper will be regarded as a theoretical 
approach to a rating method based on 
more nearly correct physical principles. 


T HE ignitron offers unique possibilities 
as a control element for high instan¬ 
taneous alternating demand currents. 
The demand current is limited only by 
the capacity of the ionized vapor to con¬ 
duct the current from the mercury pool 
to the anode and by probability of arc 
back, which increases as the peak current 
conducted by the tube increases. The 
design of ignitron tubes is a compromise 
between these two factors. Design for 
low arc-back rate usually results in anode 
baffles and shields which tend to increase 
the deionizing properties of the tube and 
thus decrease the peak current-carrying 
capacity. 

The above consideration and not failure 
of the cathode to emit electrons limi ts the 
peak current that can be' controlled by an 
ignitron. For various classes of control 
service, such as resistance welder control, 
the arc-back problem is minimized by the 
characteristics of the circuit, and the tubes 
are designed without baffles or other con¬ 
strictions. Therefore, the peak to aver¬ 
age current ratios can assume higher 
values than are customary in gas- or va¬ 
por-filled tubes in other classes of service. 

Experience, has indicated that the 
average current ratings within the above, 
peak current limitation are limited mainly 
by thermal considerations. These limita¬ 
tions are relatively easy to deter mi ne 
under conditions of continuous operation. 
One operates the tube for a reasonable 
period of time with the circuit constants 
and the firing phase chosen so as to place 
the maximum arc-back stress on the tube 
at regularly increasing current steps until 
arc back or loss of control occurs and then 
backs off for a reasonable factor of safety 
to establish a point on the rating curve at 
100 per cent duty. 

By measuring the loss in the tube at 
this current the energy which can safely 
b e dissipated by the tube can be deter¬ 
mined for continuous duty. 

Paper42-94, recommended by the AIEE joint sub¬ 
committee on electronics and standards co-ordinat¬ 
ing committee 4 for presentation at the AIEE sum¬ 
mer convention, Chicago, Ill., June 22-26, 1942? 
Manuscript submitted April 1, 1942; made avail¬ 
able for printing May 18, 1942. 

D E. Marshall is section engineer, special prod- 
U j ?? gUieering de P ar tment, Westinghousc Electric 
and Manufacturing Company, and E. G. F. Arhott 
is a research engineer, also with Westinghouse Elec- 
tnc and Manufacturing Company, both in Bloom¬ 
field, N. J. 


However, tubes in general and welding 
tubes in particular are seldom operated 
at continuous duty. A large number of 
combinations of duty cycle and demand 
currents is possible for a given size igni¬ 
tron and is used in commercial practice. 
It is, therefore, necessary to invent meth¬ 
ods of determining rationally the rating 
of these tubes and presenting the data in 
a form which is capable of furnishing a 
definite figure for the permissible demand 
current at any conceivable combination 
of current and duty. 

Obviously, the tube cannot be eco¬ 
nomically tested for all the various pos¬ 
sible combinations. The present paper 
describes a method which can be used to 
interpolate or extrapolate to obtain rat¬ 
ings for any combination of intermittent 
duty. This method consists in operating 
the tube at a simple on- and off-duty 
cycle at a high current value and deter¬ 
mining an intermittent rating point in 
addition to the continuous rating point 
determined as described above. 

Curves of arc drop as a function of de¬ 
mand current are also determined. It 
will in general be found that the average 
loss in the tube for equal excellence of op¬ 
eration at high currents will be less than 
that at continuous duty. It is assumed 
that this difference in heat-dissipation 
quality is due to the intermittent pro¬ 
duction of heat in the tube and is a func¬ 
tion of an equivalent “thermal time con¬ 
stant” similar to the equivalent electrical 
quantity. The accuracy of the method 
can be checked in practice by repeating 
the determination of the thermal con¬ 
stants using several different duty cycles. 
The authors realize that the variation of 
the temperature of the simple model 
treated in the following discussion does not 
completely describe the thermal cycle of an 
ignitron but believe that by its use a close 
enough approximation can be achieved 
for the degree of accuracy required. 


Thermal Action of Equivalent 
Model 

In approaching the problems of es¬ 
tablishing ratings for ignitrons on inter¬ 
mittent duty, equations are developed for 
a model system. This system is one in 
which heat is lost by conduction, and the 
heat loss is therefore proportional to the 
first power of the temperature difference 
between the model and the cooling me¬ 
dium. The model is considered to be a 
small mass of metal in which the tem¬ 
perature at any time is uniform through¬ 
out. The mass of metal is surrounded 
by a cooling medium to which heat from 
the metal is lost by conduction. 

The case to be considered is one where 
energy is put into the system in equal 
amounts at regularly spaced intervals. 
During the time that energy is being put 
into the system the temperature rises, 
although some heat is lost by conduction. 
During the off period when no energy is 
being supplied, the temperature falls. 

To develop the general equation for in¬ 
termittent loading it is necessary to set 
up relations between the temperature 6' 
and the energy input W and time t for 
both the heating and cooling portions of 
the cycle. The differential equation for 
the temperature, while energy is being 
supplied at the rate W, is 

CMW-Wdt-K(6'-0 o )dt 

If temperature rise 0'—0 O is replaced by 
0, and consequently dB' by dd, the equa¬ 
tion will express the temperature 0 re¬ 
ferred to the temperature of the cooling 
medium as zero, giving 

CMd6=Wdt-K6dt (1) 

where 

6 =the temperature of the heated mass re¬ 
ferred to the cooling medium tempera¬ 
ture as zero 

W= average watts input during the heating 
period 

C —specific heat of the metal 


Figure 1., Tempera¬ 
ture of model as 
function of time, with 
rectangular-wave¬ 
form energy input 
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Rearranging the terms in equation 1 and 
integrating: 

K. 

log e {W~Kd)= constant———/ 

CM 

and since at t—Q, 6=8i, the constant= 
l°g e (W—Kdi), where 0i is the tempera¬ 
ture at the beginning of the heating pe¬ 
riod. Solving for 0, the temperature at 
any time during the heating period is 
given by 

( W\-±W 

= \~lcr Tc ^k w 


e 

where 


MC 
’ K '' 


'time constant 


The time factor k = T r /(T r +T i ) is. the 
ratio of the time during which the load is 
on, to the period or length of the cycle. 
On the initial cycle 0i is equal to 0 O , and 02 
is given by equation 2 where t is set equal 
to T t . For each successive heating pe¬ 
riod a different value of 6i must be used, 
and this is of course the value of 6 at the 
end of the previous cooling period. After 
a sufficient number of impulses equilib¬ 
rium will be reached, and then all the 
successive values of 6i will be equal and 
the values of 0 2 will also be equal. This 
simply means that in each “off” period the 
system loses just the amount of heat which 
it gained in the previous “on” period. 

The allowed value of the watts W dur¬ 
ing the on period is determined by the 


Substituting this value of 6i in the second 
term of equation 5 



and simplifying 



1—e 


Tt 

T e 


Tr+Tj 
1-6 Te 


(7) 






-r: 



Figure 2 (left). Chart 
illustrating graphical 
method of determin¬ 
ing rating of model 
as function of duty 
cycle and thermal 
time constant 


We may now designate the period of the 
intermittent cycle, (7V4-1T*), by the 
symbol T as is customary. Then since 
the ratio of conducting time to the pe¬ 
riod T r / (r r + T t ) — T t /T= k, equation 7 
becomes 


( 8 ) 


Equation 8 gives the value of the maxi¬ 
mum temperature reached at equilibrium 
in terms of the watts input W, the period 
r, and the “on” time kT — T r . The 
safe or allowed value of 0 2 can be obtained 
from the allowed watts, W 0 , for continu- 



The temperature during the cooling 
period can be found from equation 1 by 
letting PF=0. This gives 

, „ < 

log € 0=constant- 

. T 

1 C 

s 

At Z=0 that is, at the end of a heating 
period 0=0 2 as given by equation 2 when 
t equals T r , the length of the heating pe¬ 
riod. This makes the constant equal to 
log e 62 and gives 


Figure 3 (right). 
Curve showing rating 
of model at a given 
thermal time constant 
equal to 23.1 sec¬ 
onds 


maximum temperature allowed. There¬ 
fore the value of 0 2 must be found after 
equilibrium has been reached. For this 
condition 8—8i at /= 7Yin equation 3 and 
rearranging 



t r -seconds 


ous loading. In this case k = l and 
equation 8 gives 


0 


2 max 1 


Wo 
‘ K 


(9) 


t_ 

' T e 


l§ 


0*=0j6 ° (cooling period) 


(3) 


02 = 016 J 


(4) 


Equations 2 and 3 are sufficient to de¬ 
termine the temperature 8 at any time 
during load-cycle operation. 

Regular Intermittent Duty 

Figure 1 shows the temperature 8 for a 
series of regularly spaced equal impulses 
supplied as shown by the shaded blocks. 


Also, 0 2 in equation 4 must equal 0 from 
equation 2 when t—T r and therefore 


If the requirement for safe operation is 
that 0 2 shall never exceed Wt/K, it can be 
replaced by this value in equation 8, giv¬ 
ing 


Hi ( W\ -t W 
02 = 016 ^=^--^ re¬ 
solving for 0i 


( 5 ) 


Wo* 


1-6 


( 10 ) 


1-6 



( 6 ) 


This equation gives the allowed value of 
input watts W, which can be used for a 
time, T r =kT for a repeated loading cycle 
of period T. 

In order to use a graphical construc- 
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Application to Ignitron Ratings 

As an illustration of the use of this 
method, rating curves will be obtained 
for a small water-cooled metal ignitron. 
Since all of the energy loss is ev entuall y 
transferred to the cooling water, t he 
problem will be regarded as one where 
heat is lost by conduction, as in the sys¬ 
tem covered by the preceding sections. 

The test data were as follows: 

« 

1. Continuous duty 

Tube loss at satisfactory operation = W 0 

2. Intermittent duty 

Tube loss at equally satisfactory operation = 
IVi 

T t = 0.5 second 
T =11.1 seconds 
k= 0.0448 


Figure 4. Curve showing increase in tube loss 
as function of increase in tube-demand cur¬ 
rent 


tion from which the value of time con¬ 
stant can be determined, and rating 
curves can be laid out, it is convenient to 
consider equation 10 in the following 
manner. For two values of k, but the 
same period T 


To find T e substitute in equation 10 


Wi 

Wo 


= 18.0= 


hi 

1—e 


1 —€ 


— 0*0448 


m 


This equation can be solved by trial for 
11.1/7V. The solution is 0.48 =*=0.005 


or T e 


11.1 

0.48 ±0.005 


=23.1 ±0.3 seconds 


Wi 1 —e ^ * 

-til . (11) 

1— e T ° 

and 

T_ 

W% 1—€~ t ° 

Wo - hlT (12) 

1 —€ Tc 


Since ignitrons are rectifiers the cur¬ 
rent conducted by them on a-c circuits 
is not continuous but consists of a series 
of half sine waves. The foregoing theory 
assumes that this intermittent power in¬ 
put can be represented by a continuous 
function of the time. The accuracy of 
this assumption can be checked by use 
of equation 4 where 


Dividing equation 11 by equation 12 

_lctT 

Wi l-e~ T o 

Wt = -til ( 13 ) 

l—e r ° 

This expression suggests the relations 

Wl * —bir (14) 

1 —€ Ta 



Using the data of the above example 
and a line frequency of 60 cycles per sec¬ 
ond 


1 

Tj 120 

7 , e == 23.1 


= 0.00036 


and therefore 
6% 

-=1.0004 

ft 

This result indicates that in this case the 
variation in temperature due to the rec¬ 
tified current pulsation in the tube can be 
neglected in comparison with the longer 
period load cycling. 

Graphical Calculation and 
Presentation of Data 

Assume that test data are available to 
establish a rating at a given T and T r , 
and that the ratio of the loss in the tube at 
continuous duty to that at the given duty 
is known, then the above method will 
permit the calculation of a value for the 
thermal time constant, T c . 

The thermal time constant will allow 
a system of interpolation of the results of 
the rating tests to other load cycles in a 
systematic way which is mathematically 
continuous. The present method, 
wherein a “maximum averaging time” 
is used, has the effect of limitin g the maxi¬ 
mum time of impulse to values less than 
the maximum averaging time even for 
demand current loads of only a few per 
cent higher than continuous load rating. 
This new method goes over smoothly to 
the continuous rating. 

Graphical Calculation of T c 

The function ——— is plotted 
l-e" F « 

in Figure 2 on logarithmic co-ordinate 
scales. Our test data give us two values 
of tube loss (Wi and Wo) at two values of 
T r equal to kT\ and Ti respectively, 
where Ti is the impulse period of the 
rating test. It is desired to determine 
the value of T e which fixes the scale of 
the diagram, Figure 2, for the particular 
tube being rated. 

From equation 11 we can write 

i Wi , 1 t 1 

Wo *° g<i -till *° S< _£i 

1—e T ° 1 —€ * 






Figure 6. Example 
family of tube-rating 
curves as function of 
per cent duty and 
impulse period. 
Calculated from 
Figure 4 


These curves are sharply cut off at the 
peak current value of 1,200 per cent. 

The same information is given in 
curve Figure 6 in another form. Here, 
each of the abscissa is in values of k as 
per cent, of the value of T used as pa¬ 
rameter on the individual rating curves. 
This may be compared more directly 
with the present rating curves where 
the abscissa is plotted in per cent duty. 
T here compares with the present 
“maximum averaging time.” 


It is seen that the relationship existing 
between Wi/W 0 and h for given values 
of T and T c is in general given by the 
first term of the above equation, since 
when T and T c are fixed, the second term 
is independent of ki and becomes of a con¬ 
stant value which can be subtracted 
graphically as is done in Figure 2. In 
order to determine T e , it is necessary to 
determine the amount to be subtracted 
from the ordinate of the curve in Figure 2, 
in order to make the remainder of the- 
curve fit the conditions as laid down by 
the test. 

This can be done most easily in the 
following manner. Since the argument of 
the plotted function is kT/T c and since 
the time difference of the test points is 
defined by k u the difference in the ab¬ 
scissa of the test points on the curve at 
A' and B\ when found, must be equal to 

. T, itTx . , . 1 

log € —- log € —- -log 6 fci«=log € - 

Therefore, the slope of the chord at A’B' 
will be 


A convenient way to lay off this slope is 
to draw it in a comer of the diagram as 
shown at AB. In order to fix T e , it is 
only necessary to find two points on the 
curve separated the same distance and at 
the same slope as the hypotenuse of the 
triangle AOB. This is done for the ex¬ 
ample case as shown dotted in the dia¬ 
gram. The lower point at B' thus found 
on the curve corresponds to log Ti/T c 
and since 7\ is fixed by the test conditions 


T c can be calculated. This, value can be 
checked by substitution in formula 10. 

Graphical Presentation of Rating 
Data 

After T e is determined, the rating 
curve for any other impulse period T 2 
can be laid out. The point correspond¬ 
ing to k— 1 will lie at F, distant log T 2 /T c 
from the vertical axis of the diagram. 
Lines CF and GF form the axes for a new 
curve whose abscissa is proportional to 
log kTi and whose ordinates are propor¬ 
tional to log Wt/Wo as shown on the dia¬ 
gram. 

By tracing these curves on Figure 3 the 
curves shown are obtained. This gives 
a family of curves showing the permissible 
ratio of tube heating loss to loss at con¬ 
tinuous duty at a number of values as a 
function of kT=T r . It will be noted 
that when T=T r the W/W 0 ratio = 1. 
At low values of T the curves are nearly 
straight lines, but at large values they 
become curved and are not spaced as far 
apart as for corresponding lower values of 
T. A value of T is reached (63 in the 
curve) where no further advantage is 
gained by long cooling periods except for 
low values of demand (r=100 in the 
curve). 

The above curve pertains only to actual 
energy loss in the tube. This can be 
translated into current values by plotting 
the corresponding current values as trans¬ 
formed by curve Figure 4, which gives 
the loss ratio between continuous rating 
and demand current as a function of the 
ratio of the corresponding currents. 

Curve Figure 5 gives the rating ratio 
curves as a function of T t and T for the 
example value of T e = 23.1 seconds. 


Comparison of Thermal Action of 
Model and Ignitron 

In comparing the model with the actual 
ignitron, the following considerations are 
worthy of note: 

1. The temperature variation of the model 
finds no counterpart in any temperature as¬ 
sumed by any part of the ignitron which is 
susceptible to measurement. The nearest 
thing might conceivably be the equiva¬ 
lent temperature of the mercury vapor in the 
tube. Since this cannot be measured, the 
equations are set up so as not to make a 
numerical knowledge of any temperature 
necessary. 

2. The criterion is assumed to be that no 
duty cycle shall impose a higher value of 
equivalent temperature on the tube than 
that determined to be safe at continuous 
operation. This assumption requires con¬ 
siderably more investigation than the 
authors have been able to do. However, 
since the action of ionic devices is very 
rapid, it would seem reasonable that any 
effect on arc back due to the equivalent tem¬ 
perature could act in such a short time that 
instantaneous values of this temperature 
would be critical. 

Summary 

The above theory suggests a method of 
defining the intermittent rating of an igni¬ 
tron tube through the use of a so-called 
time constant. This method results in a 
smooth transition from intermittent to 
continuous duty ratings. It is possible 
to adapt the time-constant concept to the 
calculation of permissible ratings for more 
complicated duty cycles than are con¬ 
sidered in the present paper. 

The authors hope to be able, in the 
future, to check the actual performance of 
tubes against the above theory, espe¬ 
cially at values approaching the continu¬ 
ous current rating. 
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Modern Cathode-Ray Oscillograph for 
Testing Lightning Arresters 

f-J- WADE T. J. CARPENTER D. D. MacCARTHY 

ASSOCIATE AIEE ASSOCIATE AIEE ASSOCIATE AIEE 


the oscillograph pressure at the desired 


T HIS oscillograph was designed to meet 
the specialized needs of a group that 
uses the cathode-ray oscillograph as the 
principal tool in the study of transients in- 
lightning-arrester development. The in¬ 
strument is desirable for many purposes, 
especially those requiring very high writ¬ 
ing speeds in connection with nonrepeti- 
tive transients where photographic records 
must be obtained. Other requirements of 
primary importance in the design were 
convenience of operation; accuracy of 
measurement of current, voltage, and 
time; accuracy of the timing; and line¬ 
arity and rectilinearity of the plate pat¬ 
tern. 

The cathode-ray oscillograph with the 
film in the vacuum was first described by 
Dufour, 1 and improvements have been 
described by numerous investigators such 
as Rogowski and his associates, 2 Burch 
and Whelpton, 3 Whipple, 4 Norinder, 8 to 
mention only a few. 

General Description of the 
Oscillograph 

The essential elements of any cathode- 
ray oscillograph include a cathode and 
anode operated in a vacuum to provide 
the electron beam; deflecting means; and. 
a photographic film or fluorescent screen. 
The electrons from the cathode are accel¬ 
erated to a high velocity by the cathode 
voltage, pass through an aperture in the 
anode, pass between the deflecting plates 
or coils, and impinge on the film or screen. 
The oscillograph described in this paper 
includes these elements and additional 
elements to make the instrument suitable 
for recording transients of extremely short 
duration. A focusing coil increases the 
intensity of the beam, trapping plates con¬ 
trol its duration independently of the 
cathode voltage, and high-voltage circuits 
apply the cathode and beam-trappingvolt- 
ages in the correct split-micro second se¬ 
quence." An automatic regulator holds 

Paper 42-108, recommended by the AIEE commit¬ 
tee on instruments and measurements for presenta¬ 
tion at the AIEE summer convention, Chicago, Ill., 
June 22-26, 1942. Manuscript submitted April 
13,1942; .made available for printing April 28,1942. 

E. J. Wade is research engineer, T. J. Carpenter 
electrical engineer, and D. D. MacCarthy engineer 
°‘ t* 16 lightning arrester department, all of the 
General Electric Company, Pittsfield, Mass. 


value. The cathode voltage is held con¬ 
stant by a voltage regulator. These fea¬ 
tures that provide ease of control, fidelity 
of recording, and high writing speed are 
described more completely. 

A view of the instrument is shown in 
Figure 1 and a diagram of the high-voltage 
circuits in Figure 6. The cold cathode is 
operated at 60 to 80 kv obtained from an 
impulse generator. The film chamber, 
deflection tube, and beam-trap tube are 
metal; both metal and glass cathode tubes 
have been satisfactory. The deflecting 
tube contains a pair of sweep plates to 
move the beam along the time axis and a 
pair of deflection plates to move the beam 
in a direction perpendicular to the sweep. 
The trap, consisting of three pairs of par¬ 
allel plates, is .placed between the anode 
and focusing coil. 

Vacuum System 

The vacuum system, Figure 2, was de¬ 
signed to maintain a pressure in the cath¬ 
ode tube sufficiently high to give a copi¬ 
ous discharge, while the pressure in the re¬ 
mainder of the oscillograph is low enough 
to minimize scattering of the beam and 
fogging of the film.® This differential in 
pressure is provided by a controlled leak 
from the atmosphere to the cathode tube 
and by the restriction in flow of air from 
the cathode tube to the remainder of the 
oscillograph at the anode hole. The direc¬ 
tion of air flow isolates the cathode tube 
from condensation-pump vapor without 
the necessity of a trap. 

When the oscillograph is pumped down 
from atmospheric pressure, a rough vac¬ 
uum is first obtained with the condensa¬ 
tion pump by-passed through valve 5; 
valves 3 and 4 open, and valves 1 and 2 
closed. To obtain a higher vacuum, valve 
5 is then closed, and valves 6 and 7 are 
opened by a switch controlling the inter¬ 
locked solenoids. The condensation- 
pump heater circuit and valve 5 will be 
opened and valves 6 and 7 closed by a flow 
switch if the cooling water for the con¬ 
densation pump stops. 

After the entire oscillograph has been 
evacuated to a low pressure, valve 3 is 
closed and valves 1 and 2 are manually 


adjusted to allow a gradual increase in the 
cathode-tube pressure. At this time, the 
vacuum system is switched to automatic 
operation with valves 3 and 4 controlled by 
a contact-making vacuum gauge to regu¬ 
late the rate of leak to the discharge tube. 
Interlocked solenoids normally hold valve 
3 closed and valve 4 open. When the 
pressure in the discharge tube has in¬ 
creased to the desired value because of the 
leak, the gauge causes the momentary 
opening of valve 3 and closing of valve 4, 
reducing the leak-chamber pressure. The 
ratio of expansion to leak-chamber volume 
is about two per cent, and the pressure in 
the leak chamber is much greater than in 
the expansion chamber so the rate of leak 
to the discharge tube is also reduced by 
about two per cent by the operation of 
valves 3 and 4. The vacuum gauge con¬ 
tinues these automatic adjustments in 
rate of leak as frequently as is necessary, 
up to three times per minute, to maintain 
pressure in the cathode tube within a 
tolerance of 0.1 micron. Sudden changes 
in cathode-tube pressure are prevented by 
the smoothing action of the leak chamber. 

Focusing Coil 

The focusing coil has a steel shroud and 
pole pieces to give a short magnetic field 
of uniform intensity over the aperture to 
minimize aberration. The focusing cur¬ 
rent is held constant, independent of varia¬ 
tion in line voltage, by a gas regulator 
tube. The effect of the focusing coil on 
the beam intensity is shown in Figure 3 
by comparing the 5-millimeter width of 
the 1000-volt calibration line taken with 
the focusing coil unenergized, with the 
0.5-millimeter width of the dense zero line 
taken with the proper focusing coil cur¬ 
rent. A fine trace can be obtained with no 
focusing coil provided the anode hole is 
very small, but this greatly reduces the 
writing speed. 

Beam Trap 

There are three pairs of cross-connected 
beam-trapping plates, as described by 
Burch and Whelpton. 3 With perfectly 
balanced plates, voltages insufficient to 
trap the beam will not deflect it. Actu¬ 
ally it is impossible to adjust the plates 
perfectly; therefore, the trapping voltage 
is kept to a minimum during the sweeping 
time. Voltages in excess of about one kilo¬ 
volt deflect the beam so that it cannot pass 
through an aperture located between the 
two upper pairs of trapping plates. The 
beam is cut off below the anode except 
during a relatively short interval adequate 
for sweeping it across the film, and conse- 
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quently fogging of the film is reduced. 
With impulse excitation of the cathode, a 
beam trap is not a necessity as with con¬ 
tinuous excitation, but it is advantageous 
to cut the beam off while the cathode dis¬ 
charge is stabilizing and after the beam 
has been swept across the film. 

Cathode-Voltage Regulator 

The charge on the capacitors of the im¬ 
pulse generator supplying the cathode 
voltage is made independent of the sup¬ 
plyline voltage by a regulator of the elec¬ 
tronic type. If variation of cathode volt¬ 
age is permitted, the deflection will vary 
as is shown in Figure 4 by the two 1,600- 
volt calibration lines differing by three per 
cent which were taken with the regulator 
disconnected. Two zero lines were also 
taken but coincide since variations in 
cathode voltage do not affect the position 
of the zero line. 

Elimination of Spurious Deflection 

Magnetic fields deflect the beam, but a 
constant field, such as that of the earth, 
merely affects the position of the zero axis 


and is not objectionable. The synchro¬ 
nous switch (see Figure 6) prevents random 
timing of the oscillograph operation with 
respect to the periodic variation in mag¬ 
netic field from nearby 60-cycle apparatus. 
It prevents errors such as are shown in 
Figure 5 by the separation of 0.5 milli¬ 
meters between two zero lines taken with 
the switch stopped. 

The metal deflection tube in this oscillo¬ 
graph prevents errors such as may occur 
in oscillographs with glass deflection tubes 
due to charges transferred from the beam 
to the glass walls. 

The deflection and sweep plates were 
designed and adjusted so that the deflec¬ 
tion produced by the two sets is at right 
angles and is proportional to the voltage. 

High-Voltage Circuits and Sequence 
of Operation 

It would be impossible to obtain oscillo¬ 
grams of nonrecurrent transients of short 
duration without proper timing of the 
cathode-voltage and sweep circuits of the 
oscillograph, and' synchronization with 
the transient to be studied. 

A push-button control starts a sequence 



Figure 1. Oscillo¬ 
graph viewed from 
the front 

A — To cathode gen¬ 
erator 

6—-Cathode tube 
C—Anode 
D — Beam trap 
E — Focusing coil 
F — Deflection cham¬ 
ber 

G—Film chamber 
H —Vacuum-regula¬ 
tor gauge 


Figure 2 (right). 
Vacuum control sys¬ 
tem 

Valves 1 and 2 are 
manually adjusted. 
Solenoid valves 3 
and 4 are controlled 
by the contact-mak¬ 
ing vacuum gauge. 
Solenoid valves 5, 
6, and 7 are inter¬ 
locked 


of operations in the high-voltage circuit of 
Figure 6. These operations include: 

1. Charging the cathode generator. 

2. Application of voltage to the cathode. 

3. Trapping the beam while the cathode 
discharge stabilizes. 

4. Sweeping the beam across the film. 

5. Initiation of the impulse generator so 
that discharge occurs during the sweep. 

6. Holding the beam off the film after the 
sweep is completed. 

7. Grounding the high-voltage circuits. 

In order to obtain constant sweeping 
speed, the sweep plates are operated at 
equal voltages of opposite polarity with 
respect to ground. For this reason, much 
of the high-voltage circuit is symmetrical 
with respect to ground. The operation of 
this circuit is best explained by consider¬ 
ing each step in the order of occurrence. 

Cathode-Generator C har gin g Period • 

Operation of the control button starts 
the charging of the cathode generator. 
The Marx circuit capacitors C g and the 
reservoir capacitor Ci are charged to 20 
kv, negative, and a positive charge of 20 
kv is placed on the similar capacitors C/ 
and Ci'. Simultaneously, the sweep- 
supply capacitors C# and C«' in circuit 5 
charge to equal voltages of opposite polar¬ 
ity through resistors R w and R u \ A frac¬ 
tion of this voltage, determined by the 
ratios of R it to and R u ' to i? 1B ' in cir¬ 
cuit 4 is applied to the sweep capacitors 
Ci and Ci to bias the cathode beam. Also 
a fraction of the voltage on the supply ca¬ 
pacitor Ci is applied to the beam-trap 
plates by the high-resistance potenti¬ 
ometer Rn, i? 28 , in circuit 8, compensated 
by capacitors Cis, Cu for fast response. 
Capacitor C B in circuit 3 is charged to 40 
kv. 

Application Of Voltage to Cathode 

When the capacitors of the cathode- 
voltage generator have been charged to 
the proper value of about 20 kv, the volt- 
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Figure 3. Effect of focusing 

The focusing coil was unenergized for the 
1/000-volt calibration lines, but was energized 
for the zero line 


age regulator automatically opens the 
low-voltage charging circuit and releases 
the moving arms of the synchronous 
switch and the grounding contactor. The 
operating time of these switches is long 
compared with the longest sweeping timp 
of the oscillograph. When the arms of the 
synchronous switch touch the middle pair 
of contacts, the cathode generator dis¬ 
charges as soon as the rotating arm 
reaches the closed position, which times 
the discharge with respect to the 60-cycle 
circuits. The gap Gy discharges, and 80 
kv negative is applied to the oscillograph 
cathode. 

Gap G 2 discharges after an interval pro¬ 
vided by the charging time of C 2 in cir¬ 
cuit 1 for stabilization of the cathode dis¬ 
charge. 

» 

Initiation of the Impulse Generator 

After G 2 sparks, gap G 3 is delayed by the 
time required to charge C 3 in circuit 2; 
the delay can be adjusted by the variable 
inductance. When G 3 sparks, an initiat¬ 
ing impulse travels to the three-electrode 
gap of the generator 7 supplying the im¬ 
pulse to be measured. These circuits re¬ 
quire careful adjustment to time the tran¬ 
sient discharge to occur early in the period 
while the beam is crossing the film, which 



Figure 4. Effect of variation in supply voltage 
on deflection 


Oscillograms taken with cathode-voltage 
regulator disconnected 



Figure 5. Effect of stray magnetic fields 

Two zero lines taken with synchronous switch 
stopped; separation is caused by difference 
in instantaneous value of magnetic field from 
60-cycle equipment 


may be as short as 0.25 microsecond with 
a fast sweep. 

Removal of Beam-Trap Voltage 

The sparking of G 2 applies voltage to 
the line Z terminated by capacitor C 4 in cir¬ 
cuit 3. This voltage disturbs the balance 
of voltage across the four-electrode gap 
Si-S 2 -Si-S it which sparks and grounds 
electrodes Si and Si simultaneously. The 
capacitor C& discharges through Ry S and 
the four-electrode gap, thus insuring low 
arc resistance and thorough grounding. 
A four-electrode switching gap, not pre¬ 
viously used in such circuits, was neces¬ 
sary rather than the usual three-electrode 
gap. The two end gaps Si and S 4 must 
operate at equal voltages of opposite polar- 


Figure 6. High-voltage circuits 

1— Sweep delay 

2— Impulse-generator delay 

3— Grounding 

4— Deflection-plate bias 

5— Supply 

6— Sweep 

7— Beam cutoff 

8— Initial beam hold-off 



Figure 7. Consistency of deflection and 
absence of fogging 

Five traces are superimposed on each of 5 
lines. Superposition is possible because of 
the vacuum, cathode-voltage, and calibration- 
voltage regulators and the synchronous switch 

ity to give the necessary symmetry of 
circuits; another electrode S 2 provides the 
connection to ground, and hence a fourth 
initiating electrode was introduced. 

The points A and A' in circuit 5 are 
grounded by the four-electrode gap. As a 
result, the beam-trap voltage is removed 
by the compensated potentiometer in cir¬ 
cuit 8, and the beam appears between the 
deflection plates, but is held at the edge 
of the film by the charges acquired by C 8 
and C 8 ' during the charging period. 

Sweeping the Beam 

Grounding of A and A' also puts 20 kv 
positive on Rn.in circuit 5 and 20 kv nega¬ 
tive on R„' supplied from C« and C a '. As 
a result, current flows through the block¬ 
ing capacitors C 7 and C 7 ', resistors i? 18 and 


CATHODE 1 VOLTAGE REGULATOR- 


GENERATOR INITIATION. 


TO CHARGING 
RECTIFIER 
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DEFLECTION 

PLATES 


August 1942, Vol.'61 Wade, Carpenter, MacCarthy — Cathode-Ray Oscillograph Transactions 551 












Ru, and into sweep capacitors C& and C% , Operating Controls 
which supply balanced positive and nega¬ 
tive voltages to the deflection plates. Oscillator timing waves are provided by 

This current reverses the sweep-plate bias five pretuned circuits covering the range 

voltage so that the beam is Swept across of 0.1 to 10 megacycles per second, 

the film. The plate voltage is limited by Sweeping speeds which cross the film in 

sparkover of G t after which Ru maintains 0.25 to 200 microseconds may be selected 

sufficient voltage to hold the beam off the by means of a tap switch varying C 8 and 

film Ci. The maximum convenient sweeping 

speed is about 45 centimeters per micro- 
Beam Cut-off second. Special deflecting-plate switches 

change the circuits for recording the sev- 
Voltage on R n and Rtf' also causes cur- eral functions such as the timing wave, 

rent to flow through R w , C 9 , Ry>' in circuit calibration voltage, and impulse voltage 

7 which builds up a positive voltage on S&, or current. In operation, the desired con- 

while S 5 is held at 20 kv, negative, by the ditions are set up by means of those 

reservoir capacitor Ci. During the sweep switches, and the sequence of operations 

when C a was charging, the voltage on the of the circuits to make the exposure is 

beam trap was unchanged, because circuit initiated by a single push button. 

7 is symmetrical and balanced to ground 

Performance of the Oscillograph 



Figure 8. High writing speed 

Voltage oscillation in a small circuit following 
gap breakdown. Timing wave is 10 mega¬ 
cycles; sweeping speed is 44 centimeters per 
microsecond and the maximum writing speed 
is 3,000 centimeters per microsecond 

since Cja compensates for the capacitance 
of the gap Ss-St. After a time delay," the 
gap Ss-Ss sparks, applying voltage from 
Ci that unbalances the voltages on capaci¬ 
tors Cio and Cu. A fraction of this voltage 
appears on the beam trap through R n and 
Ra and traps the beam. 

High-Voltage Supply Grounded 

The moving-contact arms of the syn¬ 
chronous switch have been falling con¬ 
tinually since the holding contactor was 
tripped by the cathode-voltage regulator. 
When contact is made with the grounded 
stops, the cathode-generator capacitors 
Cg, Cg are grounded. The grounding 
contactor was released also and when it 
closes, the other capacitors are grounded 
so that the operator can make adjustments 
in safety. 


Figure 9. The consistent timing of oscillo¬ 
graph and generator is illustrated by 5 volt¬ 
time oscillograms of gap breakdown on one 
film. The variation in timing is 0.08 micro¬ 
second 

deflection. Figure 7 shows a zero line and 
deflections due to positive and negative 
calibration voltages of 805 volts and 1,610 
volts. This oscillogram demonstrates the 
accuracy and consistency of the instru¬ 
ment, since five separate traces were super¬ 
imposed* on each line without causing an 
appreciable increase in the width of the 
lines. The sensitivity was constant at. 
36.4 volts per millimeter for each cali¬ 
bration line. The 25 traces on the film 
have not caused fogging. 

Figure 8 shows an oscillogram of a 113- 
megacycle oscillation in an extremely 
small local circuit following the break¬ 
down of a gap. The beam crossed the film 
in 0.25 microsecond. The m aximum writ¬ 
ing speed on this oscillogram is about 
3,000 centimeters per microsecond, which 
is ten per cent of the speed of light. To 
.obtain this oscillogram, a rectangular cir¬ 
cuit was connected directly to the deflect¬ 
ing plates, which provided most of the cir¬ 


cuit capacity. The opposite side of the 
circuit contained a small gap that was 
sparked over by the impulse generator to 
start the oscillation. A resistor was con¬ 
nected in parallel with the gap to prevent 
deflection by voltage induced in the plate 
circuit previous to gap breakdown. Divid¬ 
ers are necessary for the measurement of 
high voltages and will limit the accuracy 
with which ultrafast transients can be re¬ 
corded, rather than the writing or sweep¬ 
ing speeds of the oscillograph. 

Comparison With Hot-Cathode 
Oscillograph Having Permanently 
Sealed Vacuum 

The sealed-in high-speed oscillograph 
with the film outside the vacuum, on 
which improvements also have been re- 
ported 8 > 9 within recent years, occupies the 
position of an every-day general-purpose 
instrument for transient work. It is sim¬ 
pler in construction and operation and ca¬ 
pably records all but the ultrafast tran¬ 
sients for which the instrument described 
in this paper is especially valuable. 

Conclusions 


The oscillograph described should be re¬ 
garded as a precision research tool ca¬ 
pable of recording ultrafast phenomena. 
Due to the complexity of the circuits, the 
operator must use considerable care and 
skill to realize the best performance. The 
authors believe it represents marked prog¬ 
ress in the design of ultrahigh-speed os¬ 
cillographs for the measurements of tran¬ 
sients and that several features add 
definitely to performance characteristics 
hitherto attained. During the two years 
in which this instrument has been in con¬ 
stant use, the accuracy, consistency, high 
writing speed, and convenience of opera¬ 
tion have been of great benefit in the study 
of lightning arresters and problems of pro¬ 
tecting* insulation. 
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Application of Apparatus and Con 
ductors Under Various Ambient- 
Temperature Conditions 

R. E. HELLMUND 

FELLOW AIEE (Deceased) 


Synopsis: Various electrical standards are 
reviewed from the viewpoint of the selection 
and interpretation of ambient temperature 
values. Equivalent aging temperatures for 
insulation have been calculated from 
recorded ambient temperature data for 
several typical outdoor and indoor locations. 
From these the suitability of ambient values 
now used for the establishment of tempera¬ 
ture rises for rating purposes is discussed. 
These values seem to be well chosen, but 
some clarification in meaning and in methods 
of using them for rating and application pur¬ 
poses is desirable. For apparatus rated on 
a 40 degrees centigrade ambient basis, ap¬ 
preciable margins in permissible temperature 
rise exist under many conditions and for 
many places of application. Permissible 
increases in loading for certain motors with¬ 
out exceeding conservative hot-spot tem¬ 
peratures are suggested, subject to the 
limitations imposed by other operating con¬ 
siderations. 

Standards for Electrical Apparatus 

T HE permissible temperature rises for 
rating purposes given in various com¬ 
mercial standards for apparatus and con¬ 
ductors were obtained by considering the 
maximum continuous temperatures for 
insulation and selecting certain values of 
ambient temperature. The ambient 
values most commonly used are: 

40 degrees centigrade—For commercial 
standards for the majority of all electrical 
apparatus and for some cable-rating pur¬ 
poses. 


Paper 42-93, recommended by the AIEE committee 
on electrical machinery and standards co-ordinating 
committee 4 for presentation at the AIEE summer 
convention, Chicago, Ill., June 22-20,1942. Manu¬ 
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printing May 15, 1942. 
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ronLow Exciting Potentials, F. Malsch, E. 
Westerman. Archiv fv.tr Elektrotechnik, volume 28, 
1934, pages 517-19 (in German). 

7. Modern Impulse Generators por Testing 
Lightning Arresters, Theodore Brownlee. AIEE 
Transactions, volume 61, 1942, August section, 
pages 539-44. 
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30 degrees centigrade—For commercial 
standards for wires and cables and, with 
qualifying statements, for the newly pro¬ 
posed standard for transformers. 

25 degrees centigrade—For standards for 
rotating apparatus on electrical vehicles 
and in some Underwriters’ regulations. 

50 degrees centigrade—For standards for 
marine apparatus for which 40 degrees centi¬ 
grade is not considered adequate. 

Generally speaking, these values are 
well chosen for the various cases indicated, 
but there is some inconsistency between 
the wording of the standards and the 
methods and generally accepted theory of 
applying apparatus. Some standards 
simply specify that apparatus will have 
the proper rating when the temperature of 
the cooling medium does not exceed 40 
degrees centigrade. In at least one case 
the statement “at no time exceeds 40 de¬ 
grees centigrade” is used. In others 40 
degrees centigrade is specified as the limit¬ 
ing ambient temperature of the cooling 
air or other gases, with a supplementary 
statement that the ambient temperature 
in locations where electrical apparatus is 
operated in the United States rarely ex¬ 
ceeds 40 degrees centigrade. There is a 
general impression that 40 degrees centi¬ 
grade is exceeded in only a few locations, 
but this is not confirmed by actual rec¬ 
ords. Weather bureau statistics show 
that outdoor temperatures have at times 
exceeded 40 degrees centigrade in 30 out 
of 60 stations. 3 Thus, in indoor applica¬ 
tions, where considerable heat is gener¬ 
ated by losses in large electrical, appara¬ 
tus, heat engines, steam pipes, and indus¬ 
trial heating equipment, 40 degrees centi¬ 
grade will at times be exceeded in a large 
number of applications. However, the 
total percentage of time during which 40 
degrees centigrade is exceeded is as a rule 


graph, H. P. Kuehni, Simon R&mo. AIEE 
Transactions, volume 66, 1937, June section, 
pages 721-8.* 

9. Some Recent Developments in Impulse 
Voltage Testing, C. M. Foust, FT. Rohats. 
AIEE Transactions, volume 59, 1940, May 
section, pages 257-62. 

♦For an extensive bibliography see pages 727 and 
728 of reference 8. 


very low, not more than 0.5 per cent for 
most outdoor locations and a somewhat 
higher percentage for some indoor loca¬ 
tions. Nevertheless, with a strict in¬ 
terpretation of the statement that the 
cooling medium must not exceed 40 de¬ 
grees centigrade, a large percentage of 
applications would have to be considered 
as special. In actual practice, standard 
apparatus having a temperature-rise rat¬ 
ing based on a 40 degrees centigrade 
ambient is actually applied more or less 
indiscriminately with success in all but 
unusually hot locations. This is to be 
expected in the light of various investiga¬ 
tions on the life of insulation, which have 
shown conclusively that life or rate of 
deterioration is dependent upon both time 
and temperature. 

Since the temperature-rise rating pre¬ 
sumes continuous operation at the stand¬ 
ard ambient temperature, it may be ex¬ 
pected that satisfactory life of insulation 
at rated load will be obtained when this 
ambient temperature is maintained con¬ 
tinuously. If this is true, it follows 
directly from these investigations on the 
life of insulation that equal life will be 
obtained in spite of short periods at tem¬ 
peratures above 40 degrees centigrade, if 
values below 40 degrees prevail for the 
greater part of the time. This is the con¬ 
dition found nearly everywhere in prac¬ 
tice; ambient temperatures usually vary 
over wide ranges and include values below 
40 degrees centigrade for most of the time. 

On the basis that a continuous ambient 
is used for rating purposes, it is merely 
necessary to make sure that the prevailing 
ambient temperatures, which vary con¬ 
tinually in practice, are equivalent in their 
aging effects to this standard value. This 
will result in the most effective application 
of apparatus.. A method of determining 
the aging temperature equivalent to any 
given varying temperature is available in 
the eight degrees centigrade rule, 1 * 2 which 
states that the aging effect of temperature 
' doubles for each eight degrees increase in 
temperature. This eight degrees centi¬ 
grade rule is not a precise law and cannot 
be applied indiscriminately for all insula- 
don, but it does serve as a useful guide 
for analytical purposes. 

Equivalent Aging Temperatures 

The use of the eight degrees centigrade 
rule is illustrated in Figure 1. Curve A 
was obtained from available outdoor tem¬ 
perature records for Dallas, Tex. It 
shows the percentage of time during which 
certain temperature values were exceeded. 
To obtain corresponding machine tem¬ 
peratures, the hot-spot temperature rise 
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of 65 degrees centigrade permissible for 
many forms of class-^4 insulation is added 
to curve A , giving curve B. By using the 
eight degrees centigrade rule, it is possible 
to -.calculate a constant temperature D 
(appendix II) which has the same effect 
in deteriorating insulation as curve B. 
By subtracting 65 degrees centigrade 
from D, the value C is obtained. This is a 
single value equivalent to the ambient 
temperature curve A. The validity of 
this operation depends, of course, on the 
empirical eight degrees centigrade rule, 
but its application is conservative. It is 
assumed that the insulation temperature 
follows changes in ambient temperature 
exactly. Actually, insulation tempera¬ 
tures lag and the effect of the higher am¬ 
bient temperatures is somewhat less than 
curve B indicates. 

Dallas is one of the hottest places in the 
country. Although the maxim um tem¬ 
perature exceeds 40 degrees centigrade, 
the equivalent yearly outdoor tempera¬ 
ture is only 22 degrees. Figure 2 shows 



Figure 1. Actual and equivalent ambient and 
machine temperatures for outdoor locations in 
Dallas, Tex., t932-37 inclusive 


siderable sun exposure, the influence of 
which may then at times be appreciable. 

Most types of electrical apparatus are 
at times located indoors and the consid¬ 
eration of outdoor temperatures is in it¬ 
self of restricted value. However, it is 
useful as a basis for the study of indoor 
temperatures for which no comprehensive 
statistics are available or likely to be 
available in the near future. Therefore, a 
logical method is to use outdoor statistics 
and make tests on the differences between 
outdoor and indoor temperatures for a 
limited number of typical indoor locations. 

In buildings heated for human comfort, 
a more or less constant temperature is 
maintained during the cooler seasons of 
the year. A constant value of 25 degrees 
centigrade represents the higher limit of 
temperatures prevailing during the heat¬ 
ing period. At other times it might be 
assumed that the indoor temperature can 
be maintained the same as the outdoor 
temperature in a substantial ideally venti¬ 
lated building. In practice there are, 
however, a number of factors tending to 
increase indoor temperatures even when 
no appreciable amounts of heat are gener¬ 
ated inside. These factors are: heat 
from occupants and lighting fixtures, the 
poor heat exchange generally given by 
open windows, the fact that windows are 
kept closed a part or all of the time, and, 
fin a l l y , heat caused by sun radiation. 

Figure 3 shows simultaneous outdoor 
and indoor records taken in an office in a 
substantially built modem office building 
having northwestern exposure with sun 
radiation through the windows only after 
5 p.m. At the end of the office hours, 
about 5 p.m., the windows are closed and 
night temperatures are appreciably higher 
indoors. During the second day shown it 
was cloudy after 5 o’clock, and the maxi¬ 
mum temperature was only slightly higher 
indoors. In contrast, the marked in¬ 
fluence of the late afternoon sun appeared 
during the third day, resulting in a differ- 


curves and values for other locations and 
the equivalent temperatures are from 12 
to 22 degrees centigrade. Therefore, out¬ 
door apparatus can be safely applied al¬ 
most anywhere if the standard tempera¬ 
ture rises are based on an ambient of 25 
degrees centigrade. However, a further 
assumption that heat from sun radiation 
can be neglected is necessary. It has been 
shown that this assumption is correct in 
most cases, because wind velocities nearly 
always existing outdoors, though rather 
low, compensate for sun radiation. There 
are a few exceptions to this, such as meters 
or transformers mounted in well-protected 
comers of buildings and subject to con¬ 


ence of 5.6 degrees centigrade (ten degrees » 
Fahrenheit) at 6:30 p.m. Similarly the 
influence of sun exposure with closed win-. 
dows, as may be found in unoccupied 
storerooms and similar places with south¬ 
ern exposure, can be appreciable. The 
high peak on the first day indicated in 
Figure 3 was caused by the recording in¬ 
strument being directly exposed to the 
sun. The effect is quite marked, al¬ 
though the instrument case is light in 
color and ventilated. If apparatus with 
dark heat-absorbing surfaces is subjected 
to sun radiation through windows, the 
effect may be quite marked because of the 
lack of compensating outdoor breezes. 

Similar records have been obtained in a 


powerhouse basement and a factory build¬ 
ing. The powerhouse basement was with¬ 
out windows and poorly ventilated, but 
the recorder was at least ten feet from 
direct heat sources such as steam pipes. 
The factory building was a single-story 
structure, with a covering of boards plus 
sheet iron on the walls and paper on the 
roof. Several small ovens operating at 
temperatures up to 175 degrees centigrade 
were located in the vicinity of the ther¬ 
mometer. It was placed near the south 
windows as well, which resulted in con¬ 
siderable influence from sun radiation. 



PERCENT OF YEAR (AT OR ABOVE) 


Figure 2. Actual and equivalent outdoor 
ambient temperatures for six cities of the 
United States 


From these tests the curves of Figure 4 
have been estimated for certain indoor 
conditions and the equivalent ambient 
temperatures calculated. The tests cov¬ 
ered only a 100-day period in mids umm er, 
but the data have been adjusted to an an¬ 
nual basis compared to the outdoor curve 
for the period of test and then applied to 
the Dallas outdoor curve. A constant in¬ 
door temperature of 25 degrees centigrade 
has been assumed when lower tempera¬ 
tures prevailed outdoors. Figure 5 shows 
the same procedure applied to the outdoor 
curve above 25 degrees centigrade for 
Bismarck, N. D. This is one of the hotter 
locations in the northern section of the 
United States, as divided in Figure 2 of 
AIEE Standard No. I. 8 Although maxi¬ 
mum temperatures are high, they do not 
persist as in more southern climates, and 
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Figure 3. Recorded temperatures outdoors 
and in a modem office building at East Pitts¬ 
burgh 

equivalent aging temperatures are corre¬ 
spondingly lower than in Dallas. The 
equivalent aging temperatures for these 
selected locations in Dallas and Bismarck 
lie between 25 and 32 degrees centigrade 
for the most part, with the Dallas power¬ 
house 36.5 degrees centigrade. In the 
latter case, even with a 25 degrees centi¬ 
grade minimum temperature, 30 degrees 
exceeded most of the time, and 40 degrees 
exceeded 20 per cent of the time, the 
equivalent temperature is still well within 
the 40-degree standard. In practice all 
sorts of variations will be encountered in 
individual .applications, but for either 
locality it seems that, regardless of high 
maximum temperatures, equivalent aging 
temperatures as high as 40 degrees centi¬ 
grade are likely to be found only under 
very unusual circumstances. Since Dallas 
is'one of the hotter places in the country 
this statement may be applied to appara¬ 
tus locations in buildings generally. 

Figure 5 seems to indicate that, except 
with a great deal of heat generated and 
poor ventilation, the equivalent aging 
temperature will rarely exceed 27 degrees 
centigrade for large sections of the coun¬ 
try. This applies particularly to many 
highly industrialized sections of the 
United States. Moreover, the 27 degrees 
centigrade value is based on the assump¬ 
tion that indoor winter temperatures are 
25 degrees. Actually, the temperatures 
maintained in industrial establishments in 
winter are nearer 20 degrees centigrade, 
which results in equivalent aging tempera¬ 
tures for the year certainly no greater 
than 25 degrees. 

Enclosures and Buildings 

The inside temperatures of enclosures 
provided for the specific purpose of hous¬ 
ing electrical apparatus are usually higher 
than the outside. In relatively small en¬ 
closures with restricted ventilation, such 
as steel cubicles for switch-gear, a distinc¬ 


tion is made between inside and outside 
ambient temperatures. Extreme differ¬ 
ences have of course been encountered 
when the enclosure had no ventilation. 
These conditions require special considera¬ 
tion in each case. On the other hand, 
when apparatus is enclosed in a regular 
building, the temperature in the building 
is considered the ambient temperature for 
the apparatus. 

In this connection some interesting tests 
have been reported on an indoor trans¬ 
former installation. 4 A ventilated build¬ 
ing about 18 by 25 feet and 24 feet high 
housed three power transformers. In 
Figure 6 the heaviest lines represent the 
outline of the building, with cooling air 
flow indicated by the arrows. Figure 6a 
shows isothermal lines midway between 
two transformers, and Figure 6b shows the 
isothermal lines for a section through the 
center line of a transformer. The numbers 
given on the lines indicate the difference 
between outside and inside temperatures. 
The average temperature in the building 
is about eight degrees centigrade above 
the outdoor temperature. In the case of 
Dallas this would give an equivalent tem¬ 
perature of about 30 degrees centigrade. 
However, the lines above the transformer 
show an excess of 11 to 15 degrees centi¬ 
grade over outside temperature. Applied 
to the Dallas equivalent temperature of 
22 degrees centigrade, this gives ambi¬ 
ent values of 33 to 37 degrees. If aux¬ 
iliary apparatus were installed above the 
transformers, it would be operating under 
these ambient conditions. This conclu¬ 
sion is made under the assumption that 
the building is fully ventilated at all times; 
however, the ventilation may be restricted 
in cooler seasons of the year, resulting in 
equivalent ambient temperatures of 35 to 
40 degrees centigrade at points above the 
transformers. It is believed that this gen¬ 
eral situation is frequently found in build¬ 
ings housing electrical apparatus. 

A somewhat different case is an indus¬ 
trial building subject to considerable sun 
radiation or other heat sources. Tem¬ 
peratures in the."upper regions of the 
building, where some types of apparatus 
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PER CENT OF YEAR (AT OR ABOVE) 

Figure 4. Estimated prevailing and equivalent 
ambient temperatures for typical locations in 
Dallas, Tex. 

1. Outdoors 1932—37 inclusive-—above 25 

degrees centigrade 

2. Office building—northern exposure— 

open windows daytimes 

3. Office building—southern exposure— 

closed windows 

4. Building with industrial heat sources— 

thin walls 

5. Powerhouse—poorly ventilated area 


may be installed, may be appreciably 
higher than in the lower parts where 
temperatures usually are measured. Al¬ 
though some of the previous cases derived 
from tests do not show equivalent am¬ 
bient temperatures in excess of 35 degrees 
centigrade, equivalent temperatures dose 
to 40 degrees may be expected in some 
parts of many buildings. The short-time 
maximum temperature in such locations 
is likely to be 50 to 60 degrees centigrade. 

Preferred Standard Ambient 
Temperatures 

From these studies, the suitability of 
the ambient temperature values used for 
temperature-rise standardization purposes 
can be considered. For maximum sim¬ 
plicity in the application of apparatus, the 
ambient temperature of 40 degrees centi¬ 
grade has been well chosen. The tempera¬ 
ture conditions for the very small per¬ 
centage of cases where apparatus so stand¬ 
ardized cannot be safely applied are so un¬ 
usual that they will be readily recognized. 
(An equivalent temperature of 40 degrees 
centigrade usually permits occasional 
maximum values of 50 to 60 degrees; con¬ 
sequently, misapplications are easily 
avoided.) 

On the other hand, it might be con¬ 
tended that <40 degrees centigrade is con¬ 
trary to maximum economy, because in a 
large percentage of applications equivalent 
ambient values of 30 to 35 degrees are not 
exceeded. The question of what would be 
gained by using 35 degrees centigrade as a 
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Figure 5. Estimated prevailing and equivalent 
ambient temperatures for typical locations in 
Bismarck, N. D. 

1. Outdoors 1932-37 inclusive—above 25 

degrees centigrade 

2. Office building—northern exposure— 

open windows daytimes 

3. Office building—southern exposure— 

closed windows 

4. Building with industrial heat sources— 

thin walls 

5. Powerhouse—Poorly ventilated area 

basic ambient value might therefore 
arise. It would permit hot-spot tempera- 
bue rises 3 of / 0 instead of 65 degrees centi¬ 
grade for class-A insulation, and 95 in¬ 
stead of 90 degrees for class-5 insulation, 
gams of 7.7 and 5.6 per cent respectively. 
With apparatus having chiefly copper 
losses, this means increases in rating of 
only 3.9 and 2.8 per cent respectively; 
with apparatus having both iron and cop¬ 
per losses, gains of 7 and 5 per cent might 
be realized. 

For these gains it seems wrong to sacri¬ 
fice the present satisfactory situation 
which permits almost indiscriminate ap¬ 
plication of standard apparatus drawn 
from storerooms all over the country. A 
great deal of this apparatus has line- 
voltage magnet coils, and adjustment of 
the load to suit special ambient tempera¬ 
ture conditions is not possible; the same 
is true with motors permanently built into 
or connected to driven machines. In 
these cases special apparatus would be re¬ 
quired, if the temperature rating of stand¬ 
ard apparatus were not based on a suffi¬ 
ciently high and universally applicable 
ambient temperature. The cost probably 
would more than balance any economic 
gain from a lower ambient as a basis for 
standard apparatus. It is of course pos¬ 
sible to load certain machines somewhat 
below their normal rating, if the ambient 
temperature is higher than that used as a 
basis for the rating; however, it is just as 
easy to apply a machine to a somewhat 
higher load, if its rating is based on 40 de¬ 


grees centigrade, and it is used in a locality 
with a lower equivalent ambient value. 

Considering further that there are cer¬ 
tain inaccuracies in the eight degrees centi¬ 
grade rule used as a basis for this study, 
and that there is usually not much known 
about the temperature conditions for 
many applications, it certainly seems ad¬ 
visable to retain the margin of safety and 
the simplicity afforded by the use of 40 de¬ 
grees centigrade as an ambient value for 
general purposes. A further reason for 
adhering to this value is that frequently 
apparatus is installed under conditions 
which interfere with proper ventilation. 

In Figure 7, curve A has been estimated 
to show the percentage of all apparatus 
that can be applied without special con¬ 
sideration for temperature-rise ratings 
based on different standard ambient tem¬ 
peratures. In the absence of extensive 
statistical data no claims can be made for 
the accuracy of the curve. It does illus¬ 
trate the basic considerations involved 
and the greater applicability of stock ap¬ 
paratus, the higher the standard ambient 
temperature on which ratings are based. 

In spite of the advantage of the 40 de¬ 
grees centigrade value for general use, it 
must be admitted that the use of lower 
values such as 30, or even 25 degrees, is 
justified where some conditions of applica¬ 
tion or economic considerations apply. 
One such case is rubber-insulated wire, 
some varieties of which are suitable for a 
continuous maximum temperature of only 
50 degrees centigrade. The permissible 
rise is 20 degrees centigrade with an am¬ 
bient temperature of 30 degrees, and only 
10 degrees with an ambient of 40 degrees; 
in other words, the increase of rating pos¬ 
sible with 30 degrees is 41 per cent. The 
greater part of this wire is used in places 
where an equivalent temperature of 30 
degrees centigrade is not exceeded. This 
is roughly illustrated by curve B of Figure 
/ * CThe eight degree centigrade rule may 
not apply tib rubber-insulated wire, and 
curve B may not be quantitatively cor¬ 
rect.) It follows that the sacrifice in 


Figure 6. Isothermal lines around a large 
transformer in a ventilated enclosure 

(<s) Between two transformer units 

(Jd) About the center line of one unit 

economy resulting from an ambient of 40 
degrees centigrade for this wire is entirely 
too great for the advantages gained there¬ 
by. This is especially true, because in the 
few locations where higher temperatures 
prevail, standard wire can be used merely 
by reducing the rating. Hence, the store¬ 
room problem, which would complicate 
the situation in connection with many 
other types of apparatus, is of no particu¬ 
lar importance. On the whole, it seems 
that ratings for rubber-covered wire based 
on a standard ambient of 30 degrees centi¬ 
grade are well justified. 

Another case of interest is that of trans¬ 
formers. Curve C has been estimated as 
applying to transformers and shows ap¬ 
proximately the percentage of trans¬ 
formers which can be applied on a 30-de¬ 
gree centigrade basis; this percentage is 
high because most transformers axe lo¬ 
cated outside. A rather small percentage 
of 30 degrees centigrade transformers re¬ 
quire special consideration in their ap¬ 
plication. Also, since transformers are 
nearly always applied by engineers fully 
familiar with all the problems involved, 
ratings based on a 30 degrees centigrade 
ambient seem well justified. (The pro¬ 
posed transformer standards specify that 
nominal rating can be used if the average 
temperature during any 24 hours does not 
exceed 30 degrees centigrade, with a maxi¬ 
mum of 40 degrees, which gives a continu¬ 
ous hot-spot temperature of '95 degrees. 
This provision in itself will result in an 
equivalent value somewhat in excess of 30 
degrees centigrade for the 24-hour period, 
as here developed. However, since there 
will be only a few days during the year 
with such high temperatures, it is esti¬ 
mated that the provisions in the trans¬ 
former standards are about the same as 
an equivalent temperature of 30 degrees 
centigrade or less.) 
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Curve D applies to rotating apparatus 
for electric vehicles. In view of the neces¬ 
sity to keep weight to a minimum, and 
because such apparatus is nearly always 
outdoors, the present practice of a 25 de¬ 
gree centigrade standard ambient is justi¬ 
fied. For the sake of maximum simplicity 
in the standard structure, a value of 30 
degrees centigrade for railway work seems 
preferable and would hardly interfere with 
maximum economy. The five degree 
centigrade difference represents a very 
small percentage of the customary tem¬ 
perature rises in this type of apparatus. 

There are other cases where a standard 
ambient temperature of 30 degrees centi¬ 
grade would be justified. For example, 
some domestic or office appliances are 
used almost exclusively in locations where 
an equivalent temperature of 30 degrees 
centigrade is not exceeded while the de¬ 
vices are in use. There are practically no 
homes or offices in which the equivalent 
temperature exceeds 30 degrees centigrade 
while occupied. Even if higher tempera¬ 
tures prevail when windows are closed, 
this is of no particular importahce because 
the devices are not then loaded and will 
not. overheat. 

Therefore, considering both simplicity 
and economy, it seems well to retain the 
40 degrees centigrade value but to recog¬ 
nize that a 30-degree value is justified for 
some apparatus and applications. It will 
of course also be necessary to use the 50 
degree centigrade value for those few loca¬ 
tions, such as holds of ships, where 40 
degrees is not sufficient. An even higher 
standard ambient value may be necessary 
in special cases. 

The previous considerations all are 
based on the deterioration of the conven¬ 
tional insulating materials, with the idea 
of assuring satisfactory life of apparatus 
from that point of view. The influence of 
temperature conditions on the oxidation 
and operation of contact surfaces or upon 
the operation of electronic devices and 
other types of apparatus may, of course, 
be subject to different laws and thus re¬ 
quire separate consideration. Very few 
quantitative data seem to be available 
for such studies, but AIEE standards co¬ 
ordinating committee 7 is working on 
these problems. Regardless of the results, 
it would seem best to use the same basic 
ambient values for standardization pur¬ 
poses, with the understanding that satis¬ 
factory results are obtained if these am¬ 
bient temperatures are maintained con¬ 
tinuously. Any difference between the 
characteristics of other types of apparatus 
and ordinary electromagnetic apparatus 
can be taken care of in the methods of 
application. 


Conclusions 

Ambient temperature values equivalent 
to the continually changing temperatures 
encountered in practice have been derived 
for various localities. From these data it 
is concluded that the standard ambient 
temperature values selected for use in 
establishing temperature rises for rating 
purposes in the various standards are, in 
general, sound. - It is suggested, however, 
that some clarification in meaning and in 
methods of using these selected values for 
rating purposes is desirable. 

The data also show that for apparatus 
rated on a continuous 40 degree centigrade 
ambient basis, certain margins in tempera¬ 
ture rise exist under many conditions and 
for many places of application. Recogni¬ 
tion of this situation is particularly valu¬ 
able at this time, when it is often neces- 



Figure 7. Estimated curves for different ap¬ 
paratus applications, showing the percentage 
of applications for which standard apparatus 
based on different ambient temperatures is 
suitable 

A. General C. Transformers 

B. Cables D. Railway apparatus 

sary to increase loads on industrial equip¬ 
ment. Under these rating conditions an 
equivalent ambient temperature of 25 de¬ 
grees centigrade may permit overloads 
which increase operating temperature- 
rises by 15 degrees without exceeding per¬ 
missible hot-spot temperatures, when this 
is compatible with other operating con¬ 
siderations. 

Apparatus ratings primarily are based 
on a continuous hot-spot temperature of 
105 degrees centigrade for class-^4 insula¬ 
tion, although transformer standards 
specify 95 degrees.’ At times doubt has 
been expressed that the 105 degrees centi¬ 
grade temperature will give satisfactory 
life of insulation, since laboratory tests 
have demonstrated loss in mechanical 
strength of materials continuously sub¬ 
jected to 105 degrees. On the other hand, 
hot spots in many machines occur in slots 
where the insulation is well supported and 


where some loss of mechanical strength 
can be tolerated. Extensive trials on ac¬ 
tual machines at 105 degrees centigrade 
for long periods have shown very satis¬ 
factory life. 

To eliminate this doubtful point, it can 
be assumed that the equivalent hot-spot 
temperature should not exceed 100 degrees 
centigrade. This takes advantage of only 
ten of the 15-degree margin and gives a 
permissible temperature-rise of 75 instead 
of 65 degrees, or an increase of 15.4 per 
cent. For general-purpose motors based 
on a 40 degree centigrade temperature- 
rise by thermometer, an extra ten degrees 
is available, permitting an increase in this 
case of 36.5 per cent. (Actually, the serv¬ 
ice factor for these machines requires the 
ability to carry a 15 per-cent overload 
with a 40 degree centigrade ambient main¬ 
tained continuously.) Table I shows per¬ 
missible increases in loads for motors, con¬ 
sidering temperature only and taking ad¬ 
vantage of these temperature-rise in¬ 
creases of 36.5 and 15.4 per cent. With 
the total losses increased by these per¬ 
centages, permissible increases in copper 
losses are given in columns 3 and 5. Col¬ 
umns 4 and 6 show the increases in cur¬ 
rents corresponding to these copper losses. 

Table I. Permissible Per-Cent Increases in 
Motor Losses and Currents for 100C Hot-Spot 
Temperatures at 25C Ambient 


General 
Purpose 40C 

Rise by Ratings Based on 
Thermometer SOC Rise by 

Assumed Loss • ■-—-■ Thermometer 

Distribution Cop- - 


Iron Copper 

per 

Loss 

Current 

Copper 

Loss 

Current 

0.25...0.75.. 

...49., 

...22 .. 

..20.5.. 

..10 

0.35...0.05.. 

...56.. 

...25 .. 

..25.5.. 

..12 

0.50...0.50.. 

...73.. 

...31.5.. 

..31 .. 

..14.5 


Since hot-spot temperatures are not 
directly proportional to total losses but 
depend also upon distribution of losses 
between copper and iron, these figures 
may be somewhat optimistic. It does ap¬ 
pear reasonably safe, however, to increase 
currents on 50-degree-rise machines by 8 
to 13 per cent and on general-purpose 40- 
degree-rise machines by 20 to 30 per cent 
under the conditions stated. For induc¬ 
tion motors torque usually increases some¬ 
what faster than the current. It is as¬ 
sumed, of course, that operation is at rated 
voltage. If operation is not at rated volt¬ 
age, part of the margin indicated may not 
be available for increased loads. 

Furthermore, this paper deals only with 
the effect of temperature on the aging of 
electrical insulation. There are other fac¬ 
tors that should be considered when con- 
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templating placing an overload upon a 
rotating machine. 5 Mechanical strength 
of shafts, bearings and couplings, com¬ 
mutators, lubrication, and so forth, must 
be recognized as limiting factors also and 
should receive due consideration. Fur¬ 
thermore, utilizing these tem perature 
margins may reduce insulation life from 
that commonly obtained under operation 
at substandard temperatures. 

Unfortunately, simple conclusions cov¬ 
ering all conditions encountered in prac¬ 
tice are not possible, but it is hoped the 
data presented will be of assistance in de¬ 
termining increased loads for existing ma¬ 
chines and apparatus in this time of emer¬ 
gency. Also, the statistical data of AIEE 
Standard No. 1 should be helpful in de¬ 
termining the localities where prevailing 
ambient temperatures might make in¬ 
creased loading of equipment possible. 

Although the data given here are pri¬ 
marily intended to be helpful under pres¬ 
ent emergency conditions, it is also hoped 
that the views presented will be con¬ 
vincing evidence of the futility of sugges¬ 
tions for the use of a great variety of am¬ 
bient temperature values and departures 
from standard temperature-rises in com¬ 
mercial transactions. Certain variations 
in ambient temperatures always will occur 
but wide confusion would result from at¬ 
tempts to reflect these into the system of 
rating apparatus. 


Appendix I. Ambient Tempera¬ 
ture Specifications in Standards 

(The wording referring to ambient tem¬ 
perature in the different standards is far 
from uniform. The letters in these data 
indicate certain general classifications but 
do not cover all the variations in wording 
even where no distinctions in meaning are 
intended. Furthermore, where apparatus 
may be water-cooled, supplementary state¬ 
ments are given.) 


60C 40C 30C 25C 24C 
AIEE and American Standards Association 
Metal-tank mercury- 


arc rectifiers...A. 

Industrial control ap¬ 
paratus.. 

Electric-railway con¬ 
trol apparatus. 3 

Capacitors.' jj 

Apparatus bushings. ...C 

Air switches and bus 
supports...... . # b 


50C 40C 30C 25C 24C 
AIEE and American Standards Association 


Relays associated 
with power switch- 

gear..A 

Protector tubes.A 

Fuses above 600 volts.B 

Automatic stations.B 

Switchboards and 
switching. equip¬ 
ment.B 

Switchgear assemblies.A 

Lightning arresters.A 

Blectric-arc-welding 

apparatus.B 

Resistance welding 

apparatus.B 

Electrical installa¬ 


tions on shipboard ;..A ... — 

Railway motors..B 

A-c power circuit 

breakers. .B 

Rotating electrical 

machinery.B 

Transformers, regula¬ 
tors, and reactors.D 

National Electrical Manufacturers ’ 
Association 

Industrial control.B 

Motors and genera¬ 
tors.A 

Oil circuit breakers.E 

Signalling transformers..... V.—... .F 
General-purpose spe¬ 
cialty transformers.E 


Underwriters Laboratories 

Industrial control.A 

Motor-operated fans.. 

Branch circuit and 
service circuit 

breakers.. 

Service cables.* *) * [_ 

Auxiliary breakers. .... 

Motor-operated ap¬ 
pliances. 



Insulated Power Cable Engineers Association 
Cables. a 


National Electrical Code 
C onductors. 


General Classification 


mu mese standard 
shall be suitable for carrying the rated load who 
and. where the ambient air temperature 1 at th 
equipment does not exceed-C. 

B. Apparatus conforming with these standard) 
shall be suitable for operation at the standard ratini 
when and where the temperature of the coolint 
medium does not exceed —-C. * 

5 L. Apparatus.bushings conforming to these stand¬ 
ards shall be suitable for operation at their standard 
ratings when and where the temperature of the ex¬ 
ternal cooling medium does not exceed 40C maxi¬ 
mum or 30C average for any 24-hour period. 

?' conforming to these standards shall 

f ?5 operation a t rated load with rated 
secondary voltage, provided the temperature of the 
cooling air at no time exceeds 40C, and the averaze 
temperature of the cooling air during any 24-hour 
period does not exceed 30C. 

T . h * stan dard ambient temperature of reference 
wnen the cooling medium is air shall be 40C. 

£ c The standard ambient temperature shall be 

G. It is assumed that the ambient temperature 
will be ordinarily about-C. 


H. The temperatures given in these requirements 
are based on a room temperature of 25C. 

I. The tests shall be conducted with the switch at 
room temperature, preferably 24C. 

J. Capacities arc based on room temperature of 
30C. 

Appendix II. Calculation of 
Equivalent Aging Temperature by 
Eight Degree Centigrade Rule 

The continuous temperature equivalent 
to a given temperature distribution curve 
for a period of time is calculated by dividing 
the curve into convenient trapezoids or 
rectangles and applying equations 1 and 2. 

A for a trapezoid (1) 

A =Ufi KT for a rectangle (2) 

A =aging units 

4“time in convenient units (hours or per 
cent) 

c=2.718 iiT=0.0865 
7s=maximum temperature of trapezoid in 
degrees centigrade 

Ti -minimum temperature of trapezoid in 
degrees centigrade 

T= constant temperature of rectangle in 
degrees centigrade 

The aging units for all the sections of the 
curve are added, and equation 2 is applied 
to this sum for the total time involved. 
Solving for T gives the equivalent aging 
temperature for the curve. 

With K= 0.0865 the aging units are 
doubled for an eight degrees centigrade in¬ 
crease in temperature. 
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Effect of Lightning on Thin Metal Surfaces 
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tiated. Currents in earth-initiated 
strokes measured at the earth end begin 
with a relatively small value of current— 
a few hundred amperes—which develop 
into a continuing current when contact 
is made with the cloud. Superimposed 


Synopsis: In the search for means for 
measuring the properties of natural light¬ 
ning much can be learned from the evidence 
left at points struck by lightning. This 
paper deals principally with such evidence 
and the process of evaluating the character¬ 
istics of the lightning strokes responsible for 
the evidence. 

For six years a nickel-plated, 18-inch cop¬ 
per sphere, 878 feet above the ground atop 
the WSM radiator at Nashville, had been 
collecting data in the form of holes and pits 
, due to lightning strokes to the sphere. A 
total of 150 holes of varying sizes were 
found together with 300 pits. A laboratory 
setup was made consisting of the high- 
capacity impulse generator together with a 
d-c generator so arranged that the known 
characteristics of lightning with respect to 
the so-called continuing current could be 
duplicated. With this equipment holes 
having the same appearance could be pro¬ 
duced in copper sheets, and from the results 
of the test a calibration curve was produced. 
At the same time calibration curves were 
obtained for other metals in addition to 
copper. From these data an expectancy 
curve was obtained between coulombs and 
per cent of holes. The average hole corre¬ 
sponded to 15 coulombs while the maximum 
size hole corresponded to 240 coulombs. 

No satisfactory calibration was obtained 
for the pits, many of which no doubt were 
the result of high current peaks having a low 
coulomb content. 

It is interesting to learn that of the 150 
holes in the sphere 89 were found in the 
upper half and 61 in the lower half, with the 
great majority appearing in a six-inch belt 
around the seam at the sphere’s equator. 

The results of some laboratory high-cur- 
rent impulses on metal sheets are also shown, 
indicating pressure effects without appreci¬ 
able burning. 

A lightning stroke to a metal-roofed rural 
home is described, the largest hole in the 
roof indicating a charge of 210 coulombs. 
The home was not wired, but a part of the 
lightning discharge traveled a distance of 
162 feet to the wired house next door to punc¬ 
ture the cellar wall and contact the neutral 
ground rod driven: in the cellar. Another 
channel, was found extending to the base of 
the service pole where two ground rods were 
driven. It .was estimated that the discharge 
removed approximately 250 cubic feet of 
earth in its travel. Available data indicate 
the stroke was negative and had a total 
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Chicago, Ill., June 22-26, 1942. Manuscript sub¬ 
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charge of more than 240 coulombs with a 
suggested peak current of the order of 
200,000 amperes. Although the struck 
home was quite badly damaged, there was 
no fire, nor was there any trouble with the 
electric equipment in the wired home. 

The results of this work indicate that 
sheet metal may be made to yield certain 
data of value with reference to lightning. 

L IGHTNING strokes to objects on the 
earth have been characterized by 
two major effects 1-4 one causing explo¬ 
sive effects 5 - 8 and the other often resulting 
in fire. In many cases both effects have 
been present. The explosive effects are 
now known to be due to sudden increases 
in current which may reach a crest of 
several thousand or even a hundred thou¬ 
sand amperes or more in a few millionths of 
a second, decaying to half of the crest 
value in a time of the order of 40 micro¬ 
seconds. It is the expansion effects in 
the air resulting from these rapid current 
changes which cause the thunder which 
we hear. The burning effects are the re¬ 
sult of the flow of current of relatively low 
magnitude of the general order of 200 or 
300 amperes 7 for times which may be as 
long as 1.5 seconds, but on the average, 
persist for about 0.3 second or about 7,000 
times as long as the average time to half 
value of the current peak. Correlating 
photographic and oscillographic data for 
strokes to the Empire State building hav¬ 
ing a height of 1,275 feet, strokes began 
at the building in about 80 per cent of the 
cases. As the height of the earth object 
becomes less, the percentage of cloud-ini¬ 
tiated strokes increases. It is believed 
that for transmission-line heights the 
contacting strokes are always cloud ini- 


current peaks may develop later, with 
varying time intervals and magnitudes, 
all of these peaks being cloud-initiated 
just as in the case of the stroke to objects 
of ordinary height on the earth’s surface. 

Laboratory Lightning 

The impulsive nature of lightning 
strokes has been known for a long time, 
and it was natural to consider the cloud 
as one pole of a condenser and the earth 
as the other. Thus the laboratory light¬ 
ning maker noted the similarity between 
the discharge of a charged laboratory 
capacitor and natural lightning. It 
looked the same, and the sound effects 
were there also. Furthermore, wood 
could be blown apart as in nature, and 
many of the distance-time-voltage or cur-, 
rent phenomena found in connection with 
the operation of outdoor circuits could be 
reproduced. And so with the develop¬ 
ment of the Marx-circuit impulse genera¬ 
tor and the cathode-ray oscillograph, 
data became available proving the simili¬ 
tude of the laboratory and the natural 
lightning as to the nature of the phe¬ 
nomena involved. 

The continuing part of the natural 
lightning stroke was not simulated, as its 
existence was not shown oscillographically 
until 1937. The lack of knowledge of this 
component explains the inability of in¬ 
vestigators to make the lightning fulgu¬ 
rites found in nature when discharging a 
lightning generator into wet sand. The 
impulsive nature of the current blew the 

Figure 1. Circuit to control duration and 
amplitude of long-duration low-current dis- 
charges, preceded by impulse current 
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Figure 2. Side view of lightning-damaged 
18-inch nickel-plated copper sphere installed 
for six years at top of WSM vertical radiator 
878 feet above ground 


sand out of the container, and it was not 
until currents of a few amperes were used, 
continuing for a second or so, that ful¬ 
gurites could be formed. 

The charge represented by the current 
peak is very small indeed. The average 
measured in natural lightning is only a 
fraction of a coulomb, whereas the charge 
represented by the continuing current 
may be of the order of 200 coulombs or 
more. Even very large impulse genera¬ 
tors with voltages suitable for general 
testing work will have a charge of con¬ 
siderably less than ten coulombs. It is 
clear, therefore, that to simulate the com¬ 
plete lightning stroke a generator of more 
than 20 times the present capacity is 
needed, and therefore it is necessary as an 
economic expedient to make use of gener¬ 
ators such as illustrated in Figure 1, where 
the discharge is initiated by a high capaci¬ 
tance generator, with a follow current 
supplied by a 500-volt d-c generator. 
Such an arrangement, though not suitable 


for long arcs, was quite satisfactory for 
the tests on metal sheets described in this 
paper. Modifications of this circuit have 
been used during other long-duration 
lightning current tests. More than one 
high current impulse may be superim¬ 
posed using a circuit of this general char¬ 
acter. 

Lightning Strokes to Sphere at WSM 

Our interest in the use of thin metal as 
a means of collecting lightning data was 
aroused when William Montgomery, Jr., 
engineer for WSM radio station of the 
National Life and Accident Insurance 
Company at Nashville, Tenn., sent us the 
sphere illustrated in Figure 2. This 
nickel-plated, 18-inch diameter sphere 
made of 19-mil copper had been in service 
at the top of WSM’s vertical radiator, 
878 feet in height, for a period of six 
years. During that time it was struck 
frequently by lightning and in the summer 
of 1937 was thrown to the ground during 
a lightning storm which damaged the 
tuning coil at the base of the tower as 
shown in Figure 3. The sphere was dam¬ 
aged in its fall on the reverse side but had 
been mounted in the position shown in 
Figure 2. 

The large number and varying size of 
holes and pits found indicated that the 
sphere could be made to tell a story about 
lightning strokes if a proper calibration 
for the holes could be found. The glob¬ 
ules of copper found around many of the 
holes indicated clearly that the holes were 
produced by continuing currents rather 
than by current peaks, which would have 
produced sufficient pressure in many cases 
to have blown the molten metal away. 

Tests were begun, therefore, with the 
circuit shown in Figure 1, using a variety 
of current and time values until the ap¬ 
pearance of the holes produced corre¬ 
sponded closely to those found on the 



Figure 5. Relation between coulombs in the 
arc and resultant area of holes burned in 
(A) 15-mil galvanized iron sheets, (8) 20-mil 
copper sheets 

Sheet positive, electrode negative polarity 

WSM sphere. A few of the test holes are 
reproduced in Figure 4. A calibration 
curve is shown in Figure 5 together with a 
similar curve for galvanized iron. All 
tests were made with the sheet positive, 
electrode negative. 

Using the calibration curve of Figure 
5 for nickel-plated copper sheets, the ex¬ 
perience curve for the entire sphere in 
terms of coulombs versus holes was ob¬ 
tained and is compared, in Figure 6, with 
the curve of strokes versus coulombs as 
obtained for the Empire State building. 
Considering the fact that the number of 
holes per stroke is not known in the case 
of the WSM sphere, the agreement seems 
quite good when it is remembered that 
in many cases there may be more than one 
hole per stroke. . The Empire State build¬ 
ing data come from measurements of os¬ 
cillograms and are known to represent the 
complete stroke. Of course, the differ- 



Figure 3 (left). Tuning coil 
of WSM radiator damaged by 
lightning stroke 

Probable current crest 66,000 
amperes—positive polarity. 
Vs-inch (outside diameter) 
tubing. 40-mil wall 


ence in height and location no doubt has 
also had some effect on the recorded re¬ 
sults. 

It is a matter of considerable interest to 
note the number of holes in the sphere 
below its equator compared with those 
above. A curve similar to that of Figure 


Figure 4 (right). Sam¬ 
ples from d-c tests on 
20-mil copper sheets 
to determine relation 
between current am¬ 
plitude, length of 
application, and size 
of hole 
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Figure 6. Expectancy curves for coulombs 
conducted in lightning strokes 

A —Oscillographic measurement Empire State 
building 

B —Hole calibration for WSM sphere 

6 for the upper and lower halves shows ten 
coulombs at the 80 per cent point for the 
upper half and five coulombs for the lower, 
while for values below 50 per cent the 
curve for the upper and lower halves is 
about equal to and practically coincides 
with that shown in Figure 5 for the whole 
sphere. The total number of holes in the 
upper half is 89 and in the lower is 61. 
Within a three-inch belt above the equa¬ 
tor, 44 holes were found, while in a similar 
zone below the equator, 41 holes were 
counted, with five holes in the seam 
around the equator. Thus, 60 per cent 
of the holes were located on 32 per cent 
of the total surface of the sphere. In 
view of the distance to the cloud, the 
field surrounding the sphere is quite uni¬ 
form except for the effect of its support 
which would lead one to expect a shielded 
zone near the point of attachment, and 
this is just what was found. If the 
strokes represented by the holes were all 
initiated by the tower, one would expect 
streamers to be formed as the doqd field 
became more intense from all over the 
sphere’s surface except close to the point 



Figure 8. 265,000-ampere negative-polarity 
discharge through 10-mil plain copper sheet 


Side away from arc. Sheet used as one 
electrode 

of support. Chance conditions of ioniza¬ 
tion in the atmosphere probably have 
considerable effect in determi nin g which of 
the streamers from the sphere will develop 
into the stroke. 

It is quite likely also that the seam 
around the equator had a considerable 
effect in promoting the formation of 
streamers at the time of a stroke. Drops 
of rain water, particularly at the seam 
may have added to this effect. The top 
of the sphere was apparently shielded to 
some extent by a probable extension of 
the sphere support above the top of the 

Figure 7 (left below). 40/000-ampere nega¬ 
tive-polarity discharge through five-mil 
nickel-plated copper sheet 



Figure 10. Exterior view of Amherst house 
, struck by lightning 

(A) Position of chimney. (8) Location of 
large hole. (Q Location of several smal I holes 

sphere. The details of the atta chmen t 
are not known. 

Three hundred pits were found, many 
of these being accounted for as direct 
strokes having relatively high current 
magnitude, but having a low coulomb 
content (two coulombs or less). It does 
not appear to be possible to draw any 
definite conclusion concerning these pits 
in terms of current magnitude. It is 
possible, of course, that some of them are 
part of strokes which burned holes, and, 
if so, the effect on the calibration of holes 
in terms of strokes would be small on ac¬ 
count of the small coulomb content. 

In considering the interpretation to be 
put upon the results obtained by this 
sphere, it should be recorded that the 
number of separate strokes is not known, 
although Mr. Montgomery believes, based 




% with 



Side-facing arc. 
Small holes or burns 
numbers 1 to 5, 
sheet used as one 
electrode. Large 

holes numbers 6 to 
9, sheet mounted 
between electrodes 


Figure 9 (right). 
Holes burned by rel¬ 
atively low-current 
long-time laboratory 
discharges 

Top/ Winch steel 
plate. Bottom, 
0.015-inch galva¬ 
nized tin. Side facing 
electrode 
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Figure 11. Damage to cement basement wall 
of A. T. Rouleau house, August 4, 1939, 
caused by lightning which came in across 
ground surface from nearby Joslyn house 
which was struck directly 

Pelham Road near Amherst, Mass. 

on his records, that 24 direct hits 'is a 
reasonable number to use. It is probable 
that this number is too low. With 150 
holes, and assuming equal distribution of 
holes for all strokes, one arrives at seven 
holes per stroke which, from Figure 6, 
would indicate an average coulomb value 
•Of 7X14=98 coulombs, which is prob¬ 
ably much too high, although the maxi¬ 
mum hole indicates 240 coulombs. It 
must also be recognized that more than 
one stroke could contribute to the samp 
hole as well as the same stroke making 
several holes. 

At WSM, magnetic links had been in¬ 
stalled on the antenna lead-in and guy 
wires at the time the sphere came down 
and the tuning, coil of Figure 3 was 
damaged, which indicated a current of 
+66,000 amperes in the antenna lead-in 
and +6,400 amperes in two of the guy 
wires and a total of —73,000 amperes in 
six other guy wires. This record may 
cover more than one stroke, but it does 
indicate the highest currents recorded. 
It is interesting to point out that the most 
severe current peak measured with the 
cathode-ray oscillograph at the Empire 
State building 7 had a crest current of 
58,000 amperes, contained 4.9 coulombs 
to half current value, and was positive. 


Tests made in the laboratory on tubing 
similar to that of the tuning coil shown in 
Figure 3 indicate that the turns of the coil 
begin to pull together at a current crest 
of 75,000 amperes. The copper tubing 
itself begins to flatten at around 118,000 
amperes. The difference between the ef¬ 
fects of laboratory current amplitudes and 
the 66,000 amperes measured in the ac¬ 
tual stroke is probably due to different 
wave shape, as well as the fact that two 
concentric coils were involved in the ac¬ 
tual stroke. Furthermore, the heavy dis¬ 
charge current may have been preceded 
by a high coulomb-long duration dis¬ 
charge heating the copper tubing suf¬ 
ficiently to produce crushing at much 
lower crest currents. The laboratory cur¬ 
rent waves were oscillatory waves of 86 
microseconds period with the initial peak 
of negative polarity. The tuning coil 
consisted of s / 8 -mch outside diameter 
tubing with 40-mil wall thickness. 

Lightning Strokes to WGY 

In 1938 a 20-mil chromium-plated cop¬ 
per cylinder was mounted on top of the 
then new WGY 635-foot radiator at 
Schenectady. The top of the cylinder 
was closed with a hemisphere of the same 
metal and thickness. When this was re¬ 
moved for examination in 1941, seven 
holes and several hundred small pits were 
found. The radiator was known to have 
been struck three times, the magnetic 
links showing -3,000, -7,800, and 
—30,000 amperes. 

Of the seven holes, six were located in 
the 12-inch diameter hemisphere, mostly 
in the upper part, but none at the highest 
point of the sphere as installed. The cy¬ 
lindrical portion had a height of 14 inches, 
and one hole was found six inches from its 
lower edge. The pits were most numerous 


in the area above a line nine inches from 
the bottom of the cylinder. Twenty-nine 
of the pits had an appearance similar to 
that obtained from high-current labora¬ 
tory discharges of one or two coulombs. 

Concerning the Holes Burned 

With reference to the appearance and 
size of holes some comment is desirable. 
While the WSM sphere showed some very 
small holes—as small as three square 
millimeters—such small holes could not 
be produced in the laboratory in copper 
sheets. The smallest hole obtained had 
an area of 28 square millimeters. How¬ 
ever, in galvanized iron sheets, holes as 
small as 1.5 square millimeters could be 
produced. 

This effect has been attributed to the 
close proximity (*/< to y 2 inch) of elec¬ 
trode to the sheets under test. A tapered 
carbon electrode was used to avoid the ef¬ 
fect of the metal of the electrode on the 
calibration. Although the electrode be¬ 
gins to glow at 60 coulombs, very little 
gas is given off. Brass electrodes were 
tried but consistent results were not ob¬ 
tained. 

It is expected that the only difference 
to be obtained from a longer arc would be 
the possibility of forming smaller holes in 
copper sheets. Within the range investi¬ 
gated—spacing 1 / 4 inch to l /% inch—tie 
character of the holes is not changed, in¬ 
dicating that the electrode effect is not ap¬ 
preciable. The close proximity of the 
electrode possibly has the effect of spread¬ 
ing the core of the arc wider than would 
be the case in a lightning stroke. How¬ 
ever, the holes produced showed the same 
characteristics as those produced by natu¬ 
ral lightning as evidenced on the WSM 
sphere. 

The tests on metal sheets up to 100- 



Figure 12. Light¬ 
ning damage at W. 
H. Joslyn house, 
August 4, 1939. 
Pelham Road near 
Amherst, Mass. 
Furrow in ground 
was dug by lightning 
as it left Joslyn, 
house and headed 
toward neighboring 
Rouleau home 

Figure 13. Destruc- 
of pine tree by 
lightning discharge 

Top of tree blown 
off by high current 
peak. Stump burned 
by continuing dis¬ 
charge 
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mil thickness indicate the following rela- 


tions: 


c -£x** 

{t —0 to 35 mils) 


(* = 35 to 150 mils) 

where 



C —coulombs 

A =area of hole in square millimeters 
*= thickness of sheet in mils 

Such equations are reasonably accurate 
for copper and galvanized iron and may 
be used to estimate the coulombs in a 
given lightning stroke. The use of the 
curves of Figure 5 for the individual metal 
is more accurate, but tests of this nature 
do not permit close calibration, the varia¬ 
tion from the curves shown in Figure 5 
being as much as 40 per cent for some in¬ 
dividual points. 

That the hole burning is a function of 
coulombs rather than iH has been verified 
by the fact that equal holes are burned 
when equal coulombs in the arc are pro¬ 
duced with widely different current ampli¬ 
tudes. The test currents ranged from 50 
amperes to 600 amperes, which is in the 
range of natural lightning continuing dis¬ 
charges. Tests at high currents with high 
coulomb values have not been made, but 
the calibration data given in Figure 5 
should not be used for high currents. Bel- 
laschi 2 similarly showed that burning of 
solid heavy electrodes is dependent upon 
coulombs. 

In Figure 7 are shown holes burned in a 
live-mil, nickel-plated copper sheet with 
discharge currents of 40,000 amperes 
crest. The small holes and burns num¬ 
bered 1-5 were produced with the sheet 
grounded. The larger holes 6-9 were ob¬ 
tained with the sheet midway between 
the line electrode and the ground elec¬ 
trode. The jagged character of the holes 
is apparent, especially in number 9 where 
the electrode distance was increased from 
Via to 2 3 /i inches. There is no evidence 
of the copper beads lining the hole as is 
observed on the sphere and the corre¬ 
sponding test sheets. As the current am¬ 
plitude is increased, the explosive effect 
is increased as shown in Figure 8, which 
gives the effect of a 265,000 ampere 30- 
coulomb discharge to a grounded copper 
sheet of ten-mil thickness. The same im¬ 
pulse applied to a 25-mil copper sheet did 
not rupture it but did produce a large 
dent in its surface. On'the other hand, a 
25,000-ampere one- to two-coulomb dis¬ 
charge will form a bright bead on a 20-mil 
copper sheet but will not puncture the 
sheet. In the explosive type or high cur¬ 
rent discharge many factors have to be 


weighed besides current amplitude, while 
the charge in the long-duration low-cur- 
rent continuous discharge can be com¬ 
puted with fair accuracy. 

The tests indicate a possible source of 
fire with thin metal-roofed buildings, if 
inflammable material is dose to the metal 
or in such position that molten metal 
may drop on combustible mat erialR if 
thin metals are to be used for covering, 
then elevated air terminals should be 
used to keep the arc away from the build¬ 
ing and a suitable path to ground pro¬ 
vided to prevent damage at joints in the 
metal structure. 

Tests on Steel Plate 

• 

In view of possible lightning strokes to 
metal containers of explosive gases of 
liquids, tests were made with the equip¬ 
ment shown in Figure 1 with the following 
result. A 3 /g-inch steel plate was tested 
with 430 coulombs in the arc. Results 
of such tests are shown in Figure 9. The 
plate could not be punctured but a crater¬ 
like hole was formed of 3 /i 6 -inch depth and 
180 square millimeters area. To punc¬ 
ture such a plate several thousand cou¬ 
lombs would be required. 

Lightning Stroke to Home 

Of the many lightning damage cases 
which the authors have investigated, that 
which occurred near Amherst, Mass., dur¬ 
ing the summer of 1939 is perhaps one of 
the most interesting. Lightning struck 
the home shown in Figure 10, resulting 
in the external damage shown. The upper 
portion of the chimney had been elimi¬ 
nated, and the chimney was cracked 
throughout its length. A hole having an 
area of 345 square millimeters was found 
in the 15-mil galvanized-iron shingle roof 
at a point about three feet from the chim¬ 
ney and in the direction of the damaged 
corner of the building shown in Figure 10. 
Several small holes were found in a 
shingle, which apparently had been lo¬ 
cated at the corner of the roof above the 
damaged comer. No evidence of fire 
could be found anywhere, although in the 
kitchen there was a considerable bum be¬ 
tween a sink and a nearby pipe, which 
had a combined effective resistance to 
ground of 47 ohms. This was the only 
ground in this house. There was also 
considerable burning between the cover 
of an ice box and the zinc lining. Nearly 
all of the windows on the ground floor 
were blbwn outward, showing the high 
pressure developed within the house. 
Two persons were in the - house, one up¬ 
stairs to the right of the chimney, and the 


other in the kitchen to the left of the door 
shown in Figure 10. Neither was hurt. 

There was no wiring of any sort in this 
home. In Figure 11 is shown another 
home, 155 feet away, which had a three- 
wire service with the usual appliances 
connected. In the cellar was a driven 
ground of 430 ohms. In addition, two 
grounds having a combined resistance of 
215 ohms were driven at the service pole 
located 110 feet from the house of Figure 

10, and 80 feet from the house of Figure 

11. A portion of the path of the lightning 
discharge is shown in Figure 12. At the 
point illustrated the channel in the earth 
was about three feet in width and about 
15 inches in depth. It continued with 
two-foot width and about the same depth 
for a distance of 74 feet where it split into 
two parts, one to continue 88 feet to the 
ground rod in the cellar of the house of 
Figure 11, and the other to travel 81 feet 
to the ground rods driven at the base of 
the service pole. The electric equipment 
in the wired house was in operating condi¬ 
tion after the storm, although the cellar 
windows were blown out ‘as the result of 
the pressure developed in the spark to the 
driven ground rod inside close to the cellar 
wall. 

From magnetic effects observed, it was 
concluded that the current in the neutral 
wire was of the order of 30,000 amperes of 
a slow rate of rise and indicated a nega¬ 
tive-polarity stroke to the unwired house 
of Figure 10. A calibration of the shingle 
burns indicates a coulomb value of 210 
for the larger bum and 30 coulombs for 
the smaller bums. 

In reconstructing what happened, it is 
probable that the stroke was negative, 
beginning with a current peak of the order 
of 200,000 amperes, followed by a con¬ 
tinuing current having a coulomb value 
of 240. The physical damage seen in 
Figures 10 and 12 resulted from the high 
current peak. After the chimney ex¬ 
ploded 1 , apparently the path shifted to the 
burned points found on the roof. With 
the high coulomb value of the continuing 
current, one would have expected a fire to 
ensue, but no evidence of this could be 
found, indicating that the inflammability 
of the various paths was such as not to 
cause fire. 

This case is given here, because some 
knowledge exists as to the magnitude of 
the lightning current which caused the 
damage observed. This again illustrates 
what may happen when good grounds are 
not available when lightning strikes. 

The pine tree shown in Figure 13 is 
mute evidence of the same type of light¬ 
ning discharge just described. This tree 
struck by lightning exploded a few feet 
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Synopsis: Abnormal currents in distribu¬ 
tion transformers due to lightning axe 
analyzed both theoretically and from field 
experiences. Under certain conditions of 
direct stroke transferred through the ar¬ 
rester to the neutral of the secondary wind¬ 
ing, excessive currents may wreck the 
secondary windings by electromagnetic 
forces. Long-duration surges, or shorter 
repeated surges, saturate the transformer 
cores producing greatly increased surge cur¬ 
rents in the primary windings which in¬ 
fluence fuse failures. The saturation of the 
cores by unidirectional lightning surges also 
brings about increased power-frequency mag¬ 
netizing currents influencing sectionalizing- 
fuse and circuit-breaker operations. 

A GREAT deal of research has been 
done and many papers have been 
written dealing with the problems of over¬ 
voltages under lightning conditions. It 
has been assumed generally that, because 
of the relatively high inductance of trans¬ 
former windings, very little lightning cur¬ 
rent builds up within them. There are, 
however, certain conditions under which 
the lightning current may enter the sec- 
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ondary windings of grounded-neutral dis¬ 
tribution transformers and rise to such 
magnitudes as to develop electromag¬ 
netic forces sufficient to destroy that 
winding by mechanical stress. Also, for 
long-duration single or multiple lightning 
surges enough current builds up through 
the primary winding to saturate the core; 
and the consequent rate of increase of cur¬ 
rent in the winding becomes more rapid, 
and the current is finally limited only by 
the d-c resistance of the primary winding. 
These latter currents are generally in¬ 
sufficient to damage the winding, but they 
are important in the determination of fuse 
failures 1 and sectionalizing operation 
. under lightning conditions. 

Another source of abnormal trans¬ 
former currents is that of large magne¬ 
tizing inrush currents brought about by 
surge conditions, which will be primarily 
important in the operation of fuses or 
breakers. These various phenomena of 
abnormal transformer currents are dis¬ 
cussed further in this paper, with special 
reference to distribution transformers 
on rural lines. 

- * 

Direct-Stroke Lightning Currents 
in the Secondary Windings 

Under certain circumstances of direct 
lightning strokes to the primary line, very 
large currents may go through the second¬ 
ary winding when the lightning arrester 
functions to protect the primary. Oc¬ 
casionally the effect of such currents is 
completely to disrupt the windings, as 


shown in Figure 1. There is no 
present protection scheme in use which 
protects against such conditions. .The 
transformer was connected as shown in 
Figure 2. The lightning arrester effec¬ 
tively by-passed to the ground lead the re¬ 
sulting current from a direct stroke to the 
line, and the primary winding was per¬ 
fectly protected, as determined by subse¬ 
quent test. The voltage of the secondary 
wires rose, together with that of the trans¬ 
former case, to the value of the surge-im¬ 
pedance drop of the grounding wire im¬ 
pedance and ground resistance, and an¬ 
other flashover to ground occurred, this 
time on the customer’s premises. Current 
in the two wires on each side of the 
grounded neutral to the customer ground 
fault went through the secondary wind¬ 
ing. Since the current went from the 
transformer case at raised potential into 
the neutral connection of the transformer 
coil, and from there into the winding 
halves in opposite directions, the mag¬ 
netic fields of the two halves of the second¬ 
ary winding canceled out to a high degree, 
because of the close coupling. The leak- 
age-reactance drop and also the resistance 
drop were not sufficient to flash over the 
bushing or the normal shunt safety gaps 
in use. Thus the current continued to go 
into the secondary coil sections in oppos¬ 
ing directions; . the extreme resulting 
mechanical forces due to electromagnetic 
reaction distended the secondary wind¬ 
ing, as shown at X in Figure 1, and ac¬ 
tually cut several turns in two by jamming 
them against the core laminations. 

Such conditions to a greater or lesser 
extent, must occur in almost every case of 
a direct stroke to line near a transformer 
installation. The paths for the lightning 
current through the transformer second¬ 
aries are indicated by arrows in Figure 2. 
The relative amount of current going into 
the windings varies with the relative 
ground resistances; in this case it was 
probably of the order of 20,000 amperes 




above the ground. Examination of the 
upper portion of the tree and the debris 
scattered ova: a considerable area showed 
no signs of burning; yet the stump was 
on fire when the owner of the land ran to 
the point where he saw the lightning 
strike. Evidently this stroke also began 
with a high current peak blowing the tree 
apart. The stroke persisted as a continu¬ 
ing current to the stump of the tree, which 
was'stiU grounded, setting it afire. This 
was going on while the tree and the debris 
were in the air. 

The data which have been collected 


thus far seem to indicate that the use of 
thin metal surfaces makes a fairly satis¬ 
factory means for collecting data with re¬ 
spect to the number of coulombs con¬ 
tained in natural lightning strokes, ex¬ 
cluding the effects of the high current 
peaks which may be present. 
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in each transformer section, but in most 
cases the current is apparently low enough 
to be harmless. 

Insufficient field data are available on 
the frequency of such failures, and there¬ 
fore it is uncertain whether protection 
against such faults is economically feas¬ 
ible. Also, it is beyond the scope of this 
paper to consider protective mcanc be¬ 
yond mentioning a few obvious measures 
such as: 

1. Reduction of arrester ground resistance 
to a value considerably less than the custo¬ 
mer s ground, although the customer’s 
ground must also be kept low for his safety. 

2. Application of very low breakdown- 
value protectors across the secondary bush¬ 
ings. 

3. Placing of small reactors in the trans¬ 
former secondary leads inside the tanir 
which will cause the bushing gaps to flgoh 
over and protect the secondary winding. 

4. Placing the two secondary leads inside 
a waterproof metallic cable, the metallic 
covering of the cable serving as the neutral 
lead grounded to the case, and also serving 
as a supplement to the arrester ground when 
the cable is run underground to the custo¬ 
mer. 


Primary Winding Currents Under 
Long-Duration Surge Conditions 

Very little surge current is built up in 
the primary winding until the transformer 
core reaches saturation, when the effective 
primary-winding inductance drops 
sharply; short-duration surges do not 



Figure 1 . Showing the effect at X of electro¬ 
magnetic stresses caused by lightning currents 
entering the secondary sections of a distri-, 
bution-type transformer at the neutral-wire 
connection 


produce saturation. Long-duration or tion of the “front” of the wave is so short 

repeated surges equivalent to long surges in relation to the very long duration of the 

can build up considerable currents, often “tail” of the wave that it plays little im- 
sufficient to blow the usual primary pro- portance in the determination of the final 

tective fuse. The determining factors in current through the winding; and there- 

this saturation phenomenon can be more fore, the corresponding term is left off to 

readily analyzed by taking a specific field simplify the mathematical presentation, 

example of a 7,200-volt rural distribution This surge wave is so long relative to 
system feeding a network of three-kva the time of travel along the entire trans¬ 
transformers, shown in Figure 3. mission line that the same potential can 

There are two possible conditions under be considered applied at all the trans- 

which long surge waves may be present on former installations, and the surge im- 

the system. The arresters on the system pedance of the fine can be considered a 

may be functioning and, if they are of the negligible factor. This becomes dear 

conventional type, they will limit the peak when it is considered that the length of 

voltage to about 55 kv, but this will drop the wave of 2,500 microseconds cotxe- 

at a slower rate than the incident wave; sponds to a time such a wave could travel 

thus, in effect, produdng a lengthened 475 miles, or would travel back and forth 

surge. On the other hand, espedally in in successive reflections on an average 50- 

the case of repeated discharges, long mile rural system about ten times while 

surges may be present on the system with- dropping to half value. Hence the con- 

out any arresters functioning on some of ditions can be considered essentially the 

the later of the repeated discharges which same at each of the distribution trans¬ 
may have dropped to below the break- formers and may be schematically repre¬ 
down point of the arrester. In the latter sented as shown in Figure 4. 

case the duration of the surge is influenced The curves C and F, Figure 4, show the 
by the discharge path both from doud resulting current rise in the primary wind- 

to ground and within the cloud itself. ing with the surge occurring at different 

Recent investigations 2 -* show such waves points C' and F' on the normal 60-cyde 

may be from 1,000 to 20,000 microseconds wave, shown in Figure 5. The current 

duration. A border-line case which would begins to be appredable only as the trans- 

fit the above conditions of the arresters former core saturates. The hysteresis 

functioning or not functioning could be loop A-B-C-D-E-F-G in Figure 5 gives the 

represented on the particular 7,200-volt normal variation of B-H as the transfer¬ 
line by a surge expressed as mer core changes its values of B to pro- 

e-E e~ a, =<55 OOOc -0 ' 0003 ' duce the equal but opposite sinusoidal 

dectromotive force, iR+N(d<& / dt) TO “ 8 , 

This expression corresponds to a wave 
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Figure 3. Typical 7,200-volt rural sinsl*- 
phase section in which fuse failures were 
caused by lightning current penetrating the 
primary windings of the distribution trans¬ 
formers 


which balances the applied electromo¬ 
tive force, E m sin cat. The B and elec¬ 
tromotive force relationships are indi¬ 
cated in dashed lines on Figure 5, from 
which it is clear that a surge impressed at 
C on the 60-cyde voltage wave conforms 
to C or maximum flux value, on the hys¬ 
teresis loop, will cause a maximum flux in¬ 
crease along S; and, therefore:, will result 
in the shortest time to core saturation. 
Similarly a surge at point F' on the 60-cycle 
wave would result in the longest time to 
saturation. The calculation of the growth 
of current must take into account these 
various states of magnetization of the 
core; and because the B-H curves cannot 
be expressed mathematically by a simple 
equation, the fundamental equations 
must be solved graphically or in a step-by- 
step manner, as given in the appendix. 
From these calculations and the resulting 
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TIME— MICROSECONDS 

Figure 4* Initial current rise in a distribution- 
transformer primary due to lightning surges 
hidden! at different points on the normal 
power-frequency cycle 


Figure 5. Magnetization curve 
for the core of the typical dis¬ 
tribution transformer 

The dashed lines indicate rela¬ 
tive flux-voltage relations under 
normal operation 



curves of Figure 4, it is clear that the time 
denoted by t 0 elapsing before the core sat¬ 
urates and appreciable currents can de¬ 
velop varies with the point of surge inci¬ 
dence on the 60-cycle wave and lies in the 
range 2„= 1,100 *600 microseconds. 

The above range of t 0 was determined 
for one specific 7,200-volt transformer of 
three-kilovolt-ampere rating. It follows, 
however, from the calculations (see ap¬ 
pendix) that the time t 0 is independent of 
the transformer kilovolt-ampere rating 
and of the voltage rating of the trans¬ 
former, so long as the ratio of its voltage 
to the surge voltage remains the same. It 
also follows, from the calculations and the 
curves of Figure 5, that for the larger 
values of current as the core saturates, the 
relation oiBtoH increments or AB/ A H 
becomes a constant, and the problem 
may be solved as with constant param¬ 
eters. The relation for the current due 
to a surge potential e=E s €~ ai , may be 
written as 


acteristics. Thus, Figure 6 shows pos¬ 
sible currents due to the surge alone flow¬ 
ing into two transformers of different im¬ 
pedances but of the same kilovolt-am¬ 
pere and kilovolt ratings. These currents 
are of sufficient magnitude to cause the 
protective fuses in the transformer-pri¬ 
mary-circuit leads to fail, as was proven 
by instances of fuse failures on unener¬ 
gized lines under lightning conditions. 
Conclusive evidence that the relative cur¬ 
rents are as calculated is given by the field 
case summarized in Figure 3, where every 
fuse failed at a 2.3 per cent impedance 
transformer but where none failed at any 
of the higher impedance transformers. 
The greater current associated with the 
lower impedance transformer, as shown 
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where L is the inductance of the circuit 
with the core saturated, t 0 is 1,100 *600 
microseconds, depending on the point of 
surge incidence on the power frequency 
cycle; the values of i up to t—t 0 being 
relatively small and considered zero. 

The,derived simplified equation lends 
itself readily to the examination of pos¬ 
sible currents flowing into various trans¬ 
formers having different impedance char¬ 



Tl ME — MICROSECONDS 

Figure 6. Incident surge wave and resulting 
current in the primary windings of three- 
kilovolt-ampere, 7,200-volt distribution trans¬ 
formers having per cent impedance values 
as marked on the curves 
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in Figure 6, accounts for the selective 
action noted. The solution of the fuse- 
failure problem is definitely not, however, 
the use of high-impedance transformers. 
In this particular case all of the fuses were 
of the same rating; and none failed on the 
high-impedance transformers, because 
these transformers were overfused rela¬ 
tive to their impedance and, therefore, 
were actually unprotected against normal 
overloads. 

Conclusion 

Direct lightning strokes may cause very 
large currents to penetrate the secondary 
windings of distribution transformers with 
destructive effects, even though the pri¬ 
maries are perfectly protected. It is im¬ 
portant, therefore, to determine the ac¬ 
tual extent and frequency of occurrence of 
this type of failure in practice. 

Long-duration surges cause relatively 
large currents to build up also in the pri¬ 
mary windings of distribution transform¬ 
ers, as analyzed in this paper. Field ex¬ 
perience with fuse failures and laboratory 
research by the writers with simulated 
surge conditions, have checked the valid¬ 
ity of the analytical approach. Oscillo¬ 
graphic records obtained in this research 
agree closely with Figure 6. Conclusions 
on the effect of variations of incidence of 
a surge on the 60-cycle wave follow readily 
and accurately from the detailed analysis 
in the appendix and elsewhere in this 
paper. Published experiments by Berg- 
vall and Beck 4 with direct currents equiva¬ 
lent to long-duration surges applied to 
transformers are also in reasonable agree¬ 
ment. 

The calculations of Table I in the ap¬ 


pendix, extended over a number of cycles, 
show that even after the surge voltage 
has completely disappeared a high mag¬ 
netizing current transient results, due to 
the high degree of saturation in the core. 
Reference to equation 5 in the appendix 
shows that the flux increment, due to a 
small surge incident on the transformer 
60-cycle wave at a point corresponding to 
low core flux value, may be written 
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since iR would then be negligible during 
the surge-incidence time. The total flux 
increment due to a surge E g €~ at would be 
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It follows, therefore, that every surge, no 
matter how small, would cause a certain 
shift in flux and would produce a mag¬ 
netizing transient. These transients, al¬ 
though usually more severe, are of the 
same character as the magnetizing in¬ 
rush currents experienced when Energiz¬ 
ing a transformer at certain points on a 
60-cycle wave. This fact is of impor¬ 
tance in examining possible faulty opera¬ 
tion of fuses and breakers. An interesting 
proof that such “induced” magnetizing 
inrush currents may cause faulty fuse 
and breaker operation is given by cases of 
recent outages during periods of severe 
sun-spot activity which resulted in long- 
duration relatively constant voltages 
across the transformers, which although 
quite different in magnitude were com¬ 
parable in effect to long-duration repeated 
lightning surges. 

Although complete protection methods 


have been developed, further researches 
and field studies are necessary to deter¬ 
mine the frequency of occurrence of these 
problems in actual practice. 


Appendix. Solution for Current 
in Transformer Due to Lightning 
Surge Superposed on the Normal 
Power Cycle 


The fundamental relationship for the 
transformer with a total voltage e across it, 
composed of the normal operating voltage 
Em, sin <d and a superposed surge voltage 
E g e~ al may be written as 

e—E m sin (o)t-\-d)-\-E s e~ al 
= N(d<t>/dt)X10-«+iR 
=A(dB/dt)+iR (1) 

where represents the total value of the 
flux linking the primary winding, including 
the air space around the core, that is, the 
leakage inductance L(di/dt) drop. This 
leakage inductance is introduced in the cal¬ 
culation by choosing the graph correspond¬ 
ing to the proper value of A in Figure 5, 
the value of K being equal to the ratio of 
total leakage flux (excluding the contribu¬ 
tion of the core) to the leakage flux which 
would be obtained in the space occupied by 
the core. External inductance of transmis¬ 
sion lines, and so forth, can also be included 
in determining the value of K, as suggested 
by Steinmetz 5 in solving the somewhat 
similar problem of determining magnetizing 
inrush current. The value of the constant 
A can be determined from the physical 
characteristics of the winding or from the 
known maximum flux density under normal 
operating voltage conditions. Neglecting 
the iR term for normal magnetizing cur¬ 
rents, and for normal steady-state condi¬ 
tions 

E m sin ut=A(dB/dt) 
from which 

dB = (E m /A) sin utdt (2) 


Table I. Step-by-Step Solution of Current Due to a Lightning Surge, 55,OOOe -0 0003< Super¬ 
posed at the 180-Degree Point of the Normal Power-Frequency Cycle 
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B^(E m /A) f sin utdt=*(,—E m /A) cos «*>/ 
B m =E m /(»A 

and hence, 

Ar*Em/uB m (3) 

Thus, substituting this value of A in equa- 
. tion 1 for surge conditions 

e=E m sm(wt+6)+E s e- ai 
*= (E m /(»Bm)(.dB/dt)-{-,iR (4) 

For a solution of equation 4, dB/dt may be 
written in finite increment form ABJ At, 

giving 

AB = (uB m /E m )(,e—iR) At (5) 

The values of the total potential e com¬ 
posed of Em, sin M+0) and E s € _ot in equa¬ 
tion 5 must be thetaverage values over the 
interval At. To avoid the approximation of 
finding the average, Em sin (<d+9)dt may 
be written as —d[(Em/o>) cos (orf-HH and 

E g t~ at dtSLS — df— — 1 so that, in substitut- 
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iiig increments for the differentials, equation 
5 may be written as 


AB= —B m A cos (<»/4-0) — 

uEsBm . _at iRuB m At 

KT (6) 

The values of i remain to be averaged over 
the interval At, so that, where variations of 
i are rapid, it may be necessary to use shorter 
intervals of t. The values of A B are added 
to the preceding values to give the total B, 
and the corresponding values of i are deter¬ 
mined from the B-H curve of Figure 5 in 
the step-by-step manner indicated in Table 
I. The relation of i to H depends upon the 
number of turns in the winding, N, and the 
mean length of the magnetic path, l; 


H 


QAvNi 

l 


or i 


HI 

OAirN 


(7) 


For a typical three-kilovolt-ampere, 7,200- 
volt distribution transformer it was found 
that for £ s =55 kv, as shown for the surge 
e <=E s e~ at , and for the actual constants as 
determined from the transformer of B m ** 
10,000 and B m = 7,200 V2 or 10,200 volts, 
and R =280 ohms, equation 6 for A B could 
be expressed with convenient coefficients for 
step-by-step calculations, to within two to 
three per cent probable error, as 


AB= —10,000 a cos (O.OOO377/+0) - 

67,700a«“«-"**-0.15 At (8) 

with t and At expressed in microseconds, and 
where, for the particular transformer /=32 
inches and N=> 6,240 turns, the values of * 
aregivenby 

♦«0.01£T (9) 

with H corresponding to the various values 


of j B determined for the proper value of K 
(in this case K=3) from Figure 5. 

The initial value of B in Table I is taken 
as that corresponding to the point on the 
normal 60-cycle voltage wave at which the 
surge is incident. The particular value taken 
in the given tabulation is that value nearest 
saturation, or with an initial value of 
B =F m =10,000, corresponding to the in¬ 
cidence of the surge at the zero point C' 
on the 60-cycle wave, or where 0 =t in 
equation 6. It is clear from the tabulation 
and from the corresponding plotted curve in 
Figure 4, that the values of current are 
relatively small until the time when the 
core is very near the saturation point, or 
until f„=500 microseconds in this case. 
Similar calculations for a point of incidence 
of the surge corresponding to 0=0 in equa¬ 
tion 6 and to F' in Figure 5 gives, for the 
equivalent time to saturation t 0 , the value 
of 1,700 microseconds. Thus the time 
elapsing before the core saturates and ap¬ 
preciable currents can develop varies with 
the point of surge incidence on the normal 
voltage wave, and for the given ratio of 

(E s /E m )=lies in the range 

t 0 = 1,100 *600 microseconds (10) 

The above value of t 0 was determined for 
one specific 7,200-volt transformer of three- 
kva rating. It is of interest to refer back 
to equation 6 from which it will be noted 
that while i is still small, that is, before t — 
t 0 , the values of AS due to the surge voltage 
are proportional to ( Eg/Em ). This pro¬ 
portionality means that for the same ratio 
of surge voltage to line voltage the values of 
/„=1,100 ±600 microseconds will hold 
closely, irrespective of the transformer rat¬ 
ing, and will vary only in response to 
(E g /Em). Thus, since there is a fairly well- 


established ratio of allowable surge voltage 
to 60-cycle voltage on distribution lines 
the values for t 0 are valid for all distribution 
transformers, irrespective of kilovolt and 
kilovolt-ampere ratings. 

Another interesting development which 
follows upon examination of Table I and 
Figure 6 is that, as the core saturates the 
relation (A B/ AH) becomes a constant and 
the problem may be solved approximately 
with equivalent parameters. If one neglects 
the much smaller component of the 60-cycle 
voltage effective under the surge conditions 
of saturation, the current due to a surge 
potential e=E s ~ at may then be found from, 

<--A_ WW-W] (11) 

R—aL 

where L is the inductance of the circuit 
with the core saturated, t 0 is 1,100 ±600 
microseconds dependent on the point of 
surge incidence on the 60-cyde wave, and 
the values of i up to J=f 0 , being small, may 
be neglected. 
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Current Ratings of Electronic Devices 
for Intermittent Service 
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Synopsis: Electronic devices are used ex¬ 
tensively for switching, relaying, welding, 
and similar service resulting in intermittent 
loads. In the paper methods for assigning 
standard ratings suitable for such intermit¬ 
tent loads are investigated, both for single¬ 
anode tubes and tube circuit combinations. 
Vapor-filled tubes with oxide-coated fila¬ 
ments are treated somewhat in detail in 
order to develop the basic considerations. 
Other types of tubes, such as the pool-type 
and cold-cathode, are only briefly discussed. 
A method of rating which seems generally 
applicable is proposed, with the suggestion 
that its suitability for the great variety of 
conditions encountered be further investi¬ 
gated. 


T HE assignment of ratings especially 
suited for intermittent service is de¬ 
sirable, if it results in more economic use 
of devices than the present practice of 
assigning continuous ratings. The sub¬ 
ject is of particular importance in con¬ 
nection with tubes, because they are used 
so extensively for intermittent operations 
such as switching, relaying, signaling, 
spot-welding, and so forth. It is in¬ 
tended in this paper to examine the possi¬ 
bilities of assigning intermittent service 
ratings to electronic devices, giving due 
consideration to the methods proposed 
in the recent AIEE report No. 1-A on 
“General Principles for Rating of Elec¬ 
trical Apparatus for Short-Time, Inter¬ 
mittent, or Varying Duty,” by standards 
co-ordinating committee 4. 1 

In any analysis of the rating of elec¬ 
tronic devices the following must be kept 
in mind: 

1. The flow of current through each anode, 
and consequently through a single-anode 
tube, is intermittent in nearly all applica¬ 
tions. This is shown in Figure 1, case At, 
which illustrates the current flowing with a 
single-anode rectifier. The same condition 
applies with a single-phase full-wave recti¬ 
fier for each anode. Case Ci shows the cur¬ 
rent in each single-anode tube for three- 
phase rectification; similarly Ei applies to 
six-phase arrangements. In some applica¬ 
tions the time of current-flow is even less, as 
in the ignitor circuit tubes of ignitrons, illus- 
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trated by case Gi. If the application is such 
that the current-flow periods repeat con¬ 
tinuously, it is customary to consider it con¬ 
tinuous service, which for each anode means 
continuously repeating pulsations of the cur¬ 
rent. Regardless of this continuous feature, 
it must be realized that dependent upon the 
duration of each pulsation and the amount 
of idle time between pulsations, different 
current rating values may have to be as¬ 
signed for the different cases of Figure 1 and 
similar variations, in order to bring about 
economical use of the electronic devices. 

2. In all electronic arrangements co nsis ting 
of two or more single-anode tubes, careful 
distinction must be made between the rating 
of individual tubes and that of the complete 
tube combination. Cases Bu £>u and Fi 
show the output of two-, three-, and six-tube 
arrangements corresponding to the single¬ 
anode currents of cases A u Ci, and Ei, re¬ 
spectively. 

3. The output of the tube combination 
may* be continuous as discussed so far, or 
intermittent as illustrated for equal time on 
and off in B 2 , D it and Ft of Figure 1. The 
currents in the individual single-anode tubes 
for these cases are shown in A», C*. and Et 
respectively. The current here is inter¬ 
mittently pulsating. Gt shows an inter¬ 
mittent load for short-time individual pulsa¬ 
tion as might be found in the individual 
ignitor circuit tubes used in seam-welding. 
Ratings for such intermittent tube loads. 
may be different from those of the previously 
described continuously pulsating loads. 

Rating of Single-Anode Tubes 

Depending upon the type of tube and 
type of load, the permissible rating of a 
single-anode tube may be limited by any 
one of the following factors: 

(а) . Heating of the Tube as a Whole. 
With the usual assumption of constant 
voltage-drop in gas-filled tubes, it is cus¬ 
tomary to consider the average current as 
the principal factor in this respefct. Inves¬ 
tigations by Knowles and McNall 2 indicate, 
however, that with short-time pulsations in 
a hot-cathode tube the assumption of con¬ 
stant voltage-drop does not hold true, and 
this may have to be considered under some 
conditions. (In the case of rectification of 
frequencies of hundreds or thousands of 
cycles, there is considerable additional anode 
heating due to positive ion bombardment 
of the anode during the inverse part of the 
cycle, a fact which, of course, must receive 
due consideration.) 

(б) . Heating at the Lead-in Conductors 
and Seals. This is influenced largely by 
the rms current, and if it is too high diffi¬ 


culties may develop. (Unfortunately the 
heating of the lead-in conductors and of the 
tube as a whole are interdependent, making 
a clear-cut distinction between the limits 
imposed by the average current and the 
effective current difficult.) 

(c) . Values of the Individual Current 
Pulsations and Their Duration and Fre¬ 
quency. These may be important factors 
in limiting tube ratings for a number of 
reasons dependent on the physical phe¬ 
nomena entering into the operation of 
various types of tubes. (The sparking tend¬ 
ency of oxide-coated filament tubes and 
the back-fire phenomena in pool-type tubes 
are examples of this.) 

(d) . Requirements for Satisfactory Life of 
the Tubes. Even though the limitations 
imposed by items a, b, and c have been taken 
into account to assure satisfactory opera¬ 
tion, rating values may have to be made the 
subject of further adjustments to assure 
satisfactory life of the tube. (The life of 
oxide-coated filaments or the life of the 
covering of cold cathodes are examples of 
this. The electron emission in a hot- 
cathode tube decreases during life, and in 
many cases the end of life is determined by 
lack of cathode emission. Therefore, tests 
or ratings involving peak-current-carrying 
capacity, as well as any other current rating, 
of the tube must take this into account.) 

Separate consideration will have to be 
given to each type of tube for various 
service conditions before any plan toward 
a reasonably uniform method of rating 
can be devised. As a contribution to¬ 
ward a satisfactory system of rating a 
number of typical cases will be considered 
in the following. 

Vapor-filled tubes with oxide-coated 
filaments will be considered first. Rating 
data for those tubes usually give the con¬ 
tinuous average current rating and a limit¬ 
ing peak or crest value for the current. 
The latter ranges in some tubes from 
four to six times the continuous average 
current value, or conversely, the con¬ 
tinuous average is 25 to 16.6 per cent 
of the specified peak value. In Figure 
1 the rms and average current values 
are indicated in per cent of the crest 
values for each of the cases shown. It 
will be noted that in all cases of the single¬ 
anode tube currents except Ai and Ci the 
average current is less than 16.6 per cent. 
This in turn means that with the data in¬ 
dicated above, which are those usually 
given, the average current is the limiting 
factor in cases A\ and Ci, while in all other 
cases the specified peak current limits: 
the permissible load, regardless of the 
duration and frequency of the current 
impulses. A question therefore arises as 
to whether better utilization of these de¬ 
vices might not be brought about by some- 
other method of specifying ratings more 
suitable for loads with short-time pulsa¬ 
tions. Knowles and McNall have made 
an investigation on the sparking point of 
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Figure 1. Typical 
load current for tubes 
and tube combina¬ 
tions 

Cases Ai, A 2 , C u C 2/ 
E u E it Gi, G a —Single 
anode currents 
B u 6o; Di, D 2 , Fi t F 2 
—Currents for multi¬ 
anode arrangements 
A\ to Fi —Continuous 
loads 

At to Fi —Intermit¬ 
tent loads 

Rms and average cur- 
rentvaluesin per cent 
of crest values are in¬ 
dicated in each case 


the filament as depending upon current 
and time. Some of their results are re¬ 
arranged in Figure 2. It will be noted 
that with the minimum filament voltage 
of 2.25 volts, peak currents of 2.75 am¬ 
peres for long durations of the pulsation 
are indicated. The curve also shows that 
the permissible peak loads can be in¬ 
creased by 2 per cent, 11 per cent, 32 per 
cent, and 80 per cent, for 180, 120, 60, 
and 10 degrees of the 60-cycle wave re¬ 
spectively; especially in the last two 
cases the gain is appreciable and seems 
to make it worth-while to standardize on 
several ratings suitable for service with 
various short-time pulsations. 

The underlying physical phenomena 
make it necessary to specify for each of 
such ratings: 

1. The wave shape of the impulse. 

2. The crest value of the impulse. 

3. The duration of the individual impulse. 

4. The frequency at which the impulses 
can be safely repeated. 

1. Wave shape. The tests by Knowles 
and McNall were made with a rectangular 
impulse wave. In actual practice a variety 
of waves is likely to be found, some of which 
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Figure 2. Current values dependent upon 
t.me above which cathode sparking may occur 
.n a yapor-filled oxida-coated-filament tube 


are shown in Figure 3. Although all of these 
waves have the same crest value and the 
same total time of current-flow, it is obvious 
that the effect of wave A, for instance, upon 
the sparking tendency and other character¬ 
istics of the tube is likely to be considerably 
different from that of wave F. Since it is 
obviously impracticable to establish a mul¬ 
titude of standards for all these wave shapes, 
a few typical ones will have to be selected as 
a basis for standardization; the choice will 
be determined largely by the wave shapes 
encountered in practical applications. A 
near rectangular or a sinusoidal wave, or 
both, may at times be selected for this pur¬ 
pose. In the application of tubes waves 
approaching a rectangular wave shape (see 
cases C to G of Figure 1) are at least as 
frequent as sine waves (A and B). The 
ease with which tests, especially life tests, 
can be made with a given type of wave 
should probably also have an important in¬ 
fluence upon the final choice. Multiphase 
arrangements of single-anode tubes on 60- 
cycle circuits with at least six phases (six 
tubes) give a wave shape approximating a 
rectangular wave (Figure 1, case JB t ), and 
thus seem to be very convenient for test 
purposes. Therefore, standardization with 
such a wave shape of the impulse as a basis 
seems advisable in addition to standardiza¬ 
tion with a sinusoidal wave shape. Tests 
for standards with shorter‘impulses can be 
made either by increasing the number of 
phases (tubes) or by using basic frequencies 
above 60 cycles, depending upon the case. 
(In. case of rectangular waves the steepness 
of the wave front may have to be specified, 
as destructive cathode bombardment may 
result if full anode current is drawn in time 
less than ionizing time of tube.) 

2. The'crest value of the impulse has the 
advantage of simplicity over the use of rms 
or average values, since it obviates in many 
instances the necessity for calculating these 
latter values. 

3. The time of the individual impulse may 
be expressed in units of time such as. milli¬ 
seconds or microseconds; this practice has 

CREST 
VALUE 
1/2 CREST 


the advantage of being most generally 
applicable to all conditions found in actual 
practice. However, in some applications it 
may be convenient to express the time in 
degrees of some standard frequency, such as 
60 cycles. (If a near-rectangular wave with 
a peak value and time specified is used as 
a basis for standardization, a question 
naturally arises as to how a tube so rated 
can be applied to pulsations having different 
wave shapes, such as shown in Figure 3. 
A practical and safe method can be based 
on the assumption that current values below 
a certain percentage (possibly below 50 per 
cent) of the peak value will have but negli¬ 
gible effect upon either the sparking tend¬ 
ency or the life of the tube. If this is true, 
the time t during which the current exceeds 
such percentage can be safely considered the 
effective time of the impulse, as illustrated 
in Figure 3. For example, an application 
with a wave shape as in case F would use a 
tube standardized on a much shorter rec¬ 
tangular impulse duration than would be 
used in D, although the total time of the 
current flow is the same in both cases.) 

4. The frequency at which the impulses 
can be safely repeated, either continuously or 
for a limited period, must be given with the 
rating data. The tests on sparking tend¬ 
ency by Knowles and McNall were carried 
on with single impulses. If several such 
impulses were to follow each other at very 
close intervals, their effect might approach 
that of one longer interval, and sparking 
might result. If on the other hand the 
impulses are repeated at not too frequent 
intervals, the only result is likely to be a 
slight increase of the temperature of the 
filament, which in general will have a favor¬ 
able effect on the operation at the lower 
filament voltages and no particularly harm¬ 
ful effect at the higher filament voltages. 
If the impulses are repeated too frequently 
for extended periods, limitations may also 
be reached, because of exceeding the safe 
average or rms currents of the tube, or be¬ 
cause the life of the tube is decreased below 
satisfactory values. Various other limita¬ 
tions may have to be considered in this 
connection. The maximum frequency of 
impulses at which any of the limitations are 
reached can be readily determined by test, 
so that usually it is not difficult to establish 
a maximum frequency that is safe. In 
many arrangements connected to commer¬ 
cial circuits with a definite frequency, such 
as 60 cycles, a pulsating frequency in each 
single-anode tube in excess of the circuit 
frequency cannot be readily obtained and 
therefore, is not of any practical value. 

Since this paper deals essentially with 
current ratings, little mention has been 
made of the voltage conditions in the 
tube. It is of course appreciated that the 
various factors relating to current ratings 

Figure 3. Typical wave shapes of current im¬ 
pulses which may flow in electronic devices 

v 
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may be appreciably influenced by the 
operating voltage, the inverse voltage, 
the rate of rise of the inverse voltage, and 
so forth. This simply means that the 
complete rating structure must take such 
influences into account where they are of 
importance. 

If pulsations as defined by the quanti¬ 
ties previously discussed can be repeated 
continuously and without overheating 
the tube or any of its parts, no further 
information on the current rating is re¬ 
quired. Practical applications of this 
kind are illustrated in E\ and Gi of Figure 
1, as in these cases the average or rms 
values indicated are not likely to give un¬ 
safe temperatures. On the other hand, 
•for applications A\ and’ Ci the average 
currents are likely to be in excess 
of safe values with continuously pul¬ 
sating service. However, the current 
values of cases Ai and Ci can be safely 
applied for intermittent pulsating serv¬ 
ice, such as illustrated by cases A 2 and 
C%. In rating tubes for such service, 
some additional rating information must 
be given. The most convenient method 
of rating to be applied here seems to be 
the duty-cycle method described in 
AIEE report No. 1-A. However, in ap¬ 
plying this method to the case at hand, 
it requires some modification. The 
method calls for the specification of the 
maximum load time per duty cycle and a 
time factor k indicating the maximum 
ratio of load time or “on” time to the 
total time per load cycle. Due to pulsat¬ 
ing nature of the load current, adherence 
to the exact wording of report 1-A would 
be confusing. In Figure 1 the time T r 
indicates the time of the cycles during 
which pulsations oecur, and T indicates 
the time of the total number of system 
cycles for one duty cycle. It is obvious 
that confusion can be avoided by giving 
the maximum permissible number of pul¬ 
sations per load cycle and the ratio k of 
these pulsations to the total number of 
cycles of the system frequency per load 
cycle. These two values must be so 
chosen that satisfactory operation and 
life of the tube is assured. (Consideration 
has been given to the use of the service- 
factor method described in report 1-A, 
but it was found that the use of this 
method would unnecessarily complicate 
matters for the specific case without giv¬ 
ing any compensating advantage. This 
really is to be expected, because the tube 
ratings under discussion depend upon 
many factors other than the rms current, 
which is one of the basic values of the 
servicfe-factor method.) 

In some respects the considerations up 
to this point have been specific to vapor- 

Ajjgust 1942, Vol. 61 


filled tubes with oxide-coated filaments. 
However, many of the conditions are the 
same as for most other types of tubes, at 
least qualitatively. Quantitatively, there 
may be marked differences, because the 
limitations are imposed by different physi¬ 
cal phenomena. In an ignitron, for ex¬ 
ample, tendencies toward back-fire or the 
possibility of losing control of the tube 
by the ignitor will govern the amplitude 
and time of the current impulses and the 
permissible number of impulses per load 
cycle; the ratio of the permissible peak 
currents to the average and rms values is, 
however, many times larger than that 
with oxide-coated filament tubes; again 
various voltage conditions may influence 
some of the current ratings to a consider¬ 
able degree. (While some of the restrict¬ 
ing factors for the ignitron have been men¬ 
tioned merely to point out certain dif¬ 
ferences, it should not be inferred that the 
ignitron involves more factors for satis¬ 
factory operation than a hot-cathode 
tube. A complete analysis is likely to in¬ 
dicate that on the whole the hot-cathode 
tube has more restrictions and compli¬ 
cating factors.) 

Conditions with the cold-cathode tube 
are somewhat peculiar, as pointed out by 
G. H. Rockwood. 3 He gives, a curve 
showing that with every load current of 
these tubes there is a certain total life in 
hours of current flow. He also indicates 
how the life of these tubes can be calcu¬ 
lated from his curve for other than rec¬ 
tangular wave shapes. With this infor¬ 
mation it is possible to calculate for any 
required type and amplitude of load cur¬ 
rent the percentage of idle time which 
must be allowed for to assure a desired 
total life of the tube. In this manner the 
time factor k can be determined. There 
is no need in this case to specify the maxir 
mum number of impulses per load cycle, 
because the “on” time can be distributed 
in any desirable manner over the entire 
life of the tube. It will thus be seen that 
even the cold-cathode tube, although very 
different from the mercury-pool or the 
hot-cathode tube may be fitted into the 
general pattern of rating structure pre¬ 
viously described. 

The method of rating single-anode 
tubes suggested here should enable the 
designer of .tube circuits to apply the 
tubes to best advantage. It unfortu¬ 
nately means the assignment of a number 
of different ratings corresponding to a 
variety of practical applications en¬ 
countered. However, there seems to be 


familiar type of ratings of most electro¬ 
magnetic apparatus is contrary to the 
basic principles involved and therefore 
bound to result in misapplications or un¬ 
economical use of the devices. If single¬ 
anode tubes are used by themselves, as 
may be the case with half-wave rectifica¬ 
tion, it may be advisable to give in addi¬ 
tion to the rating structure described, the 
rms current and possibly the average cur¬ 
rent for the various ratings to assist in the 
selection of conductors, protecting de¬ 
vices, and so forth, connected in the tube 
circuit. 

Rating of Tube Combinations and 
Circuits 

For many practical applications, sev¬ 
eral single-anode tubes are used in com¬ 
bination, and in addition other apparatus 
such as transformers, reactors, capaci¬ 
tors, resistors, and so forth, are often em¬ 
ployed in the combination, which has 
either a certain output as in the case of 
rectifiers or inverters, or a certain carry¬ 
ing-capacity as in applications involving 
control functions. The heating of most 
of the additional apparatus is determined 
by rms current values and usually the 
output or carrying-capacity of the entire 
combinationin rms valuesis of principal in¬ 
terest to the user. (There are some excep¬ 
tions to this, for instance, battery chargers, 
where the average current value is of im¬ 
portance.) For these reasons, and also 
because most users are accustomed to rms 
ratings, it is usually desirable to base the 
ratings of the combination arrangements 
wherever possible on rms values unless 
the load is of a type requiring pulsations, 
such as the ignitor circuit of an ignitron. 
(See Gi of Figure 1.) For cases B x , D\, 
and F\ of Figure 1, a continuous rms rating 
can readily be given, and for cases B 2 , 
Di, and F% the assignment of an intermit¬ 
tent or load-cycle rms current rating 
seems to be desirable. In most applica¬ 
tions similar to Di and Fi the difference 
between the rms and average ratings is of 
little practical importance, and in cases 
like Bi filters are often used and minimize 
the difference. In B 2 , D 2 , and F% it is 
necessary on account of the tube charac¬ 
teristics previously discussed to specify 
. the maximum duration of the “on” period 
per load cycle. It thus seems simplest to 
complete the rating structure by merely 
adding the time factor k, which is also 
limited by the tube characteristics as 


no way of avoiding this with the many dif¬ 
ferent phenomena and considerations en¬ 
tering into the operation of tubes. Any 
attempt to pattern tube ratings after the 


previously outlined. 

Whenever additional apparatus is used 
in the circuit combination, certain rating 
limitations may be imposed by this ap¬ 
paratus. This may at times result in the 
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assignment of a time factor k smaller than be given as 250 hours, although this The above rating structure for continu- 

that called for by the tubes. For the pur- would be of no practical si gnifican ce in ous loads of single-anode tubes is not pro¬ 
pose of selecting certain standard devices the usual relay application having a large posed to the exclusion of the present 

such as fuses, switches, and so forth, con- number of short operating periods. The method of giving the average current for 

nected in series with the tube device, the principal condition is that during the continuous ratings of tubes. It is in- 

rms currents corresponding to the various 10,000-hour life the total load time does tended essentially for cases where it re¬ 
load-cycle ratings should be known. Al- not exceed 250 hours. (This is merely suits in more economical application of 

though with the factor k specified, the given as an illustration. With the relay tubes than the conventional method, or 

service factor can be readily calculated, service under consideration by Rockwood, where it is found more convenient. The 

it may nevertheless be desirable to give an arrangement of one or two tubes is use of the rating structure on the left side 

in the rating structure the service factor more likely to be used, and in such cases of the table is not necessarily limited to 

in addition to the time factor k. How- the impulses will be sinusoidal.) single anodes. It may also be found con- 

ever, the service factor here cannot, as in The examples in Figure 1 all deal with venient for multianode arrangements pri- 
most other apparatus, be construed as rectification. Another function of tubes marily intended for supplying pulsations, 

meaning that the “on” current and the is that of switching or controlling alter- If it should happen with cases G\ and G 2 

“on” time can be varied at will as long as nating current for such purposes as spot of Figure 1, for instance, that a single 

the service factor rms value is not ex- welding, for instance. The individual tube does not permit a frequency of pul- 

ceeded. (Careful study of individual single-anode tube here again carries pul- sations high enough for a given applica- 

types of tubes and tube combinations may sations which are either sinusoidal half tion, a two-tube arrangement can be used 

disclose some cases where this interpreta- waves as in Figure 3B, or sinusoidal waves to good advantage and may then be rated 

tion can be used. For the sake of flexi- with delayed starts as in Figure 3D. The as indicated on the left side of the table, 

bility in application, it is of course de- current handled by the usual 2-tube com- The rating structure on the right side is 

sirable to at least explore in many cases bination is alternating instead of direct intended for all cases where direct or al- 

the possibilities of service-factor ratings current as in cases B 2 , D 2 , and F 2 of Fig- temating currents are desired, and where 

which permit variation of current and ure 1, and the load is as a rule intermit- pulsations or harmonics may or may not 

time values at least below the rated cur- tent. The operation of the individual be present as an undesirable by-product 

rent, and preferably also above this anodes is the same as previously discussed; of the circuits employed, 

value, within the limit of an rms rating the conditions with regard to multi- For load-cycle ratings the nominal 

indicated by the service factor.) anode arrangements are different only in rating is the value of the current during 

Unfortunately the load-cycle method so far 85 current ratings for the com- the load or “on” period of the load cycle, 
proposed is not very flpyjblp in its appli- bination should be expressed in rans values The service factor S is the ratio of the rms 

cation. It restricts the application of °* alternating current, with all other fac- current for the entire time of the load 

each load-cycle rating to but a limited tors handled as previously indicated. cycle to the nominal rms current value 

variety of load-cycle conditions. The Summarizing, the rating structure sug- during the “on” period, 

time T=*T r /k (in which T r is the sped- gested here comprises: Whenever tubes have a limited life, the 

fied maximum “on” time per load cyde) 

corresponds in some ways to the so-called — r . . . ■ . 


“averaging” time used to some extent in 
tube specifications. Satisfactory results 
will be obtained with the rated current, 
if there are several load cydes instead of 
one during the time T, as long as the ratio 
of the total “on” time T r to T does not 
exceed the value k. Additional load-cyde 
ratings have to be given for applications 
with different current values. 

It may be advisable to illustrate briefly 
here the rating and application method for 
cold-cathode tubes. Assuming, for in- 


For Single-Anode Tubes or Each 

Anode of a Multianode Tube For Combination Arrangements 


A. Continuous Ratings 

1. Wave form of impulses 1. Rms nominal current rating 

2. Crest value of impulses 

3. Time of impulses 

4. Frequency of impulses 

B. Load-Cycle Ratings for Intermittent Service 
Same as above supplemented by— 

5. Maximum number of impulses per load 2. Maximum active time per load cycle 

cycle (or equivalent time) 3. Time factor k 

6. Time factor k 4. Service factors in addition to k 


stance, a current of 50 milliamperes in the 
tube described by Rockwood, the life is 
found to be about 42 hours a tube. There¬ 
fore, if six such tubes are used in a six- 
phase arrangement, giving approximately 
rectangular wave shapes for the impulses 
of each tube, the combination would have 
a life of about 250 hours at 50 milliam¬ 
peres. This, then, simply means that if a 
tube combination of this type is applied 
in service where a life of 10,000 hours is 
required, the factor k should not exceed 
the value of 0.025, which may be entirely 
practical for the relay service mentioned 
by Mr. Rockwood. For this case the 
maximum “on” time per load cycle could 


In devising a system of ratings, it must 
be considered that under many conditions 
the maximum “on” time T r per load cycle 
and the time factor k are interdependent. 
Usually k has to be decreased with an in¬ 
creasing value of T r . This is always the 
case when heating considerations are the 
determining factor. (See references 4 and 
5 which demonstrate this in connection 
with machines and other apparatus. For 
tubes this is more fully discussed in a 
companion paper by Marshall and Ar- 
nott. 6 ) For this reason T y should not be 
chosen any larger than necessary for 
practical applications. By keeping T r 
low, the value of k is favorably affected. 


expected life in hours must necessarily 
enter into the rating structure somehow, 
because the choice of the quantities given 
in the table may be materially affected 
by the assumed life. A typical example of 
this is the cold-cathode tube previously 
described. 

As a rule, all of the quantities of the 
table except the service factor S, which 
may be given for convenience, are essen¬ 
tial to definitely limit the application of 
the device to service it can handle satis¬ 
factorily. (There are a few exceptions to 
this, such as the cold-cathode tube where 
the indication of the maximum active 
time per load cycle is of no practical im- 
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parlance.) However, the importance of 
the different quantities may vary appreci¬ 
ably with different tubes and applications, 
as may the reasons why the factors must 
be limited to the values given. In hot 
cathode tubes, for instance, the crest 
value of the impulses is quite a decisive 
value, while in many other types of 
tubes the maximum crest value is not 
such an important limitation. The maxi¬ 
mum active time per load cycle may be 
primarily limited by heating considera¬ 
tions of various structural parts in hot- 
cathode tubes, while back-fire considera¬ 
tions or loss of proper control (also largely 
influenced by heating) may be most es¬ 
sential in some pool-type tubes. The time 
factor k, which determines the minimum 
idle periods, may be chiefly determined 
by heating consideration in a hot-cathode 
tube, while in a cold-cathode tube its 
value is determined essentially by the ex¬ 
pected life of the tube. However, re¬ 
gardless of what these numerous varia¬ 
tions may be, it seems that the suggested 
rating structure satisfies almost every 
conceivable condition that could be en¬ 
countered in practice with continuous or 
intermittent service, although some ex¬ 
ceptions to this can undoubtedly be 
found. It is fully realized that many fac¬ 
tors (especially various voltage condi¬ 
tions) not discussed here in detail will 
have to be given careful consideration in 
the setting of current ratings. It is ob¬ 
vious that in the brief review of rating 
structures given here it would be imprac¬ 
tical to attempt a comprehensive treat¬ 
ment of all phenomena involved. Some 
of the more important considerations not 
covered here will undoubtedly be pointed 
out in the discussion. 

With the load-cycle current ratings so 
far discussed it has been assumed that 


loads with definite requirements, as, for 
instance, the operation of relays designed 
for such current. Many applications like 
this are found in practice and can be taken 
care of by a single load-cycle rating. 
However, with many other tube arrange¬ 
ments, it may be desirable to give suf¬ 
ficient rating information to facilitate 
their application for a variety of inter¬ 
mittent service conditions. In Figure 4 
the curve shown is intended to indicate 
the maximum “on” time permissible for 
a specific tube arrangement for various 
nominal load currents. Since it seems un¬ 
desirable to list a great number of differ¬ 
ent current ratings, only a few, such as 
Pth, Pn&, and Pin, are indicated in 
the figure. For each of these the maxi¬ 
mum “on” time per load cycle can be 
given, as indicated by the values 7\, T 2 , 
T%, and TV In addition the value k 
would have to be given for each case. 
This then would make possible the appli¬ 
cation of the arrangement within its 
range of satisfactory performance for dif¬ 
ferent applications, as intermediate values 
could be readily interpolated. A question 
arises, however, as to how a single nomi¬ 
nal commercial rating should be selected 
for such a condition, especially for service 
where any of the loads are at times ap¬ 
plied for considerable periods, as may oc¬ 
cur with spot-welding arrangements for 
instance. There is not much choice be- 

i 

tween the different ratings in selecting 
one as a nominal commercial rating under 
these circumstances. The continuous rat¬ 
ing P is so far from representing actual 
service conditions that it would not be a 
very satisfactory nominal rating. The 
maximum rating P m is not very well de¬ 
fined because the time T% in Figure 4 may 
range from one cycle in the case of spot 
welding to the conventional period of one 


they are intended for typical intermittent 

—| T 5 j— Figure 4. Time-load curve of 

\ tube arrangements and sug- 
ested method for selecting 
ratings 


minute used in connection with the larger 
rectifier equipment. 

One possible method of selection might 
be to establish certain standard values for 
the maximum “on" time and select rat¬ 
ings according to such time values from 
the curve. Another possibility would be 
to set certain standard ratios between the 
nominal and the continuous rating, or be¬ 
tween the nominal and the maximum rat¬ 
ing, the latter to be based on the time 
values of practical significance for the par¬ 



ticular type of tube or service, such as one 
cycle for spot-welding arrangements and 
one minute for large rectifying equip¬ 
ment. Some measure of uniformity could 
be accomplished by always using preferred 
numbers for these ratios, as indicated 
in Figure 4, where all the steps between 
the different ratings have been selected 
to be 25 per cent, corresponding to the 
coefficient of the ten series of preferred 
numbers. In this case the load Pns, 
which is about halfway between the con¬ 
tinuous and short-time maximum rating, 
has been indicated by a heavy line to 
serve as the nominal commercial rating. 
It would seem highly desirable to devise 
some standard method for settling some 
of these questions, as it would greatly as¬ 
sist in the gradual evolution of a reason¬ 
ably uniform method for electronic de¬ 
vices. 

As previously stated, the suggestions 
given here are merely preliminary; final 
recommendations should not be given 
until considerably more work has been 
done in analyzing the various conditions. 
However, it is hoped that the brief out¬ 
line will stimulate others to investigate 
various practical arrangements and appli¬ 
cations for the purpose of deter m ining 
whether the suggestions made here can 
be used, or whether they can be altered in 
some way to make them even more gener¬ 
ally applicable. It is obvious that no sys¬ 
tem of rating applicable to all conditions 
can be devised; however, it seems entirely 
possible to develop a system capable of 
broad application and requiring only 
slight modifications for specific cases. At 
any rate, it should be possible to at least 
establish a nomenclature defining such 
terms as time factor, service factor, and 
so forth, which will be generally appli¬ 
cable and definite in its interpretation in 
all applications. 
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Ignitor Excitation Circuits and Misfire 
Indication Circuits 

A. H. MITTAG 

MEMBER AIEE 


Synopsis: Several circuits are available for 
excitation of ignitron rectifiers. Static 
magnetic-impulse circuits are used for most 
applications. Several such, circuits are dis¬ 
cussed in some detail. Ignitor requirements 
are given, and circuit requirements affecting 
the choice of excitation circuits are indicated. 

While ignitor failures are rare, they 
should be detected promptly to utilize all 
apparatus to the best advantage. Two con¬ 
ditions may arise 

i 

1. When two anodes operate in parallel from a 
single transformer winding. 

2. When a single anode is connected to each trans¬ 
former winding. 

Means for detecting ignitor misfiring are 
described for both conditions. 

A N ignitron is an electric valve in 
which the cathode spot or electric 
arc is established every cycle at the be¬ 
ginning of the conduction period of the 
main anode and is allowed to extinguish 



at the end of the conduction period. The 
arc is established by means of an ignitor, 
which is an element made of a high-re¬ 
sistance material and partly submerged in 
the cathode mercury pool. The ignitor 
is excited or fired by passing an electric 

Paper 42-105, recommended by the AIEE joint 
subcommittee on electronics for presentation at the 
AIEE summer convention, Chicago, Ill,, June 
22-26, 1942. Manuscript submitted April 15, 
1942; made available for printing May 18, 1942. 

A. H. Mittag is of the consulting engineering labo¬ 
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current of sufficient strength through it 
into the cathode to establish a cathode 
spot or arc. Static magnetic-impulse 
excitation circuits have certain definite 
advantages over other ignitor excitation 
circuits. 1 * 2 The circuits here described 
satisfy certain operating conditions. 

As current is built up in the ignitor to 
the firing value, power is consumed by 
the ignitor. At the instant the cathode 
spot appears most of the ignitor current 
transfers to the electric arc instead of 
passing through the whole length of the 
ignitor to the cathode, and the voltage 
across the ignitor suddenly collapses to 
arc-drop value. It is therefor^ desirable 
to build up the ignitor current rapidly to 
the firing point to limit the losses and the 
heating of the ignitor. Further, since the 
ignition current varies considerably from 
cycle to cycle, a rapid build-up of ignitor 
current will result in a more uniform fir¬ 
ing angle. 

Magnetic-Impulse Excitation 
Circuits 

To obtain a rapid build-up of current or 
peaked current wave, a nonlinear reactor 
is used. 

In the high impedance region of such a 
reactor, that is, below its saturation 
point, there is substantially no ignitor 
current. As the impedance decreases, 
the rate of change of ignitor current in¬ 
creases. An abrupt transition to a 
peaked current wave requires a sharp knee 
in the magnetization curve of the reactor; 
a rapid rise of current requires a low 

Figure 2. Ignitor excitation circuit using d-c 
biased nonlinear reactors 


saturated reactance. The use of an alloy 
such as Nicaloi (see Figure 1) and a well- 
interleaved core construction result in 

1. Sudden initiation of impulse current. 

2. A maximum ratio of unsaturated to 
saturated reactance values. A capacitor 
may be used as a storage reservoir so that 
other circuit reactance will not reduce the 
rate of rise of the firing impulse current. 

In Figure 2 is shown a magnetic-im¬ 
pulse ignitor excitation circuit. Here a 
nonlinear reactor Xnl is used for each 
ignitor. This is necessary, because the 
reactor is biased with d-c ampere-turns 
to obtain a high peak current in the a-c 
winding in one direction but not in the 
other. The high peak current is allowed 
to pass through the ignitor in the positive 
direction, that is, from ignitor to cathode, 
while the low negative current is blocked 
by a dry-plate rectifier in series with the 
ignitor and instead flows through the 
linear reactor Xl. This circuit gives a 
peaked current wave having a base 00 
electrical degrees long, that is, the arc is 
maintained for 60 electrical degrees of the 
fundamental frequency. In order to re¬ 
lieve the ignitor and the rectifier in series 
with the ignitor of this current after the 
arc has been established, a relieving anode 
and transfer resistor R 3 are used. The • 
resistance R t reduces the inverse voltage 
impressed on the rectifier. The resistance 
Ri limits the current in the circuit. 
Voltage control of the d-c output of an 
ignitron rectifier can be obtained by re¬ 
tarding the firing of the ignitors. The 
capacitors and resistance connected be¬ 
tween the power supply and the primary 
of the transformer T, together with the 
amount of d-c saturation of the nonlinear 
reactors X NL , permit voltage control by 
shifting of the ignitor firing. 

The vector diagram shows how this 
shifting of phase is accomplished. Vector 
1-4 is the voltage impressed on the pri¬ 
mary of the transformer, and vector 4-3 
the voltage impressed across the con¬ 
denser Ci, and triangle 1, 2, and 3 repre¬ 
sents the three-phase supply voltage. As 
the saturating current in the nonlinear 
reactors is increased, the point 4 travels 
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Figure 3. Ignitor excita¬ 
tion circuit using saturable 
reactor X s for controlling 
phase of firing 

(a) Circuit diagram 

(b) Modified circuit dia¬ 

gram 

(c) Vector diagram 



(b) 



(o) 

on the locus, 4, 4', and V. Thus the 
voltage impressed on the transformer ad¬ 
vances as the saturating current is in¬ 
creased, and therefore the angle of ignitor 
firing advances with increasing saturating 
current. The purpose of resistance £i is 
to hold the amplitude of the voltage £3 
more nearly constant. The advantage of 
this firing circuit is the long period over 
which the arc is maintained. 

Figure 3 shows an excitation circuit 
in which one nonlinear reactor Xnl is 
used to fire two ignitors. The nonlinear 
reactor is allowed to saturate in both 
directions, thus giving peak currents in 
both directions. An autotransformer 
Tz is used to provide a return path for 
the ignitor current from the cathodes of 
the ignitrons. In case the cathodes must 
be insulated from each other, this can 
be done by making the autotransformer 
an insulating transformer as shown in 
Figure 3b. The shifting of the angle of 
ignitor firing in this case is accomplished 
by a saturable reactor X s , together with a 
capacitor Ci. The resistances Ri and £ 2 
keep the voltage wave across the trans¬ 
former Ti symmetrical and in this way 
insure that the two ignitors will fire 180 
electrical degrees apart. Capacitor C 2 
helps to increase the peak volt-amperes 
delivered to the ignitors. 

In the vector diagram, £ 3 is the voltage 
impressed on the transformer T\ with 
low saturating current in the saturable 
reactor, £2 is . the voltage across the 
capacitor Ci, £4 is the voltage across the 
a-c winding on the saturable reactor, and 
Ei is the line or supply voltage. As 
Saturating current in the saturable reactor 


is increased, the a-c voltage across the 
saturable reactor decreases, and the volt¬ 
age across the capacitor Ci increases as 
shown by the dotted vectors. The volt¬ 
age £ 3 on the transformer advances from 
£3 to Ez and consequently the ignitor 
firing advances. The voltage drops 
across the resistances £1 and £2 are neg¬ 
lected to simplify the diagram. In this 
firing circuit the arc is maintained for 
about 25 degrees. The advantages of this 
circuit over the one shown in Figure 2 
are that the power consumed is less and 
tire apparatus is smaller. 

Figure 4 shows stiU another type of 
excitation circuit which shortens up the 
period over which the arc is maintained 
to about 18 degrees. This reduces the 
power drawn by the circuit still further, 
being only about 200 watts per ignitor. 
A modification of the autotransformer 
similar to Figure 3b will provide for insu¬ 
lated cathodes. The phase-shifting net¬ 
work consists of a saturable reactor X s , a 
linear reactor Xi, and a capacitor C\. 

The vector diagram shows how the 
voltage £3 varies in phase, with sub¬ 
stantially constant amplitude as the volt¬ 
age vector £ 2 , which is the a-c voltage 
across the saturable reactor, is changed 
in amplitude by means of the d-c saturat¬ 
ing winding. The angle of firing of the 
ignitors shifts with the angle of the vector 

£3. 

^ Figure 4c shows the current in the non¬ 
linear reactor, the voltage impressed on 
the ignitor, and the supply voltage. 

Sometimes it is desirable to operate 
the main anodes of two ignitrons in 
parallel, and in that case the ignitors must 
be fired simultaneously in order that the 
main anodes will divide the current 


equally. This is best accomplished by 
firing four ignitors from one ignitor excita¬ 
tion circuit as shown in Figure 5. The 
current dividing autotransformer Tz 
causes the two ignitors connected to the 
ends of the same transformer to be fired 
practically simultaneously. If the other 
transformers, reactors, resistors, and ca¬ 
pacitors in the excitation circuit are built 
for the same voltage, but twice the current 
rating, we will have a circuit that is twice 
the size in kilovolt-ampere rating and will 
draw twice as much current and power 
from the line to fire twice as many ig¬ 
nitors. However, it has been found that 
the peak volt-amperes that this circuit is 
capable of delivering to a hard firing 
ignitor have been practically doubled. 
There is therefore a distinct advantage 
when operating ignitrons in parallel in 
firing their ignitors by this arrangement. 

In order that various kinds of ignitor 
excitation circuits can be compared, it is 
necessary to have some way of measuring 
the peak voltage and current that the cir¬ 
cuit is capable of delivering to the ignitor. 
In a circuit designed to use relieving 
anodes a variable resistance is connected 
in series with one ignitor between the 
ignitor and the blocking rectifier. In 
case the circuit is designed to operate 
without relieving anodes, a relieving 
anode should be used during this test 
connected as shown in Figure 6 . This 
variable resistance can then be considered 
as being part of the ignitor, and the two 
together represent a high-resistance ig¬ 
nitor. The amount of current required to 
fire the ignitor can be varied by changing 
the depth of immersion of the ignitor in 
the cathode. With deep immersion a 
high current is required, and with shallow 
immersion a low current. For each dif- 




(b) Vector diagram 

Figure 4. Low-loss ignitor 
excitation circuit 


ferent ignitor immersion depth, the re¬ 
sistance £ is increased to such a value 
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Figure 5. Method of firing two ignitors in 
parallel 



Figure 6. Circuit for measuring output of 
excitation circuit 
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Figure 8 (left). De¬ 
tection of ignitor 
misfire by funda¬ 
mental - frequency 
component in d-c 
ripple 


Figure 7 shows the peak volts and am¬ 
peres that a typical circuit as in Figure 4 is 
capable of delivering to the ignitors. The 
curve labelled “single” is for the circuit as 
shown in Figure 4 and the curve labelled 
“twin” is for the circuit in Figure 4 when 
modified according to Figure 5 and using 
apparatus with twice the current rating. 
The points indicated by crosses in Figure 
7 represent maximum peak voltage and 
current to fire typical ignitors. This 
shows that the circuit is putting ample 
power into the ignitors. 


Detection of Excitation Failure 


that the ignitor misfires occasionally. 
With-this setting the peak voltage across 
the resistance and ignitor is measured 
during a misfire. This is the peak voltage 
the circuit is capable of delivering simul¬ 
taneously with the peak current. The 
peak current is determined from the volt¬ 
age across R. A curve can then be plotted 
showing the peak current and the peak 
voltage the circuit is capable of delivering 
to the ignitor. Such curves are shown in 
Figure 7. A circuit test made by sub¬ 
stituting a resistance for the ignitors can 
give misleading results, because a resist¬ 
ance does not have the nonlinear character¬ 
istic of an ignitor at the instant of firing, 



Figure 7. Volt-ampere output curves of ex¬ 
citation circuit Figure 4 and modification as 
In Figure 5/ with maximum firing points of 
typical ignitors 


During operation of an ignitron recti¬ 
fier one or more anodes may fail to con¬ 
duct, due to a fault in the ignitor firing 
circuit or in one of the ignitors. Failure 
may be occasional or persistent. 

Persistent misfire of one anode in a 
rectifier where two anodes are operating 
in parallel results in increased load being 
carried by the companion anode with a 
corresponding increase in areback proba¬ 
bility. In other circuits misfire of an 
anode may result in increased duty on 
one or more of the other anodes, with 

1. Corresponding greater arcback proba¬ 
bility. 

2. Increase in transformer heating. 

In any case, an indication of faulty opera¬ 
tion is desirable, so that the fault may be 
remedied and normal operation continue. 

Excitation failure may be detected 
by: 

1. Action of the power circuit. 

2. Action of the excitation circuit. 

3. Action of auxiliary electrodes in the 
rectifier. 


INTERPHASE 

TRANSFORMER 



+0C 


Figure 9 (left). De¬ 
tection of ignitor 
misfire by funda¬ 
mental - frequency 
component in inter¬ 
phase transformer 
voltage 
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I. Detection of Excitation Failure 
by Action of the Power Circuit 

1. If one anode of a rectifier fails to fire, 
there will be a component of supply fre¬ 
quency in the d-c voltage ripple. The mag¬ 
nitude of this component will depend on the 
number of phases of the rectifier and the 
nature of the load. A relay connected to the 
d-c output voltage and having its coil 
tuned to the supply frequency will indicate 
misfire. This circuit is shown in Figure 8. 
A variation of this arrangement is to con¬ 
nect the tuned relay across a d-c reactor in 
series with the load. Either arrangement is 
most effective when the number of phases is 
small, and the d-c load is fairly reactive. 

2. When an interphase transformer is in¬ 
cluded in the rectifier circuit, a voltage com¬ 
ponent of supply frequency occurs across the 
interphase transformer during misfire. A 
relay or other indicating device tuned to the 
supply frequency and connected across the 
interphase transformer will indicate the 
presence of a missing anode. The connec¬ 
tions are shown in Figure 9. In a quad¬ 
ruple-wye circuit, an induction relay with 
two tuned coils may be used, each coil being 
connected to one of the 180-cycle interphase 
transformers. 

3. Figure 10 shows a circuit which utilizes 
the increased positive voltage between anode 
and cathode, when the anode does not fire. 
This arrangement is most suitable for recti¬ 
fiers operating without phase retard. 

4. Figure 11 shows a circuit where un¬ 
balance between the neutral currents of a 
double-wye rectifier saturates a reactor and 
decreases its impedance. 

5. Missing of an anode in one wye of a 
double-wye rectifier generally results in a 
disproportionate decrease of current in the 
other anodes of that wye. This is the basis 
of the circuit in Figure 12, which is affected 
by the difference between anode currents in 
the two wyes. 

6. The missing of one anode will result in 
unequal currents in the supply line. This 



Figure 10. Detection of ignitor misfire by 
positive voltage of missing anode 


Figure 11 (below). Detection of ignitor misfire 
by wye-current unbalance 
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Figure 12. Detection of ignitor misfire by 
anode-current unbalance 


may be recognized, by visual observation of 
line ammeters or by a negative-phase-se¬ 
quence relay. Operation of a double-wye 
rectifier circuit on five anodes results in a 
large negative-phase-sequence second har¬ 
monic component, due to the imbalance be¬ 
tween the two secondary wyes. A negative- 
phase-sequence relay is less useful for mis¬ 
fire detection as the number of phases is in¬ 
creased. 

7. When two anodes are operated in paral¬ 
lel from the same transformer winding, it is 
possible to utilize the current-dividing re¬ 
actor, if one be used, as an indicator of mis¬ 
fire. Failure of an anode to fire would result 
in a much higher voltage than normal across 
the current-dividing reactor. This voltage 
may be utilized to operate an indicating 
device. Another method of using the cur¬ 
rent-dividing reactor is to design the reac¬ 
tor so that the core acts as the magnet of a 
relay and design the relay structure so that 
there will be sufficient flux to attract the 
armature only when the unbalance between 
the anode currents corresponds to misfire of 
one anode at 50 per cent or more load on the 
rectifier. Figure 13 is a photograph of such 
a reactor. 

8. Another method of detecting misfire in 
the case of parallel anodes is to connect in 
each anode lead a current transformer de¬ 
signed to permit open circuit operation. If 
the secondaries are connected in opposition, 
there will be no voltage when both anodes 
fire, but a resultant voltage if one is missing. 
This may be used to operate a suitable relay. 
The resultant voltage will be present if all 
the pairs of oppositely connected secondaries 
are joined in series. 

It should be noted that the above schemes 
for detecting missing of one of a pair of 
parallel anodes will not detect simultaneous 
missing of both anodes. Such missing will re¬ 
quire one of the previously described circuits. 

9. When a rectifier is carrying a steady 



Figure 13. Combined current-dividing reac¬ 
tor and misfire-detection relay 


load, as in electrolytic processes, and anodes 
are not operated in parallel, missing of an 
ignitor may be detected by observation of 
the d-c ammeter in the output circuit of the 
rectifier. This will show a distinct flicker 
each time misfire occurs. The anode trans¬ 
former also gives an audible indication of 
misfire. 

II. Detection of Excitation Failure 
by Action of the Excitation Circuit 

Failure of an element of the excitation cir¬ 
cuit may result in one of a number of con¬ 
ditions, depending upon the nature of the 
failure. Since the ultimate purpose of fail¬ 
ure detection is to determine if an ignitor 
is missing, the preferred location of a misfire 
device is in the circuit of the ignitor itself. 
Such a device becomes involved as it must 
function during 

1. Ignitor short circuit. 

2. Ignitor open circuit. 

3. Insufficient power to fire ignitor. 

Moreover, there must be one such device 
for each ignitor. Action of some other cir¬ 
cuit than the excitation circuit appears de¬ 
sirable for misfire detection. 


III. Detection of Excitation Failure 
by Action of Auxiliary Electrodes 
in the Rectifiers 

The ignitron rectifier cell usually has an 
anode baffle which is excited from a differ¬ 
ent source than the other electrodes. Since 
current ca nn ot flow in the baffle circuit un¬ 
less a cathode spot is formed, current indi¬ 
cating means in series with the baffle or 
voltage indicating means across the baffle 
resistor will detect misfire. 

Location of Missing Ignitor 

With the exception of the scheme just 
described for indicating the presence of 
baffle current, the above misfire indica¬ 
tion circuits do not indicate the specific 
ignitor which is misfiring. If an oscillo¬ 
scope is at hand, missing may be located 
by observation of ignitor voltage. A 
clampon or tong ammeter may be used to 
detect current in the main anode. If a 
low-reading tong ammeter is available, it 
may be used to measure the current in the 
baffle. A compass held near an anode 
bus will show when an anode is not firing. 

Conclusion 

Static magnetic-impulse excitation cir¬ 
cuits have definite advantages in many 
applications of ignitron rectifiers. Three 
circuits which have been described have 
different modes of operation, and their 
choice is determined by operating require¬ 
ments. Excitation circuits are generally 
designed with an ample margin of power 
over ignitor requirements and in twin cir¬ 
cuits for parallel operation. This margin 
is automatically increased for hard-firing 
ignitors. 

An ignitor may stop firing even with 
ample excitation power; This condition 
may be detected in a number of ways. A 
choice of methods is available for specific 
applications. 
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Formulas for Calculating Short-Circuit 
Stresses for Bus Supports for Rectangular 

Tubular Conductors 

THOMAS JAMES HIGGINS 

ASSOCIATE AIEE 


T HE mechanical forces acting oh bus¬ 
bar supports during short circuit are 
•determined in some measure by all of the 
•following: 

The magnitude and decrement factor of the 
•short-circuit current. 

The mutual electromagnetic forces exerted 
Among the individual conductors. 

The natural frequencies, motional resist¬ 
ance, and physical arrangement of the bus¬ 
bar structures. 

A theoretical treatment, substantiated 
by experimental data, of the individual 
and collective effects of these factors on 
the magnitude of bus-bar support stresses 
And a method of calculating numerically 
these effects are to be found in a compre¬ 
hensive paper by Schurig and Sayre. 1 In 
•shorter articles based on the just men¬ 
tioned paper Schurig, Frick and Sayre, 2 
Tanberg, 3 and Specht 4 have presented 
certain charts, nomograms, and short-cut 
methods facilitating the numerical calcu¬ 
lations involved in an actual problem. 
However, regardless of the method of 
calculation adopted, a determination of 
bus-bar support stress yet requires calcu¬ 
lation of the electromagnetic forces ex¬ 
erted on the conductors carried on the 
support. 

The mutual electromagnetic force ex¬ 
erted between two isolated, long non- 
penneable conductors, spaced D inches 
between their parallel axes and carrying 
direct currents of I and I! amperes, is 
commonly calculated from the formula 

/= (5.4&//'/.D)10~ 7 pounds per foot of bus 

length (1) 

or, if absolute units are used, from 

/=2 kll'/D dynes per centimeter of bus 

length (2) 

Herein & is a parameter, a variously 
named constant, of magnitude deter¬ 
mined by the geometry and relative posi- 

. Taper 42-142, recommended by the AIEE com¬ 
mittee bn basic sciences for presentation at the 
AIEE summer convention, Chicago, Ill., June 
22-26, 1942. Manuscript submitted February 13, 
1942; made available for printing May 19, 1942. 

Thomas Jambs Higgins is assistant professor of 
■electrical engineering, The Tulane University of 
.Louisiana, New Orleans, La. 


tion of the two conductor cross sections. 
In a group of conductors the force acting 
on any one conductor is calculated by 
using equation 1 to compute in turn the 
force exerted on the conductor by each of 
the remaining conductors and then add¬ 
ing these forces vectorially. If alternat¬ 
ing instead of direct currents flow in the 
conductors, then providing /, I, and I' 
are taken as instantaneous values, and 
providing skin and proximity effects are 
negligible—this latter condition is com¬ 
monly satisfied if rectangular tubular con¬ 
ductors are used and is sufficiently satis¬ 
fied for strap conductors if, as is usual, the 
bus bar considered is either a single non- 
laminated strap or is constructed of 
properly transposed laminated conduc¬ 
tors—equation 1 is yet used, and k is the 
same as for direct currents. Accordingly, 
simple arithmetic aside, determination of 
the electromagnetic force acting on a given 
support reduces, in essence, to determina¬ 
tion of the needed values of k. 

Of essential interest to the designer of 
polyphase bus structures are the values of 
k for a group of identical conductors of 
solid or tubular rectangular cross section 
with axes in a plane. The formula for k 
for conductors of solid rectangular cross 
section was derived a quarter of a cen¬ 
tury ago; as regards rectangular tubular 
conductors, no formula for k seems to haye 
been published hitherto. Yet as the me¬ 
chanical and electrical advantages stem¬ 
ming from use of this cross, section have 
resulted in an extensive and currently in¬ 
creasing use of it for feeding heavy cur¬ 
rent loads—to be noted in particular is its 
use in new bus installations supplying 
batteries of welders (in airplane, tank, 
and automobile factories) and banks of 
electric furnaces (for alloy and tool steels, 
aluminum, and various other metals) 
necessitated by the defense program—it 
is most desirable to have, formulas with 
which one can quickly calculate the value 
of k for any conductor spacing or rec¬ 
tangular cross section. Such formulas 
are derived in this paper. 

It is assumed that the'conductors are 
nonmagnetic, right-cornered, and of such 
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length that end effects are negligible, and 
that they carry currents uniformly dis¬ 
tributed over the cross sections of the 
individual conductors. Of these assump¬ 
tions all but that of right-comeredness 
are consistent with or are closely approxi¬ 
mated in current practice. But although 
rounded corners are found on rectangular 
tubular conductors—to minimize “edge 
effect”—treating them as right-cornered 
introduces error negligible with reference 
to the accuracy required in calculating 
bus-bar stresses and enables solution of 
an otherwise intractable problem. 

As regards values of k for strap con¬ 
ductors (which usually have right corners), 
the formulas derived in this paper—a 
strap conductor is a special case of a rec¬ 
tangular tubular conductor—offer an 
attractive alternative to the means of 
determination now used: curves, found in 
the references previously cited and in 
most electrical handbooks, these being 
plotted originally by Professor H. B. 
Dwight 6 from the above-mentioned for¬ 
mula derived by him. It is illustrated 
in section III that from equations 17 or 
18 one can calculate rapidly, with but 
pencil or slide rule , the value of k for two 
symmetrically located, identical strap 
conductors. 

The mentioned formulas for solid and 
tubular rectangular conductors obtained, 
ease and rapidity of use are illustrated by 
the numerical solution of several prob¬ 
lems typical of bus design. 

I. The Formal Solution for k 

As derived in a previous paper by the 
writer, 6 the electromagnetic energy asso¬ 
ciated with a unit length of an isolated 
circuit constructed of two identical rec¬ 
tangular tubular conductors, symmetri¬ 
cally located as in Figure 1, is 

W=w 2 [W{r, 5)+IF(i?, S)+2W{t, S+t)+ 
2W(R+t, t) -2 W(R+t, S+t) -2 W(t, t )] 

(3) 

where, typically, W(r, s ) is defined by 

W(r, s) = (1/6) [2F(D, s )-F(D+r, s)- 
F(D-r, s)+2F(r, s)-2F(0, s) + 

4rr 2 s(W~r)} (4) 

and, typically, F(r, s) is defined by 

F(r, $) = (r 4 —6r 2 s 2 -{-s 4 ) log (r 2 -|-s 2 ) 1 '' 2 -j- 

4rs(r 2 —s 2 ) tan -1 (r/s)—r 4 log |r| (5) 

All units are in the absolute system: the 
current density w in abaraperes per square 
centimeter; D, r, and s in centimeters; 
W in ergs per centimeter of line length. 

As is well-known, the mutual electro- 
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magnetic force exerted between the two Substituting equation 11 in equation 8 
conductors is given by yields 


f—bW/bD dynes per centimeter of bus 

length (6) 


Equating equations 2 and 6 and solving 
for k yields 

<w-k = [D/2(rs - RS) 2 \bW/bD (7) 

Substituting equation 3 in equation 7 gives 

WfoS+Q bWiR+tJ) 
bD + bD 
bWjR+t,S+t ) n bWjt, t) l 
bD “ bD J 1 ' 

From equation 4 we have 
F(Z>+r, s) - F(D-r, s)} + 12irr 2 s] (9) 


The bracketed expression in equation 9, 
considered as a function of r alone, can be 
expanded in a power series about the 
point r=D. Substituting this expansion 
in equation 9 we have 


bWjr, s) 
bD 


LdZ> ( 


WF(D,s) 


'(1/6)1 bD , 
r V b*F(D,s) r» b 6 F(D, s) 


2-3! bD* 


3-51 bD« 

. . . j + 12*r*sJ 


— (1/6) -r 


[- 


j*F(D,s) 


bD 2 

r* b*F(D,s ) r« b 7 F(D,s) 


2-3! bD* 3-5! bD 7 

. . . +12irr 2 il (10) 


The details of the expansion and expres¬ 
sions for the various derivatives, in terms 
of the dimensions and spacing of the con¬ 
ductors, are given in the appendix. Sub¬ 
stituting appropriately in equation 10 and 
collecting terms, we have 


bWjr, 

bD 


—=2r 2 J~ [2s tan -1 (s/D) — 

/ s 2 \l r* s* 
°lo g \l + Z) 2 /J + 3 Z?(D 2 +s 2 ) + 

f «r I -D3+3Z?^ ~| 
45LU' 2 (D 2 +s 2 ) 3 J + * ‘ * 

=2DM{r,s) (11) 


where M(r, s) is defined by 

Mir, s)/r 2 =2m tan - 1 m— log (1+w 2 ) + 
i n 2 m s nf l4 — l+3m 2 ~| 

6(1+w 2 ) + 9oL I+ (1+w 2 )*] 


(1?) 


where m—s/D and n = r/D. 


k = [Dy(rs-RSY\ [M(r,s)+M(R,S)+2MX 
it, S+t ) +2 M(R+t, t) -2 M(R+t, S+t) - 

2 (13) 

If R=S=t=0, we have solid rectangu¬ 
lar conductors, and equation 13 becomes 

*-(l /m*r*)M(r,s) (14) 

Having determined k —note that k is a 
• dimensionless quantity; thus D, r, and s 
can be measured in any unit of length— 
the electromagnetic force f can be deter¬ 
mined from equation 1. 

( 

II. Approximate Expressions for 
M(r, s) 

In most calculations the conductor 
cross sections and spacing are such that in 
equation 11 the terms involving powers of 
n are negligible. If so, equation 12 re¬ 
duces to 

M{r, s)Jr 2 — 2m tan -1 m— log (1+m 2 ) (IS) 

Although equation 15 can be calcu¬ 
lated directly by the aid of appropriate 
tables or by use of a slide rule, it is more 
desirable to have Mix, -0/f 2 expressed 
directly in powers of m. Accordingly, 
substituting in equation 15, the usual 
power series for tan -1 m and for log (1 + 
m 2 ) and collecting terms, we have the 
more desirable form 

Mir, s)/r 2 = m 2 — m i /2 ■S+m t /3 • 5— 

fn«/4-7+ . . . (16) 

where m < 1. 

Substituting equation 16 in equation 14 
we have for solid conductors 

fc = l-fli 2 /2-3+w 4 /3-5-my4-7+ . . . (17) 

where m< 1. 

Occasionally, in equation 12 the term 
in « 2 is not negligible in comparison with 
the first two terms. In this case, ex¬ 
panding (1+m 2 ) -1 in powers of m and 
adding to equation 16 we have 

M{r, s)/r 2 = m 2 ^l+^0-J» 4 ^+^0+ 

’"‘(w+i) - • • • <18) 

where m<l. 

III. Some Illustrative Examples 

Example 1 

Conductors a, b, c of a three-phase bus 
are of four- by one-half-inch strap, 
spaced six inches between adjacent axes, 
with four-inch edges perpendicular to the 
plane of axes. To calculate k for conduc¬ 


tors a and 6, and for conductors a and c. 

Part A. 2?=6 inches; r— 0.5 inch; 
5=4 inches; «=0.5/6 = 1/12; m=2/3. 
From equation 12 for the terms taken in 
order 

Mir, s)/r 2 =(4/3) tan -1 (2/3) - log (13/9) + 

1/2808+ . . . 
= 0.7840 - 0.3677+0.0004 = 0.4167 

Accordingly, from equation 14 

k = (9/4) (0.4167) = 0.938 

For comparison, we have from equation 
17 

k = 1-4/54+16/(81) (15)- 

64/(729) (28)+256/(6561) (45) — . . . 
= 1 - 0.0741+0.0132- 0.0031+ 

0.0009 = 0.937 

Part B. D = 12 inches; r - 0.5 inch; 
5=4 inches; «=0.5/12 = l/24; m=l/3. 
As n and m are smaller even than in part 
A, k is best calculated directly from 
equation 17. 

& = 1 —1/54+1/(81)(15) —1/(729)(28)+ ... 
= 1-0.0185+0.008=0.982 

These two values of k computed from 
equation 17—with a ten-inch slide rule 
and with purposely exaggerated accuracy 
—indicate the rapidity with which this 
expression yields values of k for strap 
conductors. As in practice but the first 
two digits are used in actual computa¬ 
tions, but the first two or three terms in 
equation 17 need normally be calculated. 

Example 2 

Conductors a, b, c of a three-phase bus 
are 2.5- by 2.5-inch square tubular con¬ 
ductors,. 0.5 inch thick, spaced 10 inches 
between adjacent axes. To calculate k 
for conductors a and 6 
D =10 inches; r—s— 2.5 inches; R= 
5=1.5 inches; t— 0.5 inch. For the 
data given we have from equation 13 

k = (100/16) [Jkf(2.5, 2.5)+Mil.5, 1.5)+ 

2 Jlf(0.5,2)+2M(2,0.5)-2M(2,2) - 

2M(0.5,0.5)] (19) 

To determine k each of the terms of 
equation 19 must be calculated. From 
equation 18 we have for the terms taken 
in order 

Mi2.5, 2.5) =6.25(0.063151 -0.000692+ 

0.000019) =0.39049 

Af (1.5,1.5) =2.25(0.022584- 0.000086) = 

0.05062 

ilf (0.5,2) =0.25(0.040017-0.000267+ 

0.000004)=0.00994 

Mi2, 0.5) =4.00(0.002517- 0.000001) = 

0.01006 

Jkf(2,2) =4.00(0.040267 - 0.000277) = 

0.15996 

M(0.5,0.5)=0.25(0.002501 - 0.000001) = 

•0.00063 
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perpendicular to the plane of axes, k will 
be less than unity; and if the short sides 
are perpendicular to the plane of axes, k 
will be greater than unity: in either case 
k can be calculated as above. 


Appendix 


Considered as a function of r alone 
F=2F(D, s )-F(D+r, s )-F(D-r, s) 


Figure 1. Rectangular tubular conductors 
symmetrically located 


can be expanded in a power series about 
the point r—D. Accordingly, by Tay¬ 
lor’s theorem we have 


Substituting these values in equation 19 
we have for k 

k = (100/16) [0.39049+0.05062+0.01988+ 
0.02012 -0.31992-0.00126] 

= 0.999+ 

This example is of particular interest, 
as, in addition to illustrating the method 
of calculating k for rectangular tubular 
conductors, it reveals that for square 
ttibular conductors —and these are com¬ 
monly used —the value of k for practical 
conductor spacings is unity. If the con¬ 
ductors are rectangular with long sides 


m WF(P,s) r l b*F(D,s) 
r bJD 2 2-3! bD* 

r 8 b*F(D,s) 

3-51 bD* 

where 

F(D, s ) - V*P 4 -6.£ V+5 4 ) log (Z) 2 +s 2 ) - 
2?«logZ>+4(rZ>«-Py*) tan" 1 (D/s) 

bF [ D ’ S) = (2D*-6Ds*) log (£ 2 +* 2 ) - 
oD 

4U 3 log D+4(3sZ3 2 — 5 s ) tan" 1 (. D/s)-Ws 2 
b*F(D. s) 

, ~' =6(D*-s*) log (D 2 +s 2 )— 

12 D* log D-\-24J)s tan -1 (D/s)—7s* 


b*F(D, s) 

—~r —- = 12D log (D 2 +s 2 )-24D logD+ 
° D 24s tan” 1 X (D/s) 

= 12 D log (D i +s*)/D*-24sX 

tan” 1 (s/D )+12ts 

b*F(D, s) 

—~rf—"=12 log (D 2 +s 2 ) -24 log D 
oU* 

b*F(D, s) 24s 2 
bD* = £(X> 2 +y 2 ) 

b*F(D, s) r J__ £> 2 -y 2 1 

bD* =24 L D* (T 2 +y 2 ) 2 J 

b 1 F(D, s) r 1 -£ 8 +3Dy 2 "| 

bD'■ - 48 L D* (£ 2 +s 2 ) 8 J 
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The Carbon Arc —a Valuable 
Industrial Tool 


W. C. KALB 

FELLOW AIEE 


Synopsis: The versatility of the carbon arc 
as a source of both visible and invisible 
radiation is shown to be due, in part, to the 
three basic types of operation to which it is 
adapted and also to the fact that the charac¬ 
ter of its energy emission can be modified by 
changes in core composition. It is used in 
its various forms for many photochemical 
and irradiation processes, some of which re¬ 
quire specific bands of ultraviolet radiation 
or close reproduction of the effects of natural 
sunlight. The carbon arc is preferred in 
other instances, because the optical require¬ 
ments of the application necessitate a light 
source of small area and extreme brilliancy. 
Several industrial and commercial uses are 
cited together with the characteristics which 
give preference to the carbon arc as a 
source of radiation. 


T HE present widespread industrial use 
of the carbon arc is due to certain char¬ 
acteristics or combination of character¬ 
istics in which it is superior to other avail¬ 
able sources of artificial radiation. Ca¬ 
pable of efficiently producing a large vol¬ 
ume of light, the original commercial ap¬ 
plication of the carbon arc was in the field 
of general illumination. It has been used 
extensively for street lighting and for the 
illumination of factories, auditoriums, and 
other large areas. Its present value is 
due, in large measure, to its versatility as 
a source of invisible as well as visible radi¬ 
ation, and extends into many fields other 
than those of general illumination. In 
some instances preferred solely for its 
visible radiation, the carbon arc is selected 
for other applications because of the char¬ 
acter and intensity of its invisible rays, 
while the choice at times may be due to 
the combination of visible and invisible 
rays which it supplies. 

Besides being a highly efficient source 
of radiant energy in the visible and ad¬ 
jacent invisible bands of radiation, the 
carbon arc is highly flexible in respect to 
quality of emission. This flexibility is 
due, in part, to the three basic types of 
operation to which the electric arc between 
carbon electrodes can be adapted: 

1. Low-intensity operation between solid 
or “neutral-cored” electrodes. 

2. Low-intensity operation between elec¬ 
trodes having cores containing flame-sup¬ 
porting materials. 

3. High-intensity operation. 
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Distinguishing characteristics of these 
three types of arcs have been described 
in previously published articles. 1,2 Briefly, 
the low-intensity arc between solid or 
neutral-cored carbons is adapted to a 
relatively simple type of lamp mecha¬ 
nism. At high arc voltage it is a very effi¬ 
cient source of ultraviolet in the range 
from 3,700 to 4,000 angstroms. The 
positive crater of the d-c low-intensity 
arc provides a steady concentrated light 
of the greatest brilliancy and whiteness 
available from a purely incandescent 
source. With a peak brilliancy of 180 
candles per square millimeter and an 
average color temperature of about 3,550 
degrees Kelvin, this type of arc has been 
extensively used for searchlights and for 
motion-picture projection. It has yielded 
its dominant position in these fields only 
to the higher brilliancy, whiteness, and 
efficiency of the high-intensity carbon arc. 

The low-intensity flame-type arc, with* 
the greater portion of its radiation ema¬ 
nating from the long arc stream at a bril¬ 
liancy on the order of eight candles per 
square millimeter, is not so well adapted 
as the other basic types of arcs to use with 
optical systems that require a light source 
of small area and very high brilliancy. 
However, due to the large area of the 
flame, this type of arc emits a large vol¬ 
ume of radiation which is produced at 
high electrical efficiency. An important 
advantage of the flame arc is the wide 
range in quality of radiation that can be 
obtained by varying the composition of 
the core 1 2 3 and the uniformity in both qual¬ 
ity and intensity of radiation obtained 
from a particular type of carbon, when 
operated at specified arc conditions. 
When cored with certain rare earth com¬ 
pounds, the flame arc produces radiation 
so similar to that of natural sunlight in 
spectral composition that for many ap¬ 
plications its effects are practically iden¬ 
tical with those of sunlight. This light 
is the closest approach to natural sunlight 
of any artificial source having sufficient 

v- 

Paper 42-97, recommended by the AIEB committee 
on production and application of light for presenta¬ 
tion at the AIEE summer convention, Chicago, Ill., 
June 22-26,1942. Manuscript submitted April 3, 
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intensity for numerous industrial appli¬ 
cations. Other combinations of core ma¬ 
terials provide high emission of infrared or 
ultraviolet and permit emphasis on spe¬ 
cific bands of ultraviolet, corresponding 
to the wave lengths at which most rapid 
reaction is obtained in certain photochemi¬ 
cal and irradiation processes. 

The high-intensity carbon arc is char¬ 
acterized by its very high crater bril¬ 
liancy, 350 to 1,200 candles per square 
millimeter, and—with the core composi¬ 
tion used in all but certain high-intensity 
therapeutic carbons—by the even dis¬ 
tribution of all colors in its spectrum. The 
crater brilliancy of 1,200 candles per 
square millimeter is obtained from a new 
positive carbon only recently made avail¬ 
able for use. A brilliancy of 2,000 candles 
per square millimeter has been attained 
with an experimental type of carbon not 
yet available for commercial application. 
The appearance of the d-c high-intensity 
arc is illustrated in Figure 1. Color tem¬ 
perature of the light from high-intensity 
arcs used in motion-picture projection 
averages about 5,800 degrees Kelvin. 
Maintenance of the high-intensity effect 
is dependent on the position of the elec¬ 
trodes in relation to each other. This re¬ 
lationship is maintained by continuous 
and accurately controlled feeding of the 
electrodes, and, in some of the larger high- 
intensity arc lamps, the positive carbon 



Figure 1. High-intensity carbon arc with 
rotating positive electrode 
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Figure 2. ■ Twin-arc, 
motor - controlled 
lamp used for broad¬ 
side lighting 


is rotated, in order to maintain a sym¬ 
metrical crater formation. The principal 
use of this highly concentrated source of 
illumination is for searchlights and for 
motion-picture production and projec¬ 
tion. 

Summarizing the advantages which 
give the carbon arc an important place in 



Figure 3. High-intensity carbon-arc lamp 
with Fresnel-type lens 


industry, the following points may be 
noted as available in one or more of the 
basic types: 

1. Very high output of radiant energy from 
a single source. 

2. Flexible quality of energy emission. 

3. Close approximation to natural sun¬ 
light. 

4. Uniform quality and intensity of emis¬ 
sion at specified arc conditions. 

5. Output unaffected by age or period of 
operation. 



Figure 4. 36-inch suii arc 



Figure 5. Four-arc carbon-arc solarium unit 

6. High intrinsic brilliancy, adapted to 
optical systems requiring a highly concen¬ 
trated source of radiation. 

7. Shape of light source and distribution of 
brilliancy adapted to simple optical systems. 

8. High efficiency in production of both 
ultraviolet and visible radiation. 

The carbon arc was adopted at an early 
date as an artificial source of illumination 
for photography and allied photochemical 
industrial processes, such as blueprinting, 
photoengraving and photolithography. 
High actinic power, color quality, and 
adaptability to high illumination inten¬ 
sities are among the major reasons car¬ 
bon-arc lighting was adopted by these in¬ 
dustries and are still major factors in the 
extension of its use. Early photographic 
emulsions, sensitive principally to blue, 
violet, and ultraviolet radiation, react 
rapidly to the light of the low-intensity 
arc. This was the only type of arc avail¬ 
able when photographers first turned tc 
artificial lighting. As the sensitivity of 
photographic emulsions was extended 
through green to yellow and orange wave 
lengths, the white-flame arc, by that time 
available, was adopted, because its higher 
output of visible radiation gave greater 
speed and better photographic quality 
than the neutral-cored carbon arc. With 
modern photographic emulsions, sensi¬ 
tive to all colors of the spectrum, the ad¬ 
vantages of the even distribution of color 
in the light from the white-flame arc have 
been further emphasized. 

The high photographic speed of the 
white-flame carbon arc and its similarity 
to daylight made it the preferred artificial 
light source for photoengraving anc 
photolithography, even when productior 
in these industries was predominantly 
, monochromatic. The growing popularity 
of natural-color reproduction in the 
graphic arts emphasizes the value of, s 
light which provides all of the spectra 
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Figure 6. Interior of 
carbon-arc acceler¬ 
ated-weathering unit 



TIME 


Figure 9. Energy emission from three-phase 
60-cycle flame arc 




carbon arcs as the principal source of il¬ 
lumination for monochromatic as well as 
for color productions. 

For background projection or process 
photography a light source of tremendous 
power is required to project the back¬ 
ground scene through the screen at an in¬ 
tensity comparable to that of the lighting 
on the set. Only the high-intensity car¬ 
bon arc has sufficient power for this pur¬ 
pose. In fact, three background pro¬ 
jectors are sometimes used, synchronized 
with each other and with the camera, 
each projecting the same scene in exact 
register through the screen. The pre¬ 
cision of mechanism and optical elements 
which has made possible this intricate 
projection system is a major engineering 
accomplishment. 

The high-intensity carbon arc is an ideal 
light source for searchlights, because its 
tremendous output is concentrated in a 
very small area. This permits the light 


colors at essentially equal intensity. 
High-intensity arcs are used in photo¬ 
lithography for large-sized reproduction 
by the projection method. 

The motion-picture studios depend 
chiefly on carbon-arc lighting for natural- 
color photography. This also is due to the 
need for an even balance of the primary 
' colors. The color balance of the light 
from carbon arcs, as adapted to studio 
use, conforms so closely to that of sun¬ 
light that the two are considered essen¬ 
tially equivalent for photographic pur¬ 
poses. The type of lamp generally used 
for broadside lighting is shown in Figure 
2. This lamp has a motor-driven feeding 
mechanism which maintains very steady 
light output and is extremely quiet, per¬ 
mitting operation in proximity to the 
microphone without difficulty. It uses a 
special white-flame carbon producing 


light with a color temperature of 4,650 
degrees Kelvin almost perfectly balanced 
to the color sensitivity of motion-picture 
film, and requiring no color-correcting 
filter. 

High-intensity ar.c lamps equipped with 
a Fresnel-type lens, as illustrated in Fig¬ 
ure 3, are used for back lighting, cross 
lighting and key lighting and for both 
wide and narrow beam front and effect 
lighting. High-intensity “sun arcs,” with 
24-inch and 36-inch mirrors, Figure 4, 
are used for extremely long throws, for 
sharply outlined shadows, or to provide 
a clearly defined beam of light through the 
general illumination. Because of their 
ready adaptability to the needs of the 
studio and to modern photographic tech¬ 
nique, many cinematographers are using 


Figure 8 
Three-phase carbon- 
arc milk-irradiating 
unib-r-open 


Figure 7 (left). 
Carbon-arc acceler¬ 
ated-fading unit 
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Figure 10. Distribution of radiant energy from 
flame arc used in milk irradiation 

Dotted curve—At 80 amperes, 60 volts, a-c 
Solid curve—At 80 amperes, 50 volts, a-c 

to be focused by the lens or reflector of 
the searchlight into a beam of small diver¬ 
gence and high penetration. The high- 
intensity searchlight with 16-millimeter 
positive carbon, operated at 150 amperes 
and 78 volts, and using a 36-inch reflector, 
projects a beam of considerably more 
than 100-million beam candle power and, 
with a 60-inch reflector, the beam candle 
power is well over 500 million. At 195 
amperes and 84 arc volts the beam candle 
power is 30 to 50 per cent higher than at 
150 amperes. Exact candle power of the 
beam is dependent on shadow losses, 
glass absorption, and the optical charac¬ 
teristics and reflection factor of the mir¬ 
ror. 

Carbon arcs were used for motion-pic¬ 
ture projection from the earliest days of 
the industry and are in practically uni¬ 
versal use for theater projection today. 
No other commercially available light 
source provides light of suitable power, 
concentration, and color quality to meet 
the projection requirements of motion- 
picture theaters. The present trend is 
toward replacement of low-intensity pro¬ 
jection lamps with high-intensity lamps 
of simplified design. This trend results 
from increasing recognition of the need 
for higher levels of illumination and also 
from popular demand for fidelity of color 
reproduction in the presentation of natu¬ 
ral color features. Approximately 50 
per cent of the light from the low-inten¬ 
sity carbon arc is in the orange and red 
portion of the spectrum. This color com¬ 



position overemphasizes the red com¬ 
ponents in color pictures. Theatrical film 
of this type is processed for projection 
with light having approximately equal in¬ 
tensities of the three primary colors, a 
condition which the high-intensity arc 
fulfills most acceptably. The develop¬ 
ment of high-intensity projection lamps 
which require little more than one kilo¬ 
watt at the arc has put the cost of high- 
intensity projection light essentially on 
the same level as that of low-intensity 
light, and has made it available to thea¬ 
ters which could not previously afford to 
operate high-intensity lamps. Other ap¬ 
plications of the carbon arc for projection 
purposes include stereopticon projectors, 
spotlights, and theatrical “effect” light¬ 
ing. 

Since thediscovery by Finsen thatradia- 
tion from the carbon arc provides a cure 
for certain physical disorders, carbon-arc 
lamps have been extensively used in light 
therapy. The flame-type carbon arc is at 
present preferred for this purpose, because 
of its versatility in respect to quality of 
radiation. With one type of carbon close 
simulation of the physiological effects of 
sunlight is obtained. Other types give 
powerful. emission in specific bands of 
ultraviolet. Still another type has mild 
ultraviolet emission, combined with a 
high output of penetrating radiation of 
longer wave length. All of these carbons 
can be burned in the same lamp. A large 
carbon-arc solarium unit, such as that 
illustrated in Figure 5, provides radiation 
of suitable intensity for light therapy over 
a circle of 20 standard solarium cots. 

The increasing importance of quickly ., 
determining the resistance of various ma¬ 
terials to deterioration under the action of 


Figure 11. Recording-ammeter chart from 
unit shown in Figure 6 


sunlight has resulted in the almost uni¬ 
versal adoption of the carbon arc as the 
source of radiation in accelerated testing 
units. This, again, is due to the fact that 
the quality of radiation delivered and the 
resulting effects are comparable to those 
of natural sunlight. Furthermore, radia¬ 
tion can be provided at an intensity 
which greatly accelerates the rate of de¬ 
terioration and, being available 24 hours 
a day at constant intensity every day of 
the year, allows conclusive evidence of 
product quality to be obtained in much 
less time than is possible by means of out¬ 
door tests. 

In accelerated weathering units, such 
as that illustrated in Figure 6, test sam¬ 
ples are carried on a rack which revolves 
slowly around the arc. At a portion of 
their revolution the samples are exposed 
to a water spray. The weathering action 
of water, air, thermal shock, and radiation 
of sunlight quality are thus combined in 
one test, the conditions of which can be 
exactly reproduced at any time and in any 
location. The unit illustrated employs a 
60-ampere, 50-volt single-phase, a-c flame 
arc operated through a transformer from 
a 230-volt line. There are two upper and 
two lower carbons, but the arc bums be¬ 
tween only one pair at a time. This unit 
accommodates 64 samples at one time. 
Paints, lacquers, enamels, varnishes, plas¬ 
tics, rubber and rubberlike materials, 
roofing and building materials, materials 
for leggings, tents, and tarpaulins, and 
special types of glass are included in the 
list of products for which accelerated test- 
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ing is now a standardized procedure. 
Comparative records made by users of 
these units indicate that an exposure of 
30 hours in the unit described is approxi¬ 
mately equivalent to one month of out¬ 
door exposure. 

Units designed for comparing the color 
fastness of dyes, dyed fabrics, paper, plas¬ 
tics, and other products do not have the 
water spray that is provided in the weath¬ 
ering unit but usually have provision 
for maintaining an adjustable degree of 
humidity. The unit shown in Figure 7 
has a 30-ampere, 40-volt, single-phase arc 
lamp, operated through a transformer 
from a 230-volt line. This lamp has three 
upper and three lower carbons, but the 
arc burns between only one pair at a time. 
This allows it to operate continuously 
for 24 hours without retrimming. The 
revolving rack carries 18 sample holders, 
curved to the mean radial distance of 
10 */4 inches from the arc. 

Recognition of the dietary importance 
of vitamin D has led to extensive use of 
carbon-arc lamps as a source of ultra¬ 
violet for increasing the vitamin-D po¬ 
tency of milk. Several types of carbon- 
arc milk irradiators are in use, one of the 
most efficient of which employs a 12- to 
14.4-kw, three-phase, carbon-arc lamp 
with 80 amperes and 50 to 60 volts at 
each arc. This unit is shown in open posi¬ 
tion in Figure 8. In operating position 
the lamp is centrally located within the 
large drum. Besides making available 
in small space a high intensity of radiant 
energy, the three-phase carbon arc in¬ 
sures a continuously high level of energy 
emission as illustrated in Figure 9. Ultra¬ 
violet, the activating agency, does not 
penetrate milk to appreciable depth, and 
portions of the rapidly flowing film of milk 
in an irradiator may reach the exposed 
surface only during low-emission portions 
of the energy cycle from a single-phase 
source. Experience has demonstrated 
that the effectiveness of the irradiation 
process is increased by maintaining a con¬ 
tinuously high level of energy emission. 
Since the flame-type arc operates more 
■efficiently on alternating than on direct 
current, due to the use of reactance in¬ 
stead of resistance ballast, the polyphase 
arc is the most practicable means of main¬ 
taining a high-emission level. 

Some objection to the irradiation process 
for increasing vitamin-D potency of milk 
has resulted from the use of sources of ul¬ 
traviolet which produce considerable 
ozone and result in impaired flavor. The 


carbon arc is free from this objection. 
Coltman and MacPherson 4 have shown, 
by a method of spectroscopic analysis 
capable of dearly detecting 14 parts per 
hundred million, that no ozone above 
that concentration is present in the gases 
surrounding the carbon arc. Further¬ 
more, producers of both fluid and evapo¬ 
rated milk have found that a vitamin-D 
potency of 400 USP units per quart can 
be obtained by carbon-arc irradiation 
without impairing the natural flavor of 
the milk. 

Figure 10 shows the distribution of 
radiant energy from the type of flame 
carbon found most effective for milk ir¬ 
radiation. With these carbons the unit 
shown in Figure 8 is capable of activating 
8,000 to 10,000 pounds of fluid milk per 



Figure 12. Portable ultraviolet carbon-arc 
lamp in carrying cate 


hour to a potency of 400 USP units per 
quart. 

Uniformity of radiation from the large 
carbon-arc lamps used in the industrial 
testing and irradiating units here de¬ 
scribed is obtained by a motor-driven 
carbon feeding mechanism which pro¬ 
vides automatic control of arc current. 
Accuracy of control has been greatly im¬ 
proved by the use of a 96-pole, 75-rpm re¬ 
versible synchronous motor to drive the 
feeding mechanism. Because of its slow 
speed the rotor of this motor has little 
momentum and does not have the tend¬ 
ency to overrun, after opening of the 
motor-control relay, which is character¬ 
istic of high-speed motors. Hunting is 
thereby practically eliminated. Steadi¬ 
ness of arc-current control realized in 
practice is shown by the recording am¬ 


meter chart from an accelerated weather¬ 
ing unit reproduced in Figure 11. The 
momentary peaks at approximately 40- 
minute intervals indicate the shift of the 
arc from one pair of electrodes of the dual 
carbon trim to the other. 

The applications of the carbon arc 
which have been cited are representative 
of the more extensive uses of this versatile 
source of radiation for industrial pur¬ 
poses. Carbon-arc lamps are used also 
to provide light of daylight quality, 
closely controlled in color composition 
and intensity, for critical matching of 
color. Ultraviolet radiation from car¬ 
bon arcs is used in the processing of to¬ 
bacco and other commercial products and 
in the preparation of certain pharmaceu¬ 
tical materials. Spectroscopic carbon and 
graphite electrodes of very high purity are 
used for spectroscopic analysis and as a 
source of radiation of reproducible in¬ 
tensity and spectral energy distribution 
for high temperature calibration and for 
color standardization. 5 The ash .content 
of these special electrodes is considerably 
below 0.001 per cent. A portable carbOn- 
arc lamp fitted with ultraviolet filter, 
Figure 12, is used in both laboratory and 
field for fluorescence inspection and an¬ 
alysis. Many of these lamps are used in 
crime detection. Other important in¬ 
dustrial applications of the carbon arc, 
entirely outside the field of illumination, 
are in electric welding and in electric arc 
furnaces used for a variety of electro¬ 
chemical and electrometallurgical proc¬ 
esses. Although no longer before the eye 
of the general public, as when carbon-arc 
lamps hung on every street comer, this 
source of radiant energy is today more 
widely used and of greater industrial 
value than at any time in the past, and 
further extension of its commercial and 
industrial applications may confidently be 
expected. 
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A New Moving-Magnet Instrument 
for Direct Current 
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Synopsis: A new type of d-c instrument is 
described in this paper. It comprises a dia¬ 
metrically magnetized cylindrical moving- 
magnet element, a hollow copper damping 
cylinder surrounding the moving element, a 
fixed coil, control magnets having a very 
high coercive force, and an enclosing mag¬ 
netic shield made of mumetal. The field of 
the control magnet and the field of the fixed 
coil have a relatively large angular displace¬ 
ment. The angular position of the vector 
sum of these fields varies with the current 
through the coil, and the moving element 
follows this vector. The scale distribution 
is nearly uniform for a 90-degree scale. 
The characteristics compare favorably in 
many respects with those of a D’Arsonval 
instrument. 


O ERSTED’S discovery that a compass 
needle tends to set itself at right 
angles to a wire carrying an electric cur¬ 
rent provided the basis for the design of 
the first electromagnetic indicating in¬ 
strument, which consisted of a coil of wire 
surrounding a magnetized needle. 1 This 
in turn led to the development of the 
astatic galvanometers of Nobili and Kel¬ 
vin and of the sine and tangent forms of 
galvanometer. These latter instruments, 
which depended upon the earth’s field for 
their control torques, were obviously un¬ 
suited for use as portable instruments. 

Ayrton and Perry, in designing the first 
portable d-c ammeter, used a large per¬ 
manent magnet to produce a controlling 
field. In this instrument the polarization 
of the vane was derived from the fixed 


tions where low cost and ruggedness are 
important, and where sensitivity and high 
accuracy are not required. 

The principle of the permanent-magnet 
moving-coil galvanometer as developed 
by Sturgeon, Kelvin, and D’Arsonval was 
used by Weston in the design of the first 
moving-coil portable instrument. This 
principle is now generally used in all d-c 
instruments of high accuracy and high 
sensitivity. 

Development of New Moving-Mag¬ 
net Design 

Although highly sensitive suspended 
magnet instruments have been built, no 
portable moving-magnet instruments 
have come into general use. “Moving- 
magnet instrument" is here intended to 



cive force. Permalloy or mumetal 2 are 
suitable materials for this shield. 

Controlling torque may be obtained 
either from a magnet or from a spring. 
In this instrument a magnet was pre¬ 
ferred because of ease of adjustment and 
other considerations. Since the control 
magnet must be placed within the shield, 
it must be very short in the direction of its 
magnetization and must have its magneti¬ 
zation unaltered by the field of the moving 
magnet. It is apparent that a material of 
very high coercive force is required. This 
requirement is met by an alloy of silver, 
aluminum, and manganese which was 
first described by Potter. 3 ' 4 This alloy 
has a coercive force QII C ) of 6,000 oer¬ 
steds and a residual induction of 610' 
gausses. It is unique among permanent- 



Figure 2. Relative positions of moving mag¬ 
net, control magnets^ magnetic shield, and 
pointer 


magnet materials in having a coercive 
force of this high value. The high coer¬ 
cive force enables the control magnets, 
which are in the form of thin strips, to be 


permanent magnet rather than from its 
own permanent magnetism. Since the 
field of the control magnet had to be so 
strong that the earth’s field was negligible 
by comparison, the field of the coil had to 
be correspondingly strong in order to de¬ 
flect the vane. This made the sensitivity 
of the instrument inherently low, since so 
many ampere turns were required to ex¬ 
cite the field. Modifications of the Ayr- 
ton-Perry instrument are used for auto¬ 
mobile ammeters, and similar applica- 

Paper 42-123, recommended by the AIEE com¬ 
mittee on instruments and measurements for pres- 
mtatioii at the AIEE summer convention, Chicago, 
S!'* June 22-26, 1942. Manuscript submitted 
November 26, 1941; made available for-printing 
May U, 1942. 

T - Pads is development engineer, and J. R. 
asacintyiib is design engineer, aircraft instrument 
department, both with General Electric Company, 
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Figure 1. Path of control-magnet flux in 
magnetic shield 

denote an instrument in which the magne¬ 
tomotive force of the moving element is 
much greater than that produced by the 
fixed coil or by the fixed control magnets. 

In an instrument of high sensitivity, the 
field of the fixed coil will be rather weak 
because of the small power available for 
producing it. This means that the instru¬ 
ment must be well shielded against stray 
fields which, even in the case of the earth’s 
field, would be comparable in strength 
with the field produced by the instrument 
coil. This is accomplished by enclosing 
the moving magnet, coil, and control mag¬ 
nets in a cylindrical cup of magnetic ma¬ 
terial of high permeability and low coer- 


magnetized in the direction of their thick¬ 
ness. As shown in Figure 1, these mag¬ 
nets are mounted on opposite ends of a 
diameter inside the cup so as to produce a 
control field in the direction of this diame¬ 
ter. The strength of this field may be de¬ 
creased or increased by inserting or with¬ 
drawing one magnet through a hole in 
the bottom of the shield as shown in the 
right-hand magnet in Figure 1. This ad¬ 
justing motion is parallel to the axis of the 
cylinder and does not affect the direction 
of the control field in the plane in which 
the moving magnet turns. Thus, it con¬ 
trols the sensitivity without affecting the 
zero setting or the scale distribution of the 
instrument. 

The moving magnet should have a 
small moment of inertia in order to give 
good responsiveness and damping. At the 
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same time it should provide a strong field 
in order to give as high torque as possible. 
Since the moving element must revolve 
through an arc of 90 degrees or more, the 
largest volume of permanent-magnet 
material can be put into a rotor which is 
bounded by a surface of revolution. From 
these considerations it appears that a cy¬ 
lindrical shape will be suitable for the 
moving magnet. A cylindrical magnet, 
magnetized along its diameter, has a very 
small ratio of length to cross-sectional 
area and, hence, should have a much 
larger ratio of coercive force to resid ual 
induction than that of any of the com¬ 
monly known magnet steels. The silver 
alloy used in the control magnets does not 
have a sufficiently high residual induction 
for this application. A very good mate¬ 
rial is an oxide magnet made of a mixture 
of iron and cobalt oxides.® This material 
has a coercive force of approximately 950 
oersteds, a residual induction of 2,200 
gausses, and a BXH maximum value of 


MOVING 
MAGNET i 


FIXED 
COIL 



CONTROL 

MAGNETS 


MAGNETIC 

SHIELD 


ADJUSTING 
^-MAGNET 

Figure 3. Diagram of complete moving- 
magnet-instrument element 

approximately 10®. The specific gravity 
of this material is half that of steel. Since 
the factor of merit of an electrical instru¬ 
ment depends on the weight of the moving 
element, this material is equivalent to 
steel having twice this BXH maximum 
value. Figure 2 shows the cylindrical 
magnet mounted within the shield and 
control-magnet assembly. 

The field of the moving magnet has no 
appreciable effect on the permanent mag¬ 
netization of the control magnets, because 
their coercive fdrce is so high as to require 
a much stronger field to magnetize or de¬ 
magnetize them. The field of the control 
magnets is much weaker than that of the 
moving magnet and likewise has no ap¬ 
preciable effect on its permanent magneti¬ 
zation. The shield material is of such low 



Figure 4. Vector diagrams of fluxes at inter¬ 
vals of 20 per cent of full-scale current. 

(A) Control magnet flux 

(8) Coil fluxes for currents indicated by sub¬ 
scripts 

(Q Resultant fluxes 

coercive force as to be practically inca¬ 
pable of acting as a permanent magnet. 
It is evident that under the conditions of 
operation no appreciable shift in the per¬ 
manent magnetization of any of the parts 
is possible, and hence the instrument will 
have negligible-hysteresis errors. 

The current-conducting coil is placed 
in the circuit to produce a magnetic flux 
at an angle of 135 degrees from the flux 
of the control magnets. This coil is shown 
schematically in Figure 3. 

The vectorial relationship of the con¬ 
trol-magnet flux and coil flux is shown in 
Figure 4. Vector B represents the coil 
flux. This flux is proportional to the cur¬ 
rent flowing in the coil and is shown in 
various magnitudes with the subscript in¬ 
dicating the percentage of maximum cur¬ 
rent. These B subscript vectors add to 
vector A to produce vector C with sub¬ 
scripts as shown. 

The polarized rotor will turn to a posi¬ 
tion parallel to vector C subscript. It 
should be noted that, although vector C 
may vary in magnitude as well as direc¬ 
tion, only the directional changes can 
cause the rotor to turn. 

In Figure 5 the angular position of vec¬ 
tor C is plotted with the per cent coil cur¬ 
rent. Since this angular position is the 
same as the pointer position, the plot 
shows the scale distribution obtained 
from an instrument of this type. The 
maximum deviation from uniformity, as 
shown by the straight dotted line, is five 
degrees. 

It is at once apparent, if changes in 
magnitude of vector B produce directional 
changes in vector C, "that like changes in 
magnitude of vector A will also produce 
the same effect. Use of this fact is made 
in calibrating the instrument to a prede¬ 
termined full-scale current value. This is 
accomplished, as previously mentioned, 
by sliding the adjusting magnet of Figure 
2 in or out of the metal shield cup, and 
thus changing the amount of control- 
magnet flux as represented by the magni¬ 
tude of vector A. 

Figure 6 is a cut-away view of one of 
the instrument elements.® 


The element shown has polished steel 
pivots moving in brass bearings. This 
type of bearing can be used where torque- 
to-weight ratios are sufficiently high. 

The copper damping cylinder is used to 
bring the rotor to rest rapidly, by means 
of eddy currents induced by the rotor. 

The field coil is wound at an angle 
across the molded coil form and not paral¬ 
lel to the rotor axis, as shown schemati¬ 
cally in Figure 4. This was done for me¬ 
chanical reasons and in no way changes 
the previously discussed considerations, 
since the field of the coil has a component 
in the plane of vector B. 

Zero adjustment is accomplished by ro¬ 
tating the whole element assembly by 
means of an arm welded to the bottom of 
the shielding cup. 

The magnetic shielding is completed by 
means of a mumetal washer on the top of 
the molded coil form. 

The element as measured on the outside 
of the shielding cup is approximately 
three-fourths inch in diameter, and one- 
half inch long. 

Conclusions 

In production quantities the element 
has been applied to only one device. This 
is a dual-range storage-battery testing 
type of voltmeter shown in Figure 7. Here 
it was possible to use brass bearings. In 
all applications seen by the authors of 
moving-coil permanent-magnet instru- 
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Figure 5. Scale-distribution curve for moving* 
magnet instrument 


ments to similar devices, jewelled bearings 
are used. 

Table I shows the physical constants of 
these voltmeters. 

The elements are adjusted to fit prede¬ 
termined scales to an accuracy of dt2per 
cent of full-scale reading. 

No hysteresis error (measured by talc¬ 
ing calibration at the same point with de¬ 
scending and ascending currents) can be 
detected. 

The instrument, when placed in a stray 
field of ten gausses in such a manner as to 
produce maximum errors, changes read- 
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Table I 



Figure 6. Cross section of moving-magnet 
instrument 


ings approximately one-half of one per 
cent of full-scale reading. 

The temperature errors of these indica¬ 
tors show some peculiar characteristics 
because of the high magnetic temperature 
coefficient of the silver alloy control mag¬ 
nets. With 10 per cent copper in the cir¬ 
cuit, the element shows an error of —4 
per cent at —40 degrees centigrade and 
+2 per cent at +50 degrees centigrade. 
With 35 per cent copper the error at —40 
degrees centigrade is +1 per cent, and at 
+50 degrees centigrade approximately 0 
per cent. The per cent errors are devia¬ 
tions from readings taken at 20 degrees 
centigrade. This makes it possible to 
build a voltmeter of low temperature coef¬ 
ficient with a high ratio of coil to series 
resistor resistance. Temperature com¬ 
pensation of ammeters may be obtained 


Plla 




Figure. 7. Battery-testing voltmeter with 
moving-magnet element 

by a shunt resistor having a low tempera¬ 
ture coefficient of resistance. 

The dement as used in these battery 
testers withstood considerable abuse. 
Several were tested by dropping 30 inches 
onto hard wood and concrete floors. No 
changes were noted except in one case 
where the adjusting magnet came loose. 

The authors feel the dement has inher¬ 
ently lower cost features and will with¬ 
stand more abuse than the conventional 
moving-coil permanent-magnet element. 
By extending the design to the use of 
jewds, the sensitivity can be increased. 
Although it cannot reach the higher sen¬ 
sitivities of moving-coil permanent-mag- 


1. Scale angle 90 degrees 

2. Scale radius 1 >*/m inches 

3. Scale length 2*/i* inches 

4. Full-scale torque (IT)* 0.35 millimeter-gram 

5. Weight (W) 0.205 gram 

6. Ratio T*/W 1.7 

7. Ratio T*/W 1.5 3.9 

8. Response 1.5 seconds 

9. Rating 3/10 volts 

10. Ohms per volt 20 

11. Coil resistance 20 ohms 

12. Coil watts (full-scale) 0.05 

13. Coil ampere-turns (full- 

scale) 14 

"'The full-scale torque shown (T) should be multi¬ 
plied b? approximately 3/2 to be comparable to the 
conventional 90-degree torque of moving-coil instru¬ 
ments. This js for the reason that the torque- 
versus-angular-displacement curve of the moving- 
magnet instrument is roughly sinusoidal and not 
linear as in the case of the moving-coil instrument. 
The 3/2 figure comes from extending the slope of the 
torque-displacement curve from near the origin, to 
the 90-degree point. This is logical, since it is the 
increment of torque-near-zero displacement which 
determines the inherent friction “stickiness’' of the 
indicator. 

net design, this moving-magnet element 
can be produced in sensitivities high 
enough to fit many applications now using 
the latter design. 
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Sleet Problems on Electrified Railroads 

H. F. BROWN 

MEMBER AIEE 


Synopsis: Sleet storms, or more properly 
ice storms, have always presented serious 
difficulties to the operators of overhead 
electric conductors of all classes. For more 
than 25 years some electric-power companies 
have been using the circulation of electric 
current to heat the conductors, either to 
melt off the ice or to prevent it from form¬ 
ing. The technique of such procedure is 
well-known and will not be dealt with in 
this paper, other than to present funda¬ 
mental theoretical data. 

Electrified railroads operating with over¬ 
head contact systems have similar ice 
storm problems, and, in addition, a number 
of special problems caused by such ice. 
These problems are outlined in this paper, 
and some means which have been used or 
proposed for their solution are described. 
Operating experience with one special ap¬ 
plication to a case of severe exposure to ice 
storms and high wind velocities is cited. 
Some of these special railroad problems have 
not yet been satisfactorily solved. 

General Problems 

T HE accumulation, of ice caused by 
freezing rain, also known as sleet or 
glaze, on overhead electric conductors has 
always presented problems to be dealt 
with by operating engineers as well as by 
the designing engineers of such systems. 
Ice loads must be taken into account in 
calculating the strength of the conductors 
and their supporting structures, and the 
National Electrical Safety Code 6 has set 
forth the different values of radial thick¬ 
ness of ice which may be expected to occur 
in the various parts of the United States. 
However, even the most liberal provisions 
for ice loads are exceeded during the oc¬ 
casional unusually severe ice storms, and 
the conductors and even their supporting 
structures may then fail. 

Ice storms are frequently followed by a 
drop in temperature accompanied by 
high-velocity winds, and both the de¬ 
signers and the operators are then faced 
with additional problems, for to the static 
ice loads may be added dynamic forces 
caused by swaying loads, and under cer¬ 
tain critical wind velocities ice-covered 
conductors will whip up and down and 
“dance” violently even to the extent of 
destroying themselves or their attach¬ 
ments to their supporting structures. 

To mitigate all these effects, which can¬ 
not always be provided for economically 
in the design, ice melting by heating the 
conductors with electric current has been 
resorted to by many power companies. 
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This is done by loading the lines to capac¬ 
ity where possible, by load concentration 
or exchange with connected supply lines, 
or by the circulation of sufficient electric 
current at a voltage lower than normal; 
and routine procedures have been estab¬ 
lished during such storms to remove or to 
prevent the forming of ice on the conduc¬ 
tors by these means. 

The theory of such current require¬ 
ments and the various operating tech¬ 
niques used have been reported in the 
technical press and in papers before opera¬ 
tor associations from time to time during 
the past few years, some of which are 
listed herein for reference. 

Special Railroad Problems 

Electrified railroads having overhead 
contact systems and associated power 
feeders must deal not only with the same 
general problems of this nature that elec¬ 
tric-power-transmitting companies have, 
but in addition they have a number of as¬ 
sociated problems peculiar to themselves 
to contend with during ice storms. Some 
of these are: 

1. On the contact wire, the ice accumula¬ 
tion, in itself a poor conductor, interferes 
with the current collection if it becomes too 
thick and causes severe arcing, which can 
seriously damage the contact conductor by 
burning and pitting; and can even cause 
flashovers where clearances to grounded 
structures are limited or reduced. Fre¬ 
quently the collector shoe can be burned in 
two by such arcing before many miles have 
been traveled. Contact wire wear is in¬ 
creased by the roughened collector shoe, and 
the fine polish acquired by months of lubri¬ 
cation or otherwise, may be destroyed. 

2. The static ice load on the catenary con¬ 
tact system may become great enough to 
distort the vertical alignment by greatly 
increasing the sag at the center of the span, 
causing the collector shoe to skip and arc 
at the suspension points, since the panto¬ 
graph is usually sluggish in its action under 
such conditions. Where heavy ice accumu¬ 
lations are known to be possible, the de¬ 
signer should weigh this factor in the selec¬ 
tion of span length, especially if high-speed 
operation is involved, since this distortion 
will increase directly with the square of the 
span length for the same weight of ice. 


Paper 42-121, recommended by the AIEE com¬ 
mittee on land transportation for presentation at 
the AIEE summer convention, Chicago, Ill., June 
22-26, 1942, Manuscript submitted April 14, 
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With inclined catenary construction, the 
increase in static load may distort the hori¬ 
zontal alignment enough to dewire the col¬ 
lector shoe on long spans on curves of long 
radius. Here again the remedy lies with the 
designer by using shorter spans or applying 
adequate horizontal bracing. 

3. The additional wind load on the ice- 
covered contact system may result in fur¬ 
ther alignment distortion caused by hori¬ 
zontal sway, or in vertical “dancing,” which, 
even if not severe enough to damage the 
overhead system, is in itself detrimental to 
continuous current collection and to high¬ 
speed operation and continuous tractive 
effort. Violent dancing may under ex¬ 
tremely severe conditions wreck the line. 
Adequate bracing to take care of horizontal 
sway may have no beneficial effect on and 
may even augment this vertical dancing 
under critical conditions. 

4. The ice accumulation on the panto¬ 
graphs and overhead collector shoes may 
add so much extra weight to these parts as 
to completely nullify the normal spring 
tension which holds the shoe against the con¬ 
tact wire. Then the pantograph will drop 
away from the wire or will not rise again 
after having been depressed, where the con¬ 
tact wire is lower than normal, as under a 
highway bridge or other low overhead 
structure. A means of augmenting the 
normal spring pressure, by added air pressure 
or otherwise, is one means of overcoming 
this difficulty; but it must be remembered 
that the pantograph pressure cannot be 
made too great without affecting the con¬ 
tact system. 

5. Electric melting of ice on the overhead 
contact system may require larger currents 
than are available, since such systems are, 
in general, designed with more conduc¬ 
tivity and for heavier currents than in the 
average power-transmission lines, which are 
usually of much higher voltage. Further, 
even when large currents can be applied, 
they may concentrate in the messenger or 
in some associated wire other than the con¬ 
tact wire, as some contact systems may be 
designed to have most of the conductivity 
in some member other than the wearing 
wire. In general, it is desirable to have the 
heating take place in all the members of 
the contact system, to overcome the diffi¬ 
culties outlined in paragraph 2 above as 
well as those in paragraph 1. 

6. Unlike ice-melting schemes used on 
power-transmission lines, any electric ice¬ 
melting scheme used on an overhead con¬ 
tact system must allow of being superim¬ 
posed on the contact system circuit while it 
is normally energized with traction power 
for train operation; that is, the heating cur¬ 
rent must be of such characteristics that it 
will not interfere with the electric operation 
of trains supplied with power from that same 
wire or circuit. For example, it is obvious 
that direct current cannot safely be super¬ 
imposed on a-c circuits without the danger 
of saturating the a-c equipment and render¬ 
ing it inoperative or possibly damaging it by 
overheating. If it becomes necessary to re¬ 
move the traction power to apply a heating 
current of different voltage or characteristic 
—as may be done often on power transmis¬ 
sion lines—there would be no advantage of 
such a method over the suspension of elec- 
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trie operation entirely and the substitution 
of steam or other form of motive power for 
the duration of the storm—-an extremely 
inefficient, if not impossible procedure on a 
system having dense traffic. 

Within the past two or three years, 
several unusually severe ice storms in 
the northeastern part of the United 
States have caused all of the electrified 
railroads in this section which operate 
under an overhead contact system to give 
more attention to these special problems, 
with the objective of preventing the ice 
from forming on the contact wire or col¬ 
lector parts, or of removing the accumu¬ 
lated ice before the deposit becomes un¬ 
duly troublesome. 

This paper will discuss some of the 
various solutions which have been found 
or suggested for these special railroad 
problems, rather than those which have 
generally been applied to power trans¬ 
mission lines. Some of the fundamental 
data are applicable to these special prob¬ 
lems, as well as the general problems, and 
hence are included herein for reference. 

Electric Heating of Overhead 
Conductors 

Pender’s Handbook gives the following 
formula for the value of the current, I, 
required to heat a conductor: 

1-kM 

where 

• T is the temperature rise in degrees centi¬ 
grade 

d is the diameter of the conductor in inches 
r is the resistance of the conductor in ohms 
per mil-foot at final temperature 
AT is a constant depending upon surface con¬ 
dition of wire; whose value is (approxi¬ 
mately) 800 in still air and 1,000 in open 
air for solid wire; and 1,200 in open air 
for stranded conductors 

F. R. Longley of Western Massachu¬ 
setts Companies in an excellent paper on 
this subject presented at a symposium of 
System Operators of New England at 
Montpelier, Vt., June 25, 1937, has de¬ 
veloped the curves shown in Figures 1 
and 2, which show the amperes required 
to heat conductors in still air, and the 
cpoling effects of cross winds on the tem¬ 
perature rise, respectively. His formula 
was developed from data reported by 
Schurig and Frick. 2 It is to be especially 
noted that low wind velocities cause a 
marked reduction in temperature rise, 
while wind velocities in excess of 15 or 20 
miles per hour do not produce much addi¬ 
tional reduction. It is obvious that all 
these formulas are applicable to railway 

590 Transactions 



(MCM) 


Figure 1. Current required to raise the tem¬ 
perature of a conductor from 0 to 150 degrees 
centigrade in still air (Longley) 

This current is recommended for ice melting. 
Maximum temperature rise out of doors prob¬ 
ably will not exceed 120 degrees centigrade, 
due to cooling effect of minimum crosswise 
wind velocity of one mile per hour. Con¬ 
ductors will not anneal below 175 degrees 
centigrade 

For copper /—17.5 (MCM) 0,M ® 

For steel-reinforced aluminum 

/=14.3 (MCM)°- Mfl 

feeders and to the various wires of the 
catenary contact system. 

Mechanical Removal of Ice From 
Contact Wires 

Most of the railroads which have been 
electrified in the northeastern part of the 
United States have rather frequent and 
dense traffic—in most cases one of the fac¬ 
tors responsible for the electrification. 
Under such conditions, the usual ice 
storm presents no especial problem, as 
the ice or glaze is scraped off or shaken off 
from the contact wire before it has a 
chance to build up to a troublesome thick¬ 
ness, by the frequent passages of the pan¬ 
tographs. This is. one method of ice re¬ 
moval which power-transmitting compa¬ 
nies cannot use. On branch lines where 
traffic is light, or during the night or at 
other times when traffic is less frequent, 
if the ice formation and accumulation is 
mainly because of infrequent train opera¬ 
tion, a special car or locomotive (electric) 
may be assigned to operate frequently to 
and fro over such lines to keep these lines 
as clear by this means as those having 
denser traffic. 

A method of prevention of the forma¬ 
tion of ice coatings which has been tried 
out on some of the 600-volt d-c urban 
lines, especially where trolley coaches 
with sliding collectors are used, and where 
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• even a light ice covering presents a very 
real problem to continuity of service, has 
been to coat the contact wire with a waxy 
or greasy substance which will not be- 
■ come wet enough by light rain to allow the 
formation of a continuous film but will 
cause the water to collect in drops. This 
may be partially successful in light ice 
storms of short duration, but since the 
drops which adhere and freeze have the 
same surface tension as the rain drops, 
they finally unite to form a continuous 
coating. Very possibly the waxy coating 
causes the ice coating to be less adherent, 
but when the temperature drops, it re¬ 
mains on the wire until scraped off by the 
collector shoe. This measure obviously is 
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Figure 2. Cooling effect of crosswise wind on 
heated conductor (Longley) 

ineffective for very severe storms and is 
not economically applicable to the contact 
systems of electrified railroads. 

Special Cases and Their Treatment 
—an Example 

Certain sections of railway line may be 
exposed to unusual conditions favorable 
to the frequent and very rapid formation 
and accumulation of ice and to very high 
winds. On such sections even frequent 
traffic is not in itself sufficient to keep the 
contact wires clear of ice, and some other 
method of ice removal must be employed 
if service is to be maintained. 

An example of such a section, having 
unusually severe exposure to both heavy 
and rapid accumulations of ice and to very 
high wind velocities, is that part of the 
electrified system of the New Haven 
Railroad known as the New York Connect¬ 
ing Railroad which operates over the Hell 
Gate Bridge in New York City between 
the Bronx and Long Island. For a dis¬ 
tance of nearly four miles this part of the 
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railroad is on a viaduct which is from 75 
to 165 feet above the ground or river level 
and at a considerable distance from any 
shielding structures. Ice seems to form 
very rapidly under certain conditions in 
this section and at times when it is not 
troublesome elsewhere, and the wind ve¬ 
locities in winter, especially after such 
storms, assume unusually high values. 
Consequently, this part of the overhead 
line has been damaged by ice and wind to 
the extent of being rendered inoperative 
electrically on several occasions since its 
construction in 1917. In contrast to this 
unsatisfactory record, the remainder of 
the line from New York to New Haven 
has operated successfully through a num¬ 
ber of severe ice storms since its comple¬ 
tion in 1914. With the exception of one 
extremely severe ice storm in December 
1915, when accumulations were two 
inches in radial thickness in many places, 
causing the breakage, chiefly at splices, 
of some number 3 American Wire Gauge 
copper-stranded conductors used in 300- 
foot spans for control circuits, this over¬ 
head system has withstood a number of 
severe ice and wind storms (including the 
hurricane of 1938) without serious dam¬ 
age. 

Mechanical Methods Applied 

A number of studies of and changes in 
the Hell Gate Bridge section have been 
made in an endeavor to overcome the dif¬ 
ficulties with ice and wind. Very possibly 
a fundamental difficulty is that some of 
the spans used are too long for such severe 
exposure. In 1927 an extensive horizontal 
wind-bracing system was applied to the 
catenary system in this section. This 
bracing did not eliminate the vertical 
“dancing” of the catenary spans, and in 
1933 some additional vertical stays were 
added to the horizontal bracing system. 


Obviously these measures did nothing to 
eliminate the ice problem. Ice on the 
contact wires was scraped off when pos¬ 
sible by special “icebreaker” locomotives, 
operated as a routine procedure during 
each ice storm. The vertical dan cing was 
still so great at times that even these loco¬ 
motives were unable to keep their panto¬ 
graphs on the wire. The difficulties from 
ice and high winds continued on the feed- 
ers, which were on occasions during subse¬ 
quent ice storms broken in two and tom 
from their supporting pin insulators in 
many places by the violent wind whip¬ 
ping. The ground wire suffered the same 
fate, and it is safe to say that there are 
but few spans in this entire section where 
some of these conductors have not been 
broken and spliced. The feeders are 4/0 
American Wire Gauge hard drawn 
stranded copper, having a normal sag of 
five feet in a 300-foot span, and it is a 
rather awesome sight to see these heavy 
conductors whipping up and down in a 
storm for 10 or 15 minutes at a time, 
with a frequency of about 25 vibrations 
per minute and with maximum ampli¬ 
tudes of twice the sag at the center of the 
spans. 

In 1937 a number of experimental 
changes was made to the feeders, includ¬ 
ing the installation of some experimental 
dampening devices similar to the Stock- 
bridge dampeners, but of various weights 
and dimensions. Some experimental 
spring suspensions and spring dampening 
devices were included, and in a number of 
spans the feeders were removed from the 
pin insulators and attached to suspension 
insulators.' None of the dampening de¬ 
vices proved of great value during the fol¬ 
lowing winter, but the wind whipping 
seemed to be materially reduced on those 
spans where the suspension insulators 
had been substituted for the original pin 
insulators. These experiments led to the 
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general substitution in 1941 of suspension 
insulators for pin insulators on all the 
feeders throughout this entire section, ex¬ 
cept on the very short spans in the 1,100- 
foot section across the main arch span of 
the Hell Gate Bridge, where pin insula¬ 
tors with a flexible mechanical clamping 
arrangement are used. 

The ground wire also has been flexibly 
suspended, so that any structure vibra¬ 
tion caused by the whipping of the cate¬ 
nary will not be communicated to this 
wire. Some additional lateral and cross 
bracing of the catenary contact system- 
was also installed in 1941, and to date 
these changes have seemed to be effective, 
as no serious difficulty has been experi¬ 
enced this past winter, although the sea¬ 
son has not been a severe one. 

Electrical Methods Considered 

During the summer of 1939 serious con¬ 
sideration was given to the possibility of 
melting sleet from the wires in this section 
by electric heating. 

There are four tracks in this section, 
an eastbound and westbound track each 
for freight and for passenger service, not 
connected by crossovers except at some 
distance east of the section, so that this 
section is operated as two two-track rail¬ 
roads. There are four contact wires with 
catenary construction at 11,000 volts to 
rail, and four feeder circuits, also 11,000 
volts to rail, but 22,000 volts to the con¬ 
tact circuits, thus making with the rails 
a three-wire system. All contact circuits 
and feeder circuits are sectionalized at 
switching stations at each end of the ex¬ 
posed section approximately four miles 
apart. All trolley contact circuits are 
connected to a “trolley” bus, and all 
feeder circuits are connected to a “feeder” 
bus at each station, with a 3,000-kva 
“balancer” transformer having center 
point of winding connected to rails, con¬ 
nected across these trolley and feeder 
busses at each station. The west switch¬ 
ing station is unattended and is oper¬ 
ated by supervisory control from the east 
switching station, which is located at a 
signal interlocking tower, thus making 
the east station the more desirable loca¬ 
tion for any additional switching or heat¬ 
ing apparatus. 

In order to electrically remove the ice 
after it had been once formed, it was as¬ 
sumed that the temperature of the wire 
would have to be raised about ten de¬ 
grees Fahrenheit between the two switch¬ 
ing stations. It was calculated that 
about 750 amperes would be required in 
the catenary system (consisting of a 
bronze messenger, copper auxiliary wire 
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and 4/0 bronze contact wire) to cause 
enough current (approximately 200 
am peres) to flow in the contact wire to 
raise its temperature the required ten de¬ 
grees Fahrenheit, since the greater part 
of the current would flow in the auxiliary 
wire and a smaller part in the messenger. 
The d-c resistance of this four-mile sec¬ 
tion of catenary is approximately 0.5 
ohm, winch gives a drop of 375 to 400 
volts between stations. The a-c imped¬ 
ance is approximately ten per cent higher. 

The problem, therefore, was to circu¬ 
late in a loop circuit between sectionaliz- 
ing points approximately 750 amperes at 
900 to 1,000 volts a-c, or about 750 kva. 
A smaller amount of power and current 
would be required if a smaller rise in tem¬ 
perature would keep the lines clear when 
applied before and during the ice storm. 
The air temperature during an ice storm 
is always between 30 and 34 degrees 
Fahrenheit and if the temperature of the 
wire could be maintained at, say, 37 de¬ 
grees Fahrenheit ice could not form on it. 

Two schemes, both believed to be prac¬ 
tical, were proposed and developed. 
Scheme I, shown diagrammatically in 
Figure 3, contemplated using two special 
11,000/1,000-volt 25-cyde transformers, 
having their 11,000-volt winding con¬ 
nected to the trolley bus through a cir¬ 
cuit breaker at the east switching station. 
The 1,000-volt winding would be provided 
with five or six taps at 50-volt intervals, 
with tap-changing facilities to suit tem¬ 
perature conditions, and would be insu¬ 
lated to withstand the normal contact- 
wire voltage plus the usual surges experi¬ 
enced on the system. This winding of 
each transformer would be connected 
through disconnecting switches, one to 
the two freight-line contact wires, and 
the other to the two passenger-line con¬ 
tact wires. These switches would be 
closed prior to the advent of the ice 
storm, and if the storm developed, the 
circuit breaker would be closed by the 


prevent short-circuiting the low-voltage 
windings. The heat would then be on 
the bridge section without further switch¬ 
ing operations, and train operation could 
be maintained and handled as required 
with no interference from the superim¬ 
posed heating power. Two trains, both 
passenger or both freight, when passing 
near the easterly end of the section might 
temporarily bypass a small amount of 
this current, but it would be negligible 
because of the high impedance of the loco¬ 
motive transformers to the 1,000-volt 
heating current. 

The passenger line diverges from the 
freight line at the west switching station 
and continues for another mile, where it 
joins another system. If it were desirable 
to heat these circuits, a new disconnecting 
switch could be installed at the end of 
this section as shown in the diagram, 
closed during an ice storm, and one of the 
circuit breakers on this line could be 
opened at the west station to avoid short- 
circuiting this part of the line. This 
scheme could be expanded by additional 
switches, or by separate transformers to 
heat the feeders in the same manner, al¬ 
though this was not felt to be so urgent at 
that time. 

This scheme was believed to be prac¬ 
ticable but was not applied—partly be¬ 
cause of the necessity for investing in the 
special transformers, when at that time it 
was unknown just how, efficacious the 
heating current would be on the trolley 
circuits, but mainly because another 
method, involving no investment or addi¬ 
tional equipment of any kind, was im¬ 
mediately available for experimental work 
by the simple expedient of power ex¬ 
change between supply points on either 
ends of this section. 

This second scheme is shown in Figure 
4 and involved the exchange of traction 
power from the supply station several 
miles east of this section, over one circuit 


tower operator, and two of the trolley cir- Figure 4. Scheme II supply 
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at a time in the section, either trolley or 
feeder, to the supply point several miles 
west of the section. At both supply 
points power is purchased from the same 
power company, but under separate con¬ 
tracts, because the supply at the western 
end is to a different railroad company 
over whose lines the New Haven circuits 
extend. This supply is through a 7,200- 
kva motor-generator set, designed for 
power flow in either direction, which was 
ideal for the purpose in mind. 

It will be seen that scheme II involved 
the use of a single trolley-rail circuit for 
contact-wire heating, or a feeder-rail cir¬ 
cuit for feeder heating, in the bridge sec¬ 
tion, which necessitated some experimen¬ 
tal tests to satisfy the local communica¬ 
tion interests that no inductive disturb¬ 
ances serious enough to cause any inter¬ 
ference with their plant could be detected; 
and after some further tests to develop 
operating technique, this scheme was 
adopted as a regular operating procedure 
to be used throughout the duration of ice 
storms and has been in successful opera¬ 
tion for three seasons. This scheme has 
been more fully described elsewhere. 4 
One of the features of the power exchange 
is that it is done on a half-hour basis; 
that is, power is taken from one supply for 
one half-hour and delivered (less losses) 
to the other supply, after which interval 
the power flow is reversed for the next 
half-hour. This is because both contracts 
have the maximum demand on an hourly 
basis, and in this way neither contract 
demand can be exceeded by the power ex¬ 
changed. A typical power curve illus¬ 
trating this feature is shown in Figure 5. 

With scheme II ice already formed can 
be melted from the feeders in from six to 
ten minutes and from the catenary in 
about twice this time, depending upon the 
temperature and wind conditions and the 
amount of power exchanged, which is 
limited by the capacity of the motor 
generator set at the western supply. 

With the improvements made during 
the past year in the feeder system in this 
section, there is some question as to the 
value of ice removal from the feeders, if 
they no longer dance and whip so vio¬ 
lently under storm conditions. The 
writer has personally observed dancing or 
whipping of feeders in this section, when 
formerly supported on pin insulators, 
with no ice coating whatever, and at tem¬ 
peratures above freezing, so that there is 
some question as to whether such dancing 
is always a function of ice coating; and 
if not, the solution of the problem of 
“dancing conductors” may be mechanical 
rather than, (or as well as) thermal. More 
winter experience with the changes re- 
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cently made must be had before it can be 
definitely stated that this problem has 
been solved. 

Further Considerations 

It will be noted that scheme II involves 
the continuity of service of all equipment 
involved in the power exchange; and if 
the equipment at the western supply 
point, which is not in duplicate, should 
be out of service for any reason during an 
ice storm, the scheme could not be used. 
This actually did happen during a very 
severe ice storm early in 1941, and, con¬ 
sequently, later in the year the proposal 
was made that a scheme similar to scheme 
I, outlined above, be installed until it was 
learned that it would be impossible to ob¬ 
tain the necessary transformers because 
of the war. 

A third scheme therefore, to be used 
only as an alternate to scheme II, has 
been devised and is now being installed. 
This scheme consists of taking one trolley 
or feeder circuit at a time in this section 
and switching the westerly end through a 
water rheostat, adjusted to allow the pas¬ 
sage to ground (rail) of approximately 800 
amperes of traction power supplied from 
the east end. Most of this power is neces¬ 
sarily lost, being dissipated through heat 
in the water rheostat; possibly five per 
cent is used in heating the wire. This 
scheme requires a number of disconnect¬ 
ing switches at the west switching station, 
a large tank of water with a continuous 
supply, and the necessary drains, to dis¬ 


sipate the large amount of waste heat, 
also sending operators to this unattended 
station and housing them there for the 
duration of the storm. It is expected that 
this installation will be ready for the next 
winter season. 

It is obvious that a similar method 
might be applied to any electrified rail¬ 
road, a-c or d-c, if the economics of the 
situation warranted. 

Ice or Sleet on Pantographs and 
Collectors 

The problem of ice accumulations on 
pantographs and collector shoes has been 
approached from a number of different 
angles. The usual and time-honored 
practice is to work the pantograph up and 
downby means of its own operating mecha¬ 
nism at frequent intervals during ice 
storms to jar off the ice accumulations 
mechanically. Obviously this means can¬ 
not be employed on long high-speed runs. 
It is also customary practice to use higher 
spring pressure during the winter, partly 
for the purpose of compensating for the 
expected additional ice load, and partly to 
exert more pressure on the wire for knock¬ 
ing off the ice on it. Mention has already 
been made of the possibility of augment¬ 
ing the normal pressure at will by auxil¬ 
iary air pressure, to overcome excessive 
added weight. 

Another proposal is to provide steam 
jets on top of the locomotive to blow 
steam from the train-heating boiler at. 
will over the pantograph frame in the 
lowered position. Obviously this scheme 
is not applicable to pantographs on motor¬ 
cars, since they carry no steam-heating 
equipment. Another method which has 
been proposed for a-c electrified railroads 
is to have the pantograph frame split elec¬ 
trically at the base and all up through the 
frame, connected electrically only at the 
top by the contact shoe, and to circulate 
through this split frame a low-voltage 


current applied across the base from a 
separate special transformer, sufficient 
in value to raise the temperature of the 
entire frame and shoe. This current 
would be applied when necessary by the 
engineman. The traction power circuit 
would be connected to one side only of the 
base. Obviously, this scheme is not ap¬ 
plicable to pantographs on equipment 
operated by direct current, at least with¬ 
out additional conversion apparatus. 

Coating the frame and shoe with a waxv 
or greasy substance has been tried and 
is thought by some to be helpful in delay¬ 
ing the formation of adherent ice on pan¬ 
tographs. This measure has already been 
commented on in connection with the 
mechanical removal of ice from contact 
wires, and those comments apply here. 
It is possible that accumulated ice can be 
more easily jarred off the pantograph by 
working it up and down, when such coat¬ 
ings are applied, but again, this is a func¬ 
tion of the temperature as well as the 
thickness of the accumulation. 

Summary 

Ice storms cause special problems on elec¬ 
trified railroads which power transmission 
systems do not have, most of them involving 
the current collection. 

Ice accumulations may be removed from 
overhead contact systems by mechanical or 
electrical means. 

Electrical heating of the contact system has 
been used satisfactorily on one a-c electrified 
railroad for a special case, and three methods 
of doing this have been devised, some of 
which may be applicable to other railroads. 

The problems caused by high winds on ice- 
covered conductors are shared with other 
power-transmission systems and are serious 
ones. Changes to existing plant may help, 
but the possibilities of these difficulties 
should not be overlooked in the original de¬ 
sign. 

Ice accumulations on pantographs present 
special problems which are recognized and 
are being solved in various ways. 

References 

1. Removal of Ice From Transmission-Line 
Conductors, D. C. Stewart. Edison Electric In¬ 
stitute Bulletin, August 1936, page 343. 

2. Heating and Current-Carrying Capaci¬ 
ties of Barb Conductors for Outdoor Serv¬ 
ice, Schurig, Frick. General Electric Review, March 
1930, page 141. 

3. Putting Sleet Thawing on a Routine 
Basis. Electrical World, November 20, 1937. 

4. Removing Sleet From Overhead Wires, H. 

F. Brown. Railway Electrical Engineer, June 1940. 

5. National Electrical Safety Code, fifth editioii. 
(National Bureau of Standards Handbook H32), 
1941. Part 2, page 97. 


August 1942, Vol. 61 


Brown—Sleet Problems 


Transactions 593 





Sealed-Tube Ignitron Rectifiers 


M. M. MORACK 

MEMBER AIEE 

I N the past decade the advantages.of 
the. rectifier, when compared to other 
forms of conversion equipment, have led 
to the development of multianode steel 
tank and glass-bulb rectifiers. The de¬ 
sirable structural features and operating 
characteristics, however, have not been 
fully realized when pump-evacuated tanks 
and fragile glass-bulb rectifiers have been 
applied to small conversion units of low- 
voltage rating. Development of a means 
of starting or igniting 1 a cathode spot, 
each positive half cycle, on a pool of mer¬ 
cury has stimulated the design of a prac¬ 
ticable half-wave or single-anode rectifier. 
The low density of ionization during the 
inverse cycle so reduced the shielding 
necessary to prevent arcback and, in con¬ 
sequence, the arc losses, that these recti¬ 
fiers could be efficiently applied in the 
lower-voltage (250 volts d-c) fields. 

Sealed, permanently evacuated steel 
ignitron tubes have been used in the con¬ 
trol 2 of resistance welding currents for the 
past ten years; and in such service these 
electronic devices have given a degree of 
control, speed, and reliability not pre¬ 
viously matched by mechanical means. 
Sealed, permanently evacuated steel igni¬ 
tron tubes for rectifiers ranging in capacity 
from 75 to 400 kw (at 250 to 600 volts d-c), 
have been developed and placed in service, 
and it is the purpose of this paper to de¬ 
scribe the design, characteristics, and per¬ 
formance of these rectifiers. 

The Field for the Permanently 
• Evacuated Tube-Type Rectifier 

The field of application of the mercury- 
arc rectifier is considerably enlarged by 
the use of permanently evacuated tubes 
in circuits which haye output characteris¬ 
tics similar to those of a d-c generator 
with nominal field control. Despite al¬ 
most universal use of alternating current 
for generation and distribution, direct cur¬ 
rent still provides the most suitable source 
of power where adjustable speed or con¬ 
trolled torque characteristics are desired. 
D-c' motors for machine tools, business 
machines, magnetic chucks, and separa- 
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tors, grinding machines, and elevators are 
typical examples of these d-c loads. 

In comparison with other forms of con¬ 
verting equipment, the sealed-tube igni¬ 
tron rectifier offers several distinct fea¬ 
tures for such service. The equipment is 
completely static, thereby eliminating 
special foundation requirements. The 
rectifier is quiet in operation which per¬ 
mits installation in locations where any 
appreciable noise would be objectionable. 
The over-all efficiency is high and prac¬ 
tically constant over the entire load range. 
The no-load losses are small when com¬ 



pared with rotating equipment of like 
capacity. Rectifier equipments are fac¬ 
tory-assembled, thereby minimizing in¬ 
stallation time and expense. 

Tube Design and Operation 
Characteristics 

Two sizes of ignitron tubes have been 
developed. The general tube design and 
construction are shown in Figure 1. The 
tube elements consist of a main anode, 
mercury-pool cathode, two ignitors, an 


auxiliary or holding anode spray, and de¬ 
ionization shields. Water jacket, flow 
spiral, and inner cylinder are of stain¬ 
less steel. 

Ignition 3 of a cathode spot is accom¬ 
plished by passing an impulse of current 
from the ignitor to the mercury pool. 
Passage of current from the ignitor to the 
pool generates sufficient heat to break 
momentarily the contact of the mercury 
with some crystal in the ignitor. If the 
magnitude of the current, its duration, 
and the voltage gradient along the ignitor 
are sufficient, a cathode spot is estab¬ 
lished. 

Figure 2 shows the variation in ignition 
voltage, current, and time for a typical 
ignitor, when supplied from the voltage of 
the main anode. When the ignitor is 
started at the beginning of the applied 
voltage wave, the current rise is slow, and 
the t ime required to reach the critical ig¬ 
nition value is long. When the applied 
voltage is high, as near the middle of the 
wave, the critical ignition current is 
quickly reached and the time correspond¬ 
ingly short. 

Arc-drop voltages are given in Figure 3 
in terms of anode current and outlet 
water temperature. These data wer^ 
determined from cathode-ray-oscillograph 
measurements, while the tubes were sup¬ 
plying an inductive load of sufficient mag¬ 
nitude to insure essentially flat-topped 
current waves. Arc losses represent a 
design compromise between the minimum 
obtainable with no baffling and those with 
the shielding required to produce satisfac¬ 
tory freedom from arcback. 

Cathode spots on a free surface of mer¬ 
cury become unstable when the instan¬ 
taneous current decreases below approxi¬ 
mately three amperes. To provide stable 
operation in this current range, an auxil¬ 
iary anode has been added to the tube ele¬ 
ments. This anode is usually excited 
from a low-voltage source inphase, or 
slightly ahead of the period of main anode 
conduction. 

The tubes are water-cooled. Water- 
flow rates, cooling area, and temperature 
are deter min ed by the requirements of re¬ 
moving the arc losses while maintaining 
vapor 4 pressure control. The outlet water 
temperature varies inversely with the load 
as is shown in the performance, data of 
Figure 4. Maximum water temperatures 
are determined by the point at which the 
vapor pressure reaches arcback conditions. 
Minimum water temperatures are deter¬ 
mined by the ability of the tubes to con¬ 
duct current without “surging.” This 
phenomenon is the result of insufficient 
vapor pressure to provide ions for the 
load-current demand. Momentarily con- 
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duction ceases, and the rapid current 
changes in transformer and lead induct¬ 
ance generate high voltages. Surging is 
usually limited to the first few cycles of 
conduction and for the particular designs 
does not occur at full-load currents with 
water temperatures as low as ten degrees 
centigrade. At less than full load the 
temperature may be lower. Optimum 
operating temperatures are in the range of 
30 to 50 degrees centigrade, since under 
these conditions the arc losses are nearly 
a minimum, and there is more reserve 
vapor pressure control to take care of cur¬ 
rent demands. 

Ignitron tubes in common with most 
vacuum-tube devices have elements of 
relatively small mass. The time for aver¬ 
aging the heating effect of sustained cur¬ 
rent demands is therefore a matter of 
minutes rather than hours as found in 
more massive machinery. This time is 


adequate for clearing feeder fuses, start¬ 
ing motors and for the usual types of over¬ 
loads that are encountered in service. 

Rectifier Design and Performance 
Power Circuits 

The choice of rectifier power circuits 
permits the grouping of different numbers 
of tubes to obtain various rectifier capaci¬ 
ties. Figure 5 shows some of the more 
common of these circuits, together with 
the number of rectifying elements re¬ 
quired, and the nominal ratings which are 
obtained in 250-volt service. These nomi¬ 
nal ratings are made on the basis of the 
continuous duty. The usual overload fac¬ 
tors are 125 per cent for two hours and 
200 per cent for one minute. For most 
applications the circuits in which several 
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Figure 3. Arc-drop characteristics for cooling Figure 4. Arcback temperatures for opera- 
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Figure 5. Table showing typical power cir¬ 
cuits and rectifying elements for 250-volt 
operation 

tubes conduct simultaneously are prefer¬ 
able. In such circuits the total load is 
divided. Arc losses are therefore a mini¬ 
mum, since the instantaneous tube cur¬ 
rents are low, and current capacity is a 
maximum. In certain cases, however, 
ease of control makes circuits preferable 
in which each tube carries the full load 
current. Rectifiers 5 which supply field 
currents for synchronous machines are in 
this category. To provide rapid response 
for both increasing and decreasing line - 
voltage, the rectifier must be capable of 
inversion as well as of rectification, and 
the control is simplified when circuits of 
the three-phase, quarter-phase, or six- 
phase type are used. 

Two-wire service is readily obtained 
from the usual rectifier circuits. Three- 
wire service may be obtained in two ways. 

A balancer set capable of carrying unbal¬ 
anced currents of the order of 25 per cent 
of the set rating is usually sufficient to 
provide the required neutral. Three-wire 
systems may also be obtained electroni¬ 
cally through the use of a three-phase, 
double-way 6 circuit shown in Figure 6. A 

practicable installation may consist of two- 
wire circuits to carry the main part of the 
load and sufficient three-wire circuits to 
carry the imbalanced load. 

Ignitor Excitation 

Anode excitation 7 is the most direct 
method of establishing a cathode spot. 

In this case a portion $f the load current is 
diverted through thje ignitor by means of a 
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•Figure 6. Three-phase double-way rectifier 
for three-wire service 
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suitable thyratron control tube. Estab¬ 
lishment of the main arc effectively shorts 
the excitation system and thereby limits 
the average ignitor current to practicable 
values. This system is shown schemati¬ 
cally in Figure 7A. The anode firing ex¬ 
citation system has two limitations. When 
the rectifier is feeding a counter electro¬ 
motive-force load, and the current is low, 
the anode currents tend to become dis¬ 
continuous. The voltage which can be ap¬ 
plied to the ignitor becomes the difference 
between the instantaneous transformer 
voltage and that of the counter electro¬ 
motive-force load. This voltage difference 
is so low that either a relatively long 
period is required for the ignitor current to 
reach the critical ignition value or the 
counter electromotive-force voltage de¬ 
creases sufficiently to provide the required 
ignition current. Momentarily, therefore, 
the rectifier ceases to deliver its normal 
output voltage. This effect can be cor¬ 
rected by providing sufficient series induc¬ 
tance in the d-c load to assure that the 
current is continuous. Even though the 
load current is continuous, it may drop 
below the critical ignition value. In effect 
the ignitor resistance is suddenly placed in 



the circuit. The resulting reduction in 
output voltage can produce a very annoy¬ 
ing light flicker when lamps are part of the 
connected load. 

One form of separate excitation is shown 
in Figure 7B. In this case a capacitor 
(FC) is charged through dry-plate recti¬ 
fier (DPR) and discharged at the proper 
instant through a thyratron tube. Phase 
control is obtained in the usual manner 
through the thyratron grid. An induct¬ 
ance in the discharge circuit establishes 
the desired rate of rise in the ignitor cur¬ 
rent. The circuits are so designed that a 
relatively high peak current, approxi¬ 
mately 25 to 30 amperes, is available prior 
to ignition. This current value is in excess 
of the usual requirements, but, since the 
available energy is fixed, a design factor 
must be included for any possible con¬ 
tingency. The duration of the impulse is 
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approximately 500 microseconds and the 
average ignitor current one-half ampere. 
Losses are of the order of 100 watts per 
ignitor. The ignition current is of such 
short duration that the cathode spot is 
maintained for the remainder of the main- 
anode conducting period by an auxiliary 
anode. Average current in this circuit is 
of the order of two amperes and losses 50 
watts. 

The required peak excitation current 
may be obtained 8 * 9 magnetically as shown 
in Figure 7C. Operation of the circuit is 
as follows: The linear reactor (LL) has 
an iron core with an air gap and is designed 
to give a constant reactance up to rated 
voltage and frequency of the circuit. The 
saturating reactor (SL) is built with a 
closed high-permeability core and a wind¬ 
ing which will draw a large magnetizing 
current at the saturating point. This 
peak of current occurs when the capacitor 
(FC) is charged to its maximum voltage. 
The capacitor discharges through the 
saturating reactor, giving an impulse of 
ignitor current. A dry-plate rectifier 
(DPR) prevents reverse current from flow¬ 
ing in the ignitor circuit. The autotrans¬ 
former (A UT) allows one circuit to supply 
excitation power to two tubes, which are 
in 180-degree phase relation. 

The phase position of the impulses 





A*C POWER IGNITRON 0*0 

SWITCHGEAR TRANSFORMER RECTIFIER SWITCHGEAR 

Figure 10. Line diagram showing rectifier 
component parts 
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Figure 11. Metal-enclosed ignitron rectifier 
with automatic d-c switchgear for general 
purpose use 


which establish the cathode spot are con¬ 
trolled by shifting the supply voltage (£ 34 ) 
to the excitation circuit. This is accom¬ 
plished by means of the network, consist¬ 
ing of reactor (CL) and (PL), and capaci¬ 
tor (PC). The reactor (PL) is capable of 
gradual change in reactance over a 10 to 1 
range by means of d-c saturation. The 
reactor (CL) and capacitor (PC) operate 
with a circulating current larger than that 
drawn by the excitation circuit and act as 
a power source for this circuit. The phase 
position of the voltage (E M ) can be ad¬ 
justed by controlling the point of satura¬ 
tion in the phase-shifting reactor. In this 
manner a 40-volt-ampere d-c source may 
be used to vary the firing point of the ig¬ 
nitor over an angle of approximately 50 
degrees. 

Fault Protection 

Fault protection must be provided for 
a-c and d-c short circuits and for tube 
arcback conditions. 

A-c protection for the transformer cir¬ 
cuits is taken care of most satisfactorily by 
means of circuit breakers. The interrupt¬ 
ing capacity of such a breaker is deter¬ 
mined by the system capacity from which 
power is obtained. 

The d-c protective equipment should 
provide for the usual functions of overload 



Figure 13. Water-cooling system of a 75-kw 
ignitron-tube rectifier 

and short circuit. Again breakers are 
usually preferable, at least for the main 
feeders. 

In spite of almost complete freedom 
from arcback when circuit, tube, and 
load conditions are properly co-ordinated, 
provision must be made for the possibility 
of arcback. Anode fuses of proper char¬ 
acteristics and capacity have proved 
satisfactory for this service. Differential 
protection can be obtained by the co¬ 
ordination of the tube current-carrying 
capacity with the transformer current- 
limiting reactance. The proper relation¬ 
ship of these two factors permits the re¬ 
maining tubes in the circuit to carry the 
transformer short-circuit current without 
arcing back, for the eight or ten cycles 
required for the fuse to open. Likewise 
d-c short circuits may be cleared with the 
rectifier remaining available for service. 

Voltage Control and Regulation 

Regulation in rectifier circuits is due 
primarily to the voltage lost during the 
commutation period. At this time two 
anodes are conducting simultaneously, 
and the output voltage is the average of 
the instantaneous voltages. These condi¬ 
tions are shown in Figure 8 . The voltage 
loss 10 during the commutation period is 

Voltage drop =*PFLI 
where 

P =number of phases or anodes which com¬ 
mutate consecutively 



Figure 14. Over-all efficiency for a 250-volt 
75-kw ignitron rectifier 


F— system frequency 

L — commutating inductance of one phase in 
henries 

7=d-c current at the beginning of current 
transfer 

The commutating reactance is that of any 
two phases whose anodes conduct in turn. 
It may be determined by shorting the 
transformer primary and applying excita¬ 
tion current to the secondary phases. 

Rectifiers of this type usually have 
voltage regulation of six to seven per cent. 
This regulation is often greater than is de¬ 
sirable. To mitigate this effect, as well as 
compensate for variation in the voltage 
supply to the rectifier, the phase of the 
ignitor impulse is varied with respect to 
the positive half cycle of anode voltage to 
control the starting point of the anode cur¬ 
rent. 

For magnetic excitation circuits, the 
simplest method of controlling the recti¬ 
fier output voltage is to vary the d-c satu¬ 
rating current in accordance with the 
variation in the d-c output of the rectifier. 
In Figure 7C the voltage sensitive element 
(VR) of a torque-type regulator is con¬ 
nected across the d-c voltage to be regu- 



Figure 12 (left). Installation of 
a portable ignitron rectifier for 
mining service 


Figure 15 (right). Comparison 
of motor-generator and igni- 
tron-rectifier losses 
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lated in series with a reactor and a variable 
resistor. The regulator rheostat element 
(RR) is connected in parallel with the 
saturating windings of the phase shift re¬ 
actors. The voltage drop across the rheo¬ 
static element varies from a maximum to 
zero, thereby varying the current in the 
saturating winding of the reactor (PL). 
Parallel operation of one or more rectifiers 
can be obtained by use of an equalizer 
bus between tire regulating dements of 
the various, units. 

Figure 9 shows a typical characteristic 
in which the rectifier voltage output is 
regulated from zero to full load. Beyond 
full load the output voltage follows the 
natural regulation. 

Where extremely rapid response is de¬ 
sired, such as in the case of an dectronic 
exciter operating to control the output 
voltage of a synchronous condenser, an 
electronic regulator 8 may be used. 

Equipment Design 

In general, the equipment design allows 
complete factory assembly of the units. 
The tubes, exdtation, and control form 
one unit; the transformer another; and 
the required switchgear a third. A typical 
rectifier equipment is shown on the line 
diagram of Figure 10 and consists of the 
following components: 

(a) . Metal-enclosed manually or auto¬ 
matically operated a-c switchgear. 

(b) . Main, interphase, and control power 
transformers which are oil- or Pyranol-filled, 
natural or forced air-cooled, depending upon 
location and service. 

(c) . Metal-enclosed water-cooled ignitron 
mercury-arc rectifier with manually or auto¬ 
matically operated d-c switchgear. 

Figure 11 shows , a rectifier installation 
that is suitable for general purpose use 
such as lighting, power, or elevator loads. 

Mine-service rectifiers require special 
designs in that the available head room is 
limited. Figure 12 shows a typical unit in 
which the rectifier, the transformer, and 
the switchgear form an articulated train. 
The cars are sufficiently short to permit 
moving around the usual track curves en¬ 
countered in mine service. Portable recti¬ 
fiers are particularly adapted to mine serv¬ 
ice, because they permit movement to. 
new load centers as the cod is progres¬ 
sively removed. 

Application 

Rectifier ratings and the number of 
units required depend upon the applica¬ 
tion. In essentid service it is considered 
good practice to have in reserve a stand-by 
unit which will permit the largest rectifier 


in service to be removed. Where require¬ 
ments are less severe, and where the units 
may be removed for maintenance and in¬ 
spection, rectifiers may be used to full 
capadty. 

Elevator loads, particularly in hotels, 
apartment houses, and office buildings 
provide an excellent example of the essen¬ 
tial service type of load. For reasons of 
safety such transportation must continue 
in operation. A satisfactory solution of 
the problem is to provide two complete 
and independent rectifiers with automatic 
change-over in case of d-c voltage failure. 
Simple switching provides preselection of 
the normally operating and reserve recti¬ 
fiers, and tiie order may, of course, be 
periodically changed to equalize the use of 
the two units. 

Tap water is usually used for removing 
the rectifier-arc losses. Full-load arc losses 
in 200-kw 250-volt rectifiers are approxi¬ 
mately sixper cent. Hence the transfer of 



Figure 16. Annual savings for a 75-kw 250- 
volt rectifier 


this loss into the water rather than into the 
air is desirable, particularly in locations 
having limited ventilation facilities. The 
cooling water is not contaminated in pass¬ 
ing through the tube jackets, and may be 
used in plant processes. Figure 13 shows 
the usual arrangement in which water is 
supplied to the rectifier at line pressure 
and passes through regulating valves to 
the tube jackets, yalve 5F is a shunt 
valve used to adjust minimum flow. 
Valve TRV is controlled thermostatically 
and regulates the water flow in response 
to load. Thermostat (WOT) protects 
against water over temperature while the 
water flow relay (WFR) will remove the 
rectifier from operation on loss of cooling 
water flow. The flow relay utilized de¬ 
pends for its operation upon a physical 
displacement requiring both hydraulic 
pressure and water flow. 

In general, most waters which are suit¬ 
able for industrial or public use are satis¬ 
factory for cooling requirements. Waters 


which readily deposit lime or silt are to be 
avoided. The stainless-steel jackets are 
resistant to most corrosive elements, and 
the usual temperature of operation is not 
conducive to lime deposits. Stainless 
steel, however, is subject to slight cor¬ 
rosion by waters containing chlorides. 
Generally waters containing below 20 
parts per million are satisfactory. Most 
public water supplies do not contain more 
than 8 to 15 parts per million. 

Where local water conditions are un¬ 
satisfactory for direct use, heat exchangers 
may be employed. For mine service, air- 
to-water heat exchangers have been found 
to be the more practicable. Mine waters, 
in general, are very corrosive and- very 
dirty. Air temperatures, on the other 
hand, are relatively constant and suffi¬ 
ciently low to make air-to-water heat ex¬ 
changers attractive. 

Maintenance 

Rectifier maintenance outside of the 
usual ins pection which should be given 
any electrical apparatus is primarily a 
matter of tube renewals. The number and 
frequency of such renewals depend upon 
the ultimate tube life. This ultimate life 
logically seems to depend upon the ignitor 
or loss of tube vacuum. To provide for 
the former, sealed tubes have two igni¬ 
tors, one of which is held in reserve. 
Actually, examination of ignitors which 
have operated for two to three years 
shows that no appreciable erosion has 
taken place. Experience over a four-year 
period indicates there is no impairment 
in the tube vacuum. 

A direct approach to the problem of 
maintenance is to evaluate the annual 
savings in power cost resulting from the 
higher efficiency and lower no-load losses 
of rectifiers. Figure 14 shows the over-all 
rectifier efficiency, and Figure 15 the kilo¬ 
watt loss of a typical 75-kw motor-genera¬ 
tor set and an equivalent ignitron recti- ' 
fier at various loads up to full rating. 
Between 20 and 80 per cent of rated load, 
the difference in losses varies from 5.5 to 
6.8 kw. Since the usual load characteris¬ 
tics are such that the load oh either a 
motor-generator set or a rectifier will 
rarely lie outside of this range, the annual 
savings in kilowatt hours obtained by us¬ 
ing a rectifier can be approximated very, 
closely by multiplying the number of 
hours in service by 6.1. The gross saving 
depends upon the; cost of electrical energy . 
Although power costs vary considerably, 
rates of one to three cents per kilowatt 
hour are representative; Figure 16 shows 
the annual saying on the basis of a power 
cost of two cents per kilowatt hour in 
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Practical Design of Counterpoise for 
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I. Introduction 


■EXPERIENCE has shown that pre- 
Eryentive lightning protection, in¬ 
volving the installation of overhead 
ground wires and the co-ordination of 
tower-ground resistances with insulation 
level, can be quite effective in preventing 
flashovers due to lightning. Studies pre¬ 
sented in an earlier paper 1 indicated that 
the efficiency of preventive protection 
can be made practically 100 per cent for 
high-voltage lines having insulator flash- 
over levels of 1,600 kv and above. If the 
flashover level is reduced, the efficiency 
of protection becomes less. 

Tower-ground resistance directly af¬ 
fects the protection efficiency obtained, 
aiin for satisfactory line performance re¬ 
sistance usually must be reduced below 
the values obtained with tower founda¬ 
tions alone. Buried counterpoise offers a 
practical means for accomplishing this, 
and, although many papers have been 
written on the theoretical aspects of the 
counterpoise, there is very little published 
on the problems encountered in actual 
installations.® This paper gives some 
methods that have been used in the in- 
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stallation of buried counterpoise at ap¬ 
proximately 1,800 steel towers of the 
Pennsylvania Water and Power Company, 
as well as some of the results obtained. 

When a counterpoise installation was 
contemplated, it was first necessary to de¬ 
termine the level of tower-footing resist¬ 
ances theoretically desirable. Next it was 
estimated how closely this objective could 
be approached and the amount of coun¬ 
terpoise conductor required. The data 
and methods presented are not sufficiently 
comprehensive to be applicable to all 
cases in all localities, but they may prove 
useful as a guide in making similar‘instal¬ 
lations. 

II. Determination of the Optimum 
Tower-Footing Resistance 

Experience has shown that in most 
cases flashovers will not occur at towers 
where the footing resistances are kept 
below the value indicated by the relation 8 

V 

- 

1(1-CF) 

where 

R =Tower-footing resistance 
V— Itnpulse-flashover level of line insula¬ 
tion 

/—Maximum natural tower lightning cur¬ 
rent 

CF** Coupling factor between overhead 
ground wires and line conductors 


This equation fixes the upper limit of 
footing resistance for any assumed value 
of tower current 7, 7 usually being taken 
in excess of any tower currents that have 
ever been measured in the field. 

Towers have suffered flashovers when 
the footing resistances and tower currents 
were appreciably less than the upper 
limit set by the above expression. 1 * 4 This 
has occurred more frequently than can 
be attributed to freak conditions. Ap¬ 
parently there is an impedance voltage 
drop in tower structures and grounding 
systems which accompanies heavy light¬ 
ning discharges and which causes flash¬ 
overs when the ohmic resistance drop ap¬ 
pears low. As a practical consideration 
the effect has been evaluated in terms of 
tower currents. 

For instance, on a 66-kv line having 
eight 4 s /4-inch insulators the upper limit 
for tower-footing resistance is obtained 
by substituting in the preceding equation 


R=- 


635,000 


1(1 —CF) 150,000(1-0.25) 


*5.6 ohms 


It is assumed that 150,000 amperes is ap¬ 
proximately the largest tower current 
that has ever been measured under natu¬ 
ral lightning conditions. It would be 
logical to expect that towers having foot¬ 
ing resistances of this level or less would 
not be subject to flashover; yet it has 
been found that flashovers have occurred 
on towers having footing resistance of 
this order of magnitude, when the indi¬ 
cated tower currents have been only 
about 60,000 amperes. 1 This leads to a 
modification of the desired level of tower¬ 
footing resistance based on economic con¬ 
siderations. With insulator flashover 
levels of about 600 kv, footing resistance 
can be considered the controlling factor 
for indicated tower currents up to only 
60,000 amperes. Due to the uncertain 



terms of the percentage of time the set is 
in operation. In general the average sav¬ 
ings exceed the average replacement cost. 

Conclusion 

The design and application of rectifier 
equipment using sealed ignitron tubes has 
involved the solution of many new and 
interesting problems. Light flicker, con¬ 
trol, voltage regulation, the problems of 
excitation, overload, and arcback protec¬ 
tion have necessarily formed a part of the 
evolution of this type of rectifier equip¬ 
ment. The basic problems have been 
solved, and it is believed that the con¬ 
tinuous and reliable operation of the 
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sealed steel-tube rectifiers will demon¬ 
strate that these electronic devices have 
the same high standards of performance 
as the older forms of conversion equip¬ 
ment. 
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Table I. Optimum Tower-Footing Resistances 
for Several Transmission Lines 


Line 

Operating 

Voltage 

(Kilovolts) 

Suspension 

Insulator 

Units 

Nominal 

11 / 2 * 40 - 
Microsecond 
Flashover of 
Insulators 
(Kilovolts) 

Optimum 

Tower- 

Footing 

Resistance 

(Ohms) 

66.... 

. 7-47« in.. 

. 665.... 

.... 5 

66.... 

. 8-4V« in.. 

. 636.... 

.... 6 

132.... 

.12-61/4 in.. 

.1,015.... 

....10 

220 .... 

.20-61/4 in.. 

.1,605.... 

....16 


accuracy of tower-current measurements, 
it has been suggested that tower currents 
measured by surge-crest ammeter links 
mounted on tower legs be multiplied by a 
factor of 2 to correct for the currents 
carried by cross members of steel towers. 5 
This gives a maximum safe tower cur¬ 
rent of about 120,000 amperes and a prac¬ 
tical working value of about seven ohms 
for the optimum tower-footing resistance 
on an actual transmission line having an 
insulator flashover level of 635 kv. As 
all the factors in the equation are not 
known exactly under natural lightning 
discharge conditions, it has been found 
that a good working rule for the desired 
footing resistance is that it shall be not 
more than one ohm for each 100 kv of in¬ 
sulation flashover level, using the 172 x 40 
microsecond value. This is referred to as 
the optimum tower-footing resistance. 

Some examples of optimum tower-foot¬ 
ing resistances are given in Table I. 

m. Selection of Counterpoise 
Length 

Usually counterpoise is installed princi¬ 
pally as a convenient auxiliary means for 
reducing tower-footing resistance. For 
this reason the amount of counterpoise 



SPACING BETWEEN ADJACENT CONDUCTORS IN TEE! 

Figure 1. Effect of spacing on ground re¬ 
sistance of parallel buried conductors as deter¬ 


mined by test 
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conductor used is that required to bring 
the ground resistance as close as practi¬ 
cable to a desired level. There are some 
notable exceptions to this principle. The 
section of the Boulder Dam-Los Angeles 
lines in high resistance territory® and the 
High Knob section of the Wallenpaupack 
Tap 6 are published instances of effective 
counterpoise installations where ground- 
resistance criteria do not apply. It is 
significant that in both of these cases 
lines operate at high voltage and have 
high insulation levels. 

Based on traveling wave theory, Bew- 
ley and Hagenguth 7 have suggested that 
counterpoise conductors should be no less 
than 200 feet long. This minimum length 
has proved to be a satisfactory one in the 
field, from the viewpoint of both installa¬ 
tion and performance. The maximum 
length that has been used on the 66-kv 
lines considered in this paper has been 
400 feet where spans are greater than 800 
feet, and continuous from tower to tower 
where the spans have been less than 800 
feet. On 132-kv and 220-kv lines where 
the insulation levels are higher (see Table 
I), continuous counterpoise has been in¬ 
stalled where ground resistances could not 
be reduced sufficiently by buried conduc¬ 
tors 200 to 400 feet long. The basis for 
this difference in procedure for the two 
classes of insulation levels is the observed 
phenomena that the 66-kv towers flash 
over when low measured ground resist¬ 
ances are due to good grounds at some 
distance from the tower bases, 1 and that 
the higher-voltage lines can apparently 
withstand heavy discharges even though 
the necessary low ground resistances are 
obtained only by counterpoise extending 
for some distance from the tower foun¬ 
dation. 6 ' 8 

IV. Selection of Number and Spac¬ 
ing of Counterpoise Conductors in 
Parallel 

Dwight® has published formulas for 
calculating the ground resistances of 
buried conductors, and they show that 
the greater the spacing between parallel 
wires the lower is the ground resistance 
of the system. 

To indicate the practical limits for 
spacing, a set of measurements was ob¬ 
tained with seven 400-foot buried lengths 
of bare solid copper rod of one-fourth- 
inch diameter. The conductors were 
laid in straight parallel lines, 18 inches 
below the surface of the ground, five and 
ten feet apart. After a suitable weather¬ 
ing period, the resistances to ground of 
the individual conductors were 37, 37, 
35, 35, 35, 30.5, and 32 ohms. The re- 
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Table II. Reduction of Ground Resistance 
Due to Addition of Third Counterpoise Con¬ 
ductor Midway Between Two Others 


Distance 
Between 
Two Outer 
Wires 
(Feet) 

Ground Resistance 
in Ohms 

Two Outer All Three 
Wires Wires 

Per Gent 
Reduction 
Due to 
Third Wire 

10. 

,...28 .... 

....26 ... 

.7.1 

20. 

,...26 .... 

....23.8... 

.8.5 

40. 

,...21.8.... 

....19.7... 

.9.6 


suits plotted in Figure 1 emphasize the 
fact that two or more wires in parallel 
with reasonable spacings cannot produce 
so low a resistance as might be expected 
from the common relation for parallel 
resistances. 

Table II, based on the data of Figure 
1, gives a comparison of the ground re¬ 
sistance of two parallel conductors with 
that of a set of three when a third con¬ 
ductor is installed midway between the 
original two. It can be seen that the 
third conductor reduces the ground re¬ 
sistance only, slightly, but the reduction 
in the surge impedance would be greater 
theoretically than that in ground resist¬ 
ance. 

Another investigation was made in the 
field to determine the relative merits of 
the installation of two. counterpoise con¬ 
ductors parallel to each other on one side 
of a tower, as positions 1 and 2 in Figure 
2B, and the installation of the two con¬ 
ductors on opposite sides of the tower, as 
in Figure 2A. Four wires, 540 feet long, 
were buried in the ground in the pattern 
shown in Figure 2B, with 26-foot spacing 
between parallel conductors. The ground 
resistances were as given in Table III, 
and show about a 25 per cent advantage 
for the arrangement of Figure 2A. 

Based on field data, Table IV gives the 
order in which it has been found that 
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Figure 2. Arrangement of counterpoise 
conductors 

Electrical Engineering 






















Table III. Ground Resistance of Counter¬ 
poise Conductors at Test Installation Arranged 
as Shown in Figure 2B 


Counterpoise Conductor Ground Resistances 


Designations in Ohms 


1 .26.2 

2 .24. 

3 .26.3 

4 .26.9 

1 and 2.18.5 

3 and 4.18.8 

1 and 4.14.1 

2 and 3.13.2 

All .10.1 


counterpoise can be most effectively in¬ 
stalled to reduce footing resistances to a 
desired level. The individual conductors 
are spaced as far apart as right-of-way 
restrictions allow, and the grounding 
conditions at each tower determine the 
type and extent of the counterpoise sys¬ 
tem to be installed. 

V. Estimating Counterpoise Con* 
ductor Requirements 

When tower foundations have been 
placed and a few weeks are allowed to 
elapse for the soil to settle around them, 
ground resistances are measured and used 
as indicators of the amount of counter¬ 
poise required. This procedure does not 
usually delay construction; when neces¬ 
sary, counterpoise can be laid and its re¬ 
sistance measured with a transmission 
line in operation. Incidentally, this fact 
has permitted counterpoise to be applied 
readily to the improvement of old lines. 
Tower-footing resistances have been 
found to be more reliable indicators of 
counterpoise requirements than spot 
soil-resistivity measurements, because of 
the abrupt changes in soil characteristics 
which occur in the territory under con¬ 
sideration. This territory varies from 
comparatively level ground, partly 
wooded, partly cultivated, up to hilly 
country where abrupt changes in eleva¬ 
tion of a few hundred feet occur. Wher¬ 
ever rolling or hilly country is encoun¬ 
tered, the soil consists of heavy days lib¬ 
erally interspersed with broken shale or 
large boulders.. In level country near sea 

Table IV. Recommended Order for Installa¬ 
tion of Counterpoise Conductors 


1. Two 200- to 400-foot conductors at opposite 
sides of tower (Figure 2A) 

2. Four 200- to 400-foot conductors (Figure 2B) 

3. Conductors extended to adjacent tower on one 
side, then to adjacent tower in opposite direr 
tion as required (see section III) 

4. Third conductor laid midway between other 
two (Figure 2C) 


level, the soil is generally sand or river 
silt. 

It would be desirable to predetermine 
two characteristics of a counterpoise in¬ 
stallation: 

1. The levels to which ground resistances 
can be reduced from given initial tower- 
foundation resistances. 

2. The amount of counterpoise conductor 
which will be required to attain the desired 
result. 

No satisfactory method of doing either of 
these things was found until some actual 
field experience was accumulated. Based 
on data such as that given in section VII, 
estimates could .be made of the average 
wire needed and final ground resistance 
to be attained for towers having founda¬ 
tion resistances in a given range. Even 
then, accurate estimates could not be 
made unless a large number of towers was 
considered, because the actual installa¬ 
tion at a given tower frequently varied a 
good deal’from the average result. Each 
tower and span was considered sepa¬ 
rately, taking into account situations in 
which long counterpoise conductors were 
required, and the installation would 
serve to improve conditions at both tow¬ 
ers at the end of the span. In some cases 
it was found that certain towers would 
themselves require short counterpoise, 
while the neighboring tower would re¬ 
quire a continuous one. An installation 
of this type, designed to make satisfac¬ 
tory the worse of two grounding condi¬ 
tions, would reduce the final ground re¬ 
sistance of the low-resistance tower much 
below the optimum value. 

At those towers where large amounts 
of counterpoise conductor were called for, 
not more than three conductors in each 
direction from the tower were specified, 
because of considerations which were dis¬ 
cussed in section IV. 

VI. Ground-Resistance Measure* 
ments 

A common method for making ground- 
resistance measurements is the three-elec¬ 
trode method. 10 With counterpoise con¬ 
ductors several hundred feet long, the 
required spacings of the two temporary 
probes used in the three-electrode method 
become impractically large. A simple 
and practical substitute for the three- 
electrode method is the direct reference 
method, using the completed transmis¬ 
sion line and its grounds as the reference 
electrode. 10 The ground resistance meas¬ 
ured by this method includes that of the 
reference electrode as well as that of the 
system being investigated. The ground 
resistance of an entire transmission line 


is usually only a fraction of an ohm, mak¬ 
ing the observed resistance the ground re¬ 
sistance of the counterpoise system for all 
practical purposes. 

When applying the direct reference 
method, the counterpoise conductors are 
disconnected from the tower at which it 
is desired to obtain measurements and 
also from the next adjacent tower on each 
side, if the counterpoise is continuous. 
The counterpoise conductors are then 
electrically connected in parallel, and the 
resistance measured between their com¬ 
mon point and the tower. The overhead 
ground wire serves to connect the tower 
to the rest of the system. It has been 
found by tests that the ground resistance 
of a counterpoise system and a tower in¬ 
combination is approximately the same 
as that of the counterpoise system alone. 
The reason for this phenomenon is that 
the tower foundation lies within the ex- 



Figure 3. Reduction of counterpoise ground 
resistance due to weathering, at 483 tower 
locations 


Counterpoise installed with a wire-laying 
plow 

tensive counterpoise system and does not 
contribute appreciably to the conductiv¬ 
ity of the system as a whole. 

In this connection it is of some im¬ 
portance to note that the same effect is 
present when ground rods of moderate 
length are used at tower foundations. 
Due to the size of a tower foundation in 
relation to that of the rod and the small 
amount of additional soil contacted, the 
ground rod has been found to reduce 
ground resistances only slightly below 
that of the foundation alone. Exceptions 
occur in those special cases where a com 
ducting stratum has been reached by rods' 
of moderate length or very long rods have 
been driven. 11 

Practical considerations when making 
field measurements require that care be 
taken that corroded contacts do not cause 
inaccurate measurements. Defective elec¬ 
trical contacts may appear in the ground 
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20 40 60 80 100 

tower foundation resistance in ohms 

Figure 4. Ground resistances produced by 
four 50-foot buried radial wires terminating in 
salted rods at 171 locations on the Safe 
Harbor-Westport 220-kv line 

at bonded joints in the counterpoise con¬ 
ductors and also at the tops of towers 
where the overhead ground wires are sup¬ 
ported. 

VII. Field Data 

Following the installation of counter¬ 
poise with a plow, there is a decrease in 
ground resistance during the ensuing 
period while the weather packs the soil 
into better contact with the buried con¬ 
ductor. This phenomenon has been 
found to be a highly variable one, inde¬ 
terminate at any given location except by 
actual measurements of ground resist¬ 
ance. For instance, it can be seen in 
Table V that the variations in reduction 
have been from 0 to 91 per cent of the re- 

Table V. Reduction of Ground Resistance of 
Counterpoise Due to Weathering at 483 Tower 
Locations 


Per Cent. 
Reduction 
/ Final R'' 
V Initial R j 

Tower Locations 
^ Number Percentage 

Percentage 
Exceeding 
Maximum 
Reduction 
of Range 

0 ... 
1- 6 

... 3.4.. 

3 

.. 0.6.... 
0 6 

....99.4 

98 8 

6-10... 

111 21111’ 

.. 0.4.... 

111.98.4 

11-16... 

... 7.... 

.. 1.5.... 

....96.9 

16-20... 

...6_ 

.. 1.2.... 

....95.7: 

21-26... 

...15.... 

.’. 3.1.... 

....92.6 

26-30... 

...12_ 

.. 2.5.... 

....90.1 

31-35... 

.,.15_ 

. . 3.1_ 

_87.0 

36-40... 

...27.... 

... 5.6.,.. 

.,..81.4 

41-45... 

.. .35..... 

.. 7.3.... 

....74.1 

46-50... 

..;33:. .. 

;. 6.8.... 

....67.3 

51-55... 

...36_ 

.. 7.5.;.. 

_59.8 

56-60... 

...44.... 

.. 9.1.,.. 

....50.7 

61-66... 

....36_ 

.. 7.5.... 

....43.2 

66-70... 

...43,... 

8.9.... 

....34.3 

71-75. , ; 

...39.... 

.. 8.1_ 

....26.2 • 

76-80... 

...62.... 

..12.3.... 

....13.4 

81-86... 

...45_ 

.. 9.3.... 

.... 4.1 

86H90... 

...19_ 

.. 3.9.... 

_0.2 

91 ... 

... 1 .,., 

.. 0.2.... 

.... 0 
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GROUND RESISTANCE OF TOWER FOUNDATION IN-OHMS 

Figure 5. Counterpoise characteristics at 216 
locations on the Holtwood-Coatesville 66-kv 
line 

In many cases, counterpoise is continuous from 
tower to tower and serves to reduce ground 
resistance at two towers 

sistances measured at time of installa¬ 
tion. After the initial weathering, fur¬ 
ther changes in counterpoise resistance 
have been found to be inappreciable. 
When making an installation, it has been 
the practice to allow for a reduction in 
ground resistance in order to limit the 
amount of wire used. In making this al¬ 
lowance, a balance was struck between 
an occasional installation of an excessive 
amount of counterpoise conductor as 
against the probable hazard of an oc¬ 
casional high footing resistance. In 
some cases where little or no reduction 
materialized, additional counterpoise was 
installed after weathering had occurred. 
Figure 3 can serve as a basis for establish¬ 
ing a working rule. 

On the first line to which the principles 
of preventive lightning protection were 
applied, attempts were made to reduce 
the ground resistance of tower founda¬ 
tions by the addition of four 50-foot 
buried radial wires terminating in salted 


GROUND RESISTANCE OT TOWER FOUNDATION N OHMS 


Figure 6. Counterpoise characteristics at 100 
locations on the Safe Harbor-Perryville 132- 
kv line 

The longer counterpoises are usually continu¬ 
ous and serve to reduce resistances at two 
towers 


eight-foot ground rods. The results of 
this work are shown in Figure 4. In ad¬ 
dition to the individual points shown on 
the graph, the encircled crosses each rep¬ 
resent the average for 19 locations. This 
method of improving ground resistance 
was not satisfactory, because it did not re¬ 
duce most of the tower-footing resistances 
below the desired level of 16 ohms. Sub¬ 
sequently footing resistances were im¬ 
proved by the addition of counterpoise 
conductor. 

Figures 5 and 6 show the characteris¬ 
tics of counterpoise on two lines on which 
counterpoise alone was used to improve 
footing resistances. On the 66-kv line 
it was desired to obtain footing resist¬ 
ances below six ohms. On the 132-kv 
line the optimum value was ten ohms. 
As would be expected from the relative 
magnitude of the two desired final values, 
the economical maximum amount of wire 
vyhich could be installed at a given loca¬ 
tion was reached more often on the 66-kv 


Table VI. Summary of Counterpoise Installations Where Ground Resistances Were Measured 

After Weathering Occurred 


Ground Resistances in Ohms 

---- Number 

Tower Foundation Counterpoise of Loca- 

Number - --- tions • ® et 

of Meas- Where Conductor 

Tower ured Measured Installed Per 

Loca- Maxi- Opti- Maxi- Exceeds Tower Location 

Line tions mum Average mum mum Optimum Maximum Average 


Harbor-Westport- 


Safe Harbor-Riverside 

(220 lev),......... 

Safe Harbor-Perryville 

(132 lev).... . 


Holtwood-Coatesville (66 
kv).....,. 


.116... 

...400... 

...150... 

...16... 

...31... 

., 52... 

...2,900... 

..1,071 

.234 . 

. . .450... 

... 77... 

...16... 

...18.... 

... 8... 

...4,650.;. 

...1,172 

.167... 

1. .343.,. 

... 58... 

...10... 

...20.... 

..72... 

...3,000... 

..1,388 

.151.... 

...525... 

...137... 

... 6,.. 

...20.... 

..110... 

...2,100... 

,.1,570 

.216... 

••.511••. 

...147... 

... 6... 

...25.... 

.167... 

..,2,400... 

..1,612 
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line than on the 132-kv line. It must be 
borne in mind that the lightning perform¬ 
ance of these two lines is very good even 
though the optimum conditions were not 
attained in many cases. 

The wide scattering of points in Fig¬ 
ures 4, 5, and 6 are attributed to the 
abrupt changes in soil conditions which 
were frequently encountered. Where 
salted rods were used, they frequently 
could not be driven to their full length of 
eight feet due to rocky conditions. Where 
counterpoise was used, lower resistances 
to ground were obtained in- cultivated 
fields and pasture land than in woods, 
and in low sections, than on hills. As 
the counterpoise was laid, it frequently 
would pass from one soil condition to 
another, producing noticeably different 
results on one side of a tower from those 
produced on the opposite side. In spite 
of the large variations in the results ob¬ 
tained at individual towers having similar 
foundation resistances, data of the type 
given have been useful in estimating the 
average requirements of projected in¬ 
stallations. 

It has not been the practice to remeas¬ 
ure the ground “resistance of counterpoise 
at every location after weathering has oc¬ 
curred. It has been measured only at 
those locations where the values at time 
of installation were greater than the op¬ 
timum values. For this reason complete 
data cannot be given for all locations on 
every line., However, in Table VI an in¬ 
dication is given of the magnitude of re¬ 
ductions in ground resistance that have 
been obtained by the use of counterpoise. 
The criterion of the worth of preventive 
lightning protection is the outage record 
of the lines to which it has been applied. 
Such a record is given in Table VII, and 
counterpoise has played an important 


role in minimizing interruptions due to 
lightning. 

VIII. Summary 

1. There is apparently an op tim um value 
of tower-footing resistance for a given level 
of insulation on a transmission line. This 
has been evaluated empirically as approxi¬ 
mately one-hundredth of the kilovolt flash- 
over value of the insulation. 

2. Three parallel wires in a counterpoise 
system seem to be the largest practical num- 


Table VII. Lightning Outages of Lines Hav¬ 
ing Counterpoise as Part of Preventive Light¬ 
ning Protection 


Line 

Years 

of 

Record 

Outages 

Outages Per 
100 Miles 
of Line 

Per Year 

Safe Harbor- 
Westport- 

Takoma (220 kv). 10... 

. 1 .... 

....0.11 

Safe Harbor- 
Riverside 
(220 kv). 

... 4... 

. 1 .... 

.a.«0.50 

Safe Harbor- 
Perryville 
(132 kv). 

... 7... 

.1 .... 

....0.42 

Holtwood-York 
(66 kv). 

... 6... 


....1.46 

Holtwood- 
Coatesville 
(66 kv). 

... 4... 

.3.... 

....2.55 


ber. Such an installation provides six 
electrical paths away from a tower founda¬ 
tion. 

3. The counterpoise system installed at 
each tower on a line must be graded to the 
conditions at the tower location if uniformly 
low ground resistances are to be obtained at 
reasonable cost, Uniform low ground resist¬ 
ances along a line are to be preferred to a 
uniform counterpoise system. 

4. The ground resistance of a counterpoise 
system decreases for a period following 
installation due to settling of the soil around 


the buried conductors. After the initial 
weathering period, seasonal variations usu¬ 
ally are small in the territory where observa¬ 
tions were made. 

5. The amount of counterpoise conductor 
installed and the final resistance obtained at 
towers having similar foundation resistance 
varied a good deal due to abrupt changes in 
soil conditions in the territory studied. In 
spite of the variations, the average results 
have been helpful in es timat ing conductor 
requirements for new work. 

6. Preventive lightning protection, in 
which counterpoise plays a prominent part 
by reducing tower-footing resistances, is 
very effective in preventing flashovers on 
high-voltage lines. 
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Electric Control for Steam Boilers on 
Diesel-Electric and Straight 
Electric Locomotives 

E. H. BURGESS 

NONMEMBER AIEE 


E LECTRIC control is a necessity in 
the operation of the modern steam 
boiler if the boiler is expected to have 
maximum efficiency, safety in operation, 
and constant operation at the various out¬ 
puts required. Installation and operating 
conditions vary over a wide range; there¬ 
fore, to meet these conditions the controls 
used differ in type and quantity in order 
to supply those actually needed for good 
operation, as well as those required to 
comply with rules and regulations under 
which the installations are permitted. 
Generally, the method of operation of 
such boilers can be classified in two cate¬ 
gories, namely, automatic and semiauto¬ 
matic, and these two classes will be dis¬ 
cussed in this article. 

Electric control is further separated 
into two component parts, where one 
group of items consists of the operating 
necessities for actual boiler operation, 
and the other of safety features required 
under legal regulations (including those 
• needed for the safety of the equipment 
itself in case of failure of any major part). 

Automatic-Control Boilers 

Operating Necessities 

To analyze the operation and use of 
each of the control items used for a com¬ 
plete automatic installation, it will be ad¬ 
visable to start with the basic boiler and 
add each electric item in the order of its 
use for normal operation. 

Current for igniting the atomized fuel 
is generally obtained from high-voltage 
transformers or magnetos, with the ma¬ 
jority of installations using the trans¬ 
former, because of its ability to give a 
very hot spark for complete combustion. 
With transformer ignition a source of 
alternating current is required, and this 
is obtained from a suitable rotary con¬ 
verter where the necessary direct current 
is taken from the locomotive batteries or 
control source. 

To provide constant ignition under all 
operating speeds of the boiler motor- 
including the off cycle of the boiler when 
no .steam is being used—the converter is 

604 Transactions 


connected directly actoss the line and is 
controlled by the master control switch. 
The rotary converter serves another pur¬ 
pose also by supplying alternating current 
for the electric-eye operation, which will 
be discussed later under safety controls. 

The pressure switch, operating directly 
from steam pressure, actuates the balance 
of the controls to regulate the required 
output. Where various output capaci¬ 
ties are required, a multifinger switch is 
used to vary the motor speed in accord¬ 
ance with steam output and it automati¬ 
cally cuts in the motor-speed relays to 
keep the steam pressure up to the operat¬ 
ing point. 

As less steam is used, the pressure 
switch causes the contact fingers to oper¬ 
ate in a definite sequence to slow down the 
motor, and thus only sufficient steam is 
made to replace that amount which is 
being used. When the steam consumption 
becomes greater than the output, the con¬ 
tact fingers operate in the reverse cycle 
and cause the motor to speed up in order 
that sufficient steam should be available 
for the requirements. 

Connected in the oil line is a solenoid 
valve used to stop the flow of oil when 
such operation is required. The valve coil 
receives its current from the main relay of 
the motor control and is only energized 
when the relay is closed and the motor 
running. During the off cycles of the 
boiler the motor relays are de-energized; 
therefore, the oil solenoid valve is closed 
to prevent any oil from collecting in the 
combustion chamber which might cause a 
minor explosion when the fire again lights. 
This valve is also kept de-energized when 
the main motor is being run, only for the 
purpose of filling the boiler with water, 
and is accomplished by an interlock in 
the master control switch. 

An important item in electric controls 
is the time-delay relay which has several 
functions during the normal operation. 

Paper 42-127, recommended by the AIEE com¬ 
mittee on land transportation for presentation at 
the AIEE summer convention, Chicago, Ill., June 
22-26, 1942. Manuscript submitted April 13, 
1942; made available for printing May 19, 1942. 

E. H. Burgess is electrical engineer with the Vapor 
Car Heating Company, Inc., Chicago, Ill. 
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When the boiler is ready to run, and the 
proper switches have been turned to their 
operating position, the time-delay relay 
is momentarily energized, but the con¬ 
tacts remain closed for a predetermined 
length of time. Unless the oil ignites and 
keeps burning during this predetermined 
time, the contacts will open and shut the 
boiler down. If the fire continues to burn, 
then the relay coil will become energized 
through the electric eye or stack switch 
operation. During the off cycles of the 
boiler, it is also necessary to keep this 
relay energized in order that the motor 
will again start when steam is required, 
and this is accomplished by an interlock 
on the motor relay or a separate pilot 
relay. The time-delay relay is generally 
adjustable, so that the predetermined 
time setting can be adjusted to suit the 
conditions required for various sizes and 
types of boilers. 

Safety Features 

On any boiler installation safety control 
features must be included in order to 
comply with laws or regulations, and also 
to insure safety in operation of the boiler 
itself. To provide some means of stop¬ 
ping the boiler in case the fire does not 
properly ignite or goes out because of some 
defective part of the controls, some means 
must be provided to detect this condition, 
and transmit the proper impulse to the 
motor controls. Two methods are gener¬ 
ally used, one being the photoelectric¬ 
cell type and the other a stack switch 
whose contacts are operated by a bi¬ 
metallic helix. 

The photoelectric-cell method consists 
of locating the photoelectric cell so that 
it is affected by the oil flame in the com¬ 
bustion chamber, causing current to flow 
to the amplifying unit. The rectifying 
and amplifying unit used in conjunction 
with the photoelectric cell includes a 
sensitive relay that remains energized 
whenever the proper flame is burning 
in the boiler. If the flame should go 
out while the motor is still running, the 
sensitive relay acts on the time-delay 
relay, which will stop the motor after 
the predetermined time lag. During 
normal operation, where the pressure 
switch stops the motor and cuts off the 
flow of oil, a pilot-relay interlock keeps 
the time-delay relay energized even 
though the sensitive relay contact is 
open. 

Stack-switch control is similar to the 
photoelectric cell except that the contacts 
are opened and closed mechanically by 
the bimetallic helix which is, in turn, 
affected by the temperature of the gas 
surrounding it in the smoke stack. These 
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Figure 1. Front view of automatic steam boiler 
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Figure 2 (left). Side 
view of automatic 
steam boiler 
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Figure 3. Schematic 
wiring diagram for 
described boiler 


IGNITION 


TRANSFORMER 


contacts are normally open and they close 
when a relatively low stack temperature 
has been reached such as one resulting 
from a continuous burning fire. . 

Where air, under pressure, is used to 
atomize the fuel oil, an air control switch 
is incorporated in the controls to insure 
that sufficient air of proper pressure is 
fed to the oil nozzle, so that the combus¬ 
tion will be complete and retain a clean 
fire. The air control switch is usually set 


to open the control circuit when a reduc¬ 
tion of air pressure in the feed line reaches 
a point that will affect the combustion 
quantity of stack smoke and efficiency. 

To protect against excessive high steam 
temperature, a high-temperature switch 
is incorporated in the control circuit to 
open the motor circuit when the tempera¬ 
ture limit is reached. One type of switch 
uses an alloy that melts at this tempera¬ 
ture and, in doing so, opens a spring set 


CONTROL SWITCH 
OPERATING POSITIONS 

TEST 1 i b d 

OFF •_ 

START _' 

RUN •• • 


contact. To reset, the molten alloy must 
first cool and harden in order to hold the 
contacts closed for further operation of the 
motor controls. 

A periodic blowdown of the coils is 
necessary to remove sediment and other 
foreign materials from the coils and pipe 
lines connected with them. To facilitate 
this operation a coil blowdown valve is 
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installed in the water intake line, and in¬ 
corporated with it is an electric push¬ 
button assembly. When the valve is open 
the electric circuit is open, so that the 
boiler cannot run while steam is being 
blown back, and the boiler cannot be re¬ 
started until the valve is fully closed. 

To guard against excessively high stack 
temperature, which is an indication of 
some faulty adjustment or badly sooted 
coils, a stack switch is located in the 
smoke stack, and its contacts are oper¬ 
ated by a bimetallic helix. The high tem¬ 
perature contacts are normally closed and, 
once opened, have to be reset manually 
and only after the temperature has . de¬ 
creased sufficiently to enable the contact 
mechanism to re-engage. Installations 
that use a stack switch instead of photo¬ 
electric cell for a low fire control have 
both low and high temperature contacts 
operated by a common helix in one housing. 

Alarm Mechanism 

Audible or visual alarms are used with 
boiler controls, depending on the type of 
installation and rules of the operator. In 
general, the alarm circuit consists of a 
suitable relay whose contacts, when 
closed, ring a bell or light a series of lamps, 
or both. The alarm relay is connected 
into the boiler control circuit so that the 
opening of the contacts of the various 
safety features will not only shut down 
the boiler, but it will also give the desig¬ 
nated alarm. 

Figure 1 shows the front view of a typi¬ 
cal automatic boiler equipped with con¬ 
trols as mentioned above. The multi¬ 


finger pressure switch is shown to the 
right of the gauge box and in front of the 
air intake. Control cabinet directly be¬ 
low the gauge box contains the starting 
and speed-selection switch, time-delay 
relay, pilot relay and terminal-connection 
panel. The master motor for driving the 
blower wheel, water pump, and oil pump 
is shown mounted directly beneath the 
control cabinet. At; the lower right-hand 
comer is shqwn a cutout box in which is 
located the electric push button used in 
conjunction with the coil blowdown valve. 

Figure 2 shows the side view of the 
same boiler. At the upper left position 
is shown the side view of the multifinger 
pressure switch as previously described. 
To the right of the pressure switch is 
shown the ignition transformer and the 
high-voltage wires connected to the spark 
plugs which are near the top of boiler. 
The oil solenoid valve is shown directly at 
the top of boiler above the peep sight 
case. Just below the smoke-stack con¬ 
nection is shown the stack switch, 
mounted in the smoke hood, and to its 
right the high-temperal!ure switch is 
mounted in the steam line. 

Figure 3 is a schematic wiring diagram 
used in conjunction with this type of 
boiler and shows the connections between 
the various electrical operating controls 
and safety features. 

Semiautomatic-Control Boilers 

Semiautomatic-control boilers are es¬ 
sentially the same as the fully automatic- 
control boilers except for a few operating 


differences. The pressure switch is of 
the single-finger type, which opens and 
closes in accordance with the steam pres¬ 
sure selected but has no effect on the 
speed of the driving motor other than 
start and stop. Speed selections of the 
motor are made with a manual selector 
switch which connects to the motor vari¬ 
ous amounts of resistance, depending on 
the position of the switch. By this means 
the operator adjusts the motor speed-, so 
that the steam output of the boiler will be 
satisfactory for the load it has to carry. 
Where motors used are of such size that 
motor starters are required, the necessary 
step control relays and starting resistance 
are needed in addition to the manual 
selector switch for actual speed-control 
setting. 

Controls of this type are naturally 
limited to installations where the load is 
relatively constant for considerable 
lengths of time, or where an attendant is 
readily available to change the motor 
speed setting as often as necessary. 

Electrical controls for steam boilers 
play such an important part in their op¬ 
eration, that any amount of time spent in 
developing the correct type is warranted 
by the practical results obtained. Full¬ 
time operation at maximum output and 
highest efficiency can be had only with 
electric controls that perform their re¬ 
spective functions in the way intended. 
The items mentioned in this article have 
been selected, from past experiences, to 
be necessary for proper operation and 
complete control of all functions of the 
boiler, including the safety requirements. 
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Electronics of the Fluorescent Lamp 

MARK A. TOWNSEND 

ASSOCIATE AIEE 


T HE fluorescent lamp is one of the re¬ 
cent and rapidly growing additions to 
the field of electronic devices. In order 
to understand properly the characteris¬ 
tics of the fluorescent lamp, it is necessary 
just as with other electronic devices, to 
know something about the fundamental 
principles of operation. It is the purpose 
of this paper to describe the operating 
principles of this type of lamp, both as an 
electrical conductor and as a radiation 
generator. Following a brief outline of 
the properties of radiant energy as they 
concern lamp design, a description is given 
of the phenomena occurring in the sepa¬ 
rate regions of the lamp. The final sec¬ 
tion of the paper is concerned with the 
over-all characteristics of the lamp con¬ 
sidered primarily as a circuit element. 

The purpose of any electric lamp is to 
convert electric energy into radiant en- 
ergy. The usefulness of a lamp depends 
not only upon the efficiency with which it 
converts the input energy into radiation, 
but also upon the suitability of the pro¬ 
duced radiation for the particular appli¬ 
cation involved. The following descrip¬ 
tion of radiant energy is presented to indi¬ 
cate requirements placed on a lamp as re¬ 
gards radiation output. In order to indi¬ 
cate the similarity of lamps to other elec¬ 
trical equipment, radiation is described 
in terms of frequency rather than by the 
more conventional wave-length designa¬ 
tion. For the benefit of those more famil¬ 
iar with the wave-length description, 
important values are given in both units. 

Radiant Energy 

i 

To be useful as light, the radiant energy 
produced by a lamp must fall within the 
region of the spectrum to which the hu¬ 
man eye is sensitive. This region is shown 
in relation to the remainder of the elec¬ 
tromagnetic spectrum by the chart of 
Figure 1. Although the ultraviolet and 
infrared regions of the spectrum immedi¬ 
ately adjacent to the visible are not di- 
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rectly useful for illumination, they are 
increasing in importance for other uses, 
and the term lamp has been extended by 
. common usage to include sources of radia¬ 
tion in these regions of the spectrum. 
The range of frequencies covered by com¬ 
mercially available lamps is shown in the 
expanded portion of Figure 1. 

It is desirable to control the processes 
of energy conversion within a lamp so 
that the proper frequency of radiation is 
obtained for each intended application. 
This may be illustrated for visible light 
by the curve of Figure 2, which shows the 
average response of the light-adapted 
human eye as a function of frequency. 
This may be compared with the response 
of a radio receiver tuned to a frequency 
of 540 X10 12 cycles per second, corre¬ 
sponding to a wavelength of 5,550 ang¬ 
strom units (A). It is apparent that the 
greatest possible light-producing effi¬ 
ciency would be obtained with a lamp 
which converted all the energy input into 
radiation at this frequency. Such a lamp 
would be a green light source having an 
efficiency of approximately 620 lumens 
per watt. However, the usefulness of 
such a lamp would be limited because of 
its color. When a lamp produces radia¬ 
tion at any frequency other than 540X 
10 12 cycles per second, its l umin ous effi¬ 
ciency is necessarily lower than the above 
value. For example, a lamp which con¬ 
verted all the input energy into radiation 
within the visible region having the same 
spectral distribution as average daylight 
would have a luminous efficiency of only 
220 lumens per watt. 

In the incandescent lamp, the spectral 
distribution of the output radiation is 
continuous throughout lie spectrum and 
is controlled by the operating tempera¬ 
ture of the filament. Since the energy 
distribution is continuous, it is not pos¬ 
sible to confine the output to a narrow 
range of frequencies, except by filtering 
out and thus wasting the undesired radia¬ 
tion. In a gaseous discharge lamp the 
frequency of the output radiation is fixed 
by the kind of gas, each gas having cer¬ 
tain characteristic frequencies which it 
can radiate. The relative amounts of 
energy radiated at the different frequen¬ 
cies can be controlled by the type of dis¬ 
charge. A good example of this method 
of control is given by two types of mer¬ 
cury lamps: in the low-pressure germici¬ 


dal lamp most of the radiation from the 
mercury is concentrated in the short-wave 
ultraviolet, while in the high-pressure 
capillary lamp a major portion of the 
radiation is produced in the visible and 
long-wave ultraviolet regions. In the 
fluorescent lamp the output frequency is 
controlled by the choice of the fluorescent 
coating, as will be described later in this 
paper. However, the operation of the 
fluorescent lamp also involves a gaseous 
discharge in which, as in the simple dis¬ 
charge lamp, the most important con¬ 
trolling factors are the nature of. the gas 
and the type of discharge. The electron¬ 
ics of the fluorescent lamp are concerned 
with the operation of this gaseous dis¬ 
charge, both as a circuit element and as a 
radiation generator. 

Principle of the Fluorescent Lamp 

The process by which the fluorescent 
lamp converts electric energy into visible 
radiation is analogous to that of two 
energy converters connnected in series. 
The first of these is a gaseous conduction 
lamp which is designed to convert-electric 
energy into ultraviolet radiant energy. 
This lamp usually takes the form of a 
glass tube having a length of from 10 to 50 
diameters. Within the tube is a small 
drop of mercury producing a mercury 
vapor pressure corresponding to the tem¬ 
perature of the tube wall. Also present, 
is a low pressure of argon gas. Specially 
designed electrodes at each end of the 
tube are connected to the external circuit 
by means of vacuum-tight glass-to-metal 
t seals. In operation this constitutes a low- 
pressure mercury vapor discharge lamp 
which can be made to convert 50 per cent 
or more of the electric energy input into 
ultraviolet radiation of wavelength 2,537 
angstrom units corresponding to a fre¬ 
quency of 1,182 X10 12 cycles per second. 

The second energy converter in the 
fluorescent lamp is a frequency changer 
which converts the 1.182X10 12 cycles per 
* second radiation into visible radiation 
with frequencies between 750 and 430X 
10 12 cycles per second (4,000-7,000 ang¬ 
strom units). This frequency converter 
consists of a coating of fluorescent pow¬ 
ders which is applied to the inside surface 
of the discharge tube. This frequency 
conversion process is relatively high in 
efficiency so that, when it is combined 
with an efficient source of the exciting 
radiation, a high over-all lamp efficiency 
is produced. 1 * 2 Although a major por¬ 
tion of this paper is devoted to the gase¬ 
ous conductor, a brief description of the 
characteristics of fluorescent powders is 
necessary in order to illustrate the require- 
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meats which the gaseous conductor must 
meet. 

Fluorescent Materials 

Certain materials, known as phos¬ 
phors , 8 have the property of emitting 
visible light when they are exposed to ex¬ 
citing agents such as cathode rays, X rays, 
and ultraviolet radiation. The light thus 
produced is called fluorescent light, and 
most engineers are familiar with this 
property as used in the fluorescent screen 
of the cathode-ray oscilloscope and the 
X-ray fluoroscope. However, by far the 
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By properly mixing these different phos¬ 
phors, one can obtain , almost any desired 
color of light. The curves of Figure 3 
show the distribution of the energy output 
with respect to frequency for daylight, 
blue, and pink fluorescent lamps. The 
continuous curves represent the energy 
radiated from the phosphor; the dotted 
rectangles represent the relatively small 
amount of visible energy produced 
by the mercury discharge . 4 It should be 
pointed out that the curves given in Fig¬ 
ure 3 are plotted with respectto frequency, 
and they therefore differ in shape from 
oaves plotted with' a uniform wave¬ 
length scale. Ordinates have been se¬ 
lected so that the total area under the 
curve gives the total energy radiated by 
the phosphor. 
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most efficient method of exciting these 
phosphors is the use of ultraviolet radia¬ 
tion, as in the process used in the fluores¬ 
cent lamp. 

The color of the fluorescent light de¬ 
pends upon the type of phosphor and the 
methods by which it is prepared and is 
not, in general, influenced by the fre¬ 
quency of the exciting radiation. Table 
I lists some of the phosphors used in 
fluorescent lamps and gives the predomi¬ 
nant color of the light which they emit. 


The curves 4 of Figure 4 show the sensi¬ 
tivity of several typical phosphors used 
in fluorescent lamps, as a function of the 
frequency of the exciting radiation. It is 
seen that these have their maximum sen¬ 
sitivity in the region near 1,182X10 12 
cycles per second (2,537 angstrom units), 
which is the radiation most efficiently 
produced by the low-pressure mercury 
discharge which makes up the gaseous 
conductor of the fluorescent lamp. 

The Gaseous Conductor 

A glass tube filled with neutral gas 
atoms, as, for example, an unexcited 
fluorescent lamp, is an almost perfect in¬ 
sulator. Even if electrons are freely in¬ 


troduced into the gas, only small currents 
can be made to flow with the usually 
available voltages, so-long as the gas 
atoms remain electrically neutral. The 
reason for this is that the space charge 
produced by the electrons limits the flow 
of current. Only by breaking up the 
atoms of the gas into charged particles, or 
in other words, “ionizing” the gas, can 
reasonably large currents be made to 
flow. This process of ionization is essen¬ 
tial to the operation of almost every 
type of gaseous conductor. In the case of 
a rectifier, thyratron, or similar device, 
the passage of current is the chief func¬ 
tion of the discharge, and conditions are 
preferably arranged so that a minimum 
amount of energy is absorbed by the con¬ 
ductor. The primary purpose of the gas 
discharge lamp, on the other hand, is to 
produce radiation. As will be described 
later in the paper, radiation is obtained 
from “excited” atoms which have ab¬ 
sorbed energy from the discharge. Hence, 
in the discharge lamp, conditions are 
preferably arranged so that as much en¬ 
ergy as possible is absorbed by the con¬ 
ductor in the formation of excited atoms. 

The gaseous conductor of the fluores¬ 
cent lamp may be separated into three 
main regions, namely, the cathode region, 
the anode region, and the positive column. 
The most important of these is the posi¬ 
tive column, which includes most of the 
length of the lamp, and in which most 
useful excitation (and hence radiation) is 
produced. The cathode and anode re¬ 
gions serve to connect the positive column 
to the external circuit. These are regions 
of low light-producing efficiency and, for 
this reason, conditions in general are 
chosen so that they consume as little as 
possible of the total lamp wattage. On 
alternating current the same electrode 
structure must serve alternately as anode 
and cathode, although the electronic 
phenomena are greatly different for the 
two functions. Before considering in de¬ 
tail these regions of the discharge, a 
brief description will be given of the fun¬ 
damental processes of excitation and 
ionization. 

Excitation and Ionization 

Although there are many ways in 
which atoms may be excited and ionized, 
in a gas discharge lamp, we are primarily 
interested in excitation and ionization by 
electron collision. For the purposes of our 
description an atom may be pictured as a 
positively charged nucleus surrounded by 
a number of electrons. The mass of the 
nucleus is very heavy compared to that of 
an electron. In the normal state of the 
atom, the number of electrons is just 
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sufficient to neutralize the positive charge 
of the nucleus and in addition the internal 
energy of the atom is at its minimum 
value. If this normal atom is struck by 
an electron, the collision may be as be¬ 
tween elastic spheres, and, due to its 
great mass, the atom will absorb very 
little energy from the electron. The 
small amount of energy which is absorbed 
in such a collision appears as a change in 
velocity of the atom (increase in thermal 
energy of the atom). If, however, the 
colliding electron possesses more than a 
certain minimum amount of energy 
there exists a probability that the atom 
will make an inelastic collision and ab¬ 
sorb a definite amount of energy from the 
electron. In this process one (in rare 
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Figure 2. Average relative response of the 
light-adapted human eye as a function of 
frequency 

cases more than one) of the electrons of 
the atom is changed from its normal state 
to a state of higher potential energy, and 
the atom is said to be "excited.” In the 
new state the electron is more loosely 
attached to the nucleus but is still a part 
of the original atom; hence, an excited 
atom is still electrically neutral. For each 
different kind of gas atom certain char¬ 
acteristic discrete states of potential 
energy are possible, and these are us ual ly 
called energy levels. An atom does not 
remain in an excited state indefinitely, 
but in most cases very quickly returns to 
the normal state and releases the energy 
of excitation in*the form of radiant en¬ 
ergy. The frequency of the radiation 
emitted during the transition from one 
level to a lower level depends upon the 
energy difference between the levels, and 
is given by the equation: 

f m 242.9X10“ V cycles per second (1) 

where / is the frequency of the emitted 
radiation and V is the energy difference 
expressed in electron-volts (an electron- 
volt is the energy gained by an electron 
in traversing a potential difference of one 
volt). When several possible energy 
levels lie between a given excited state 
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and the normal state, this transition may 
occur in several steps. 

The lowest energy level (neglecting 
metastable states) from which a mercury 
atom can return to the normal state corre¬ 
sponds to an energy difference of 4.86 
electron-volts. This transition, by equa¬ 
tion 1, produces radiation at a frequency 
of 1,182X10 12 cycles per second, which is 
the radiation desired for exciting the 
phosphor in the fluorescent lam p 

Ionization is a process similar to excita¬ 
tion except that the energy absorbed by 
the atom in question is sufficient com¬ 
pletely to remove one or more of its elec¬ 
trons. An atom which has lost an elec¬ 
tron is positively charged and is known 
as a positive ion. Ionization may be pro¬ 
duced in one step, if the colliding electron 
has energy greater than a certain value 
known as the minimum ionizing potential. 
This value for mercury is 10.38 electron 
volts. Other types of ionizing collisions 
exist, but there is evidence that they are 



Figure 3. Spectral distribution of radiation 
from 15-watt fluorescent lamps of different 
colors 


of lesser importance under the conditions 
of the fluorescent lamp. 

The manner in which these fundamen¬ 
tal processes of excitation and ionization 
are utilized in a fluorescent lamp will now 
be considered. 

The Cathode Region 

The cathode in a fluorescent lamp is of 
the type commonly known as oxide-coated 
(or Wehnelt) and consists of a coil of 
tungsten wire activated by means of a 
coating of alkaline-earth oxides such as 
barium and strontium oxides. During 
starting, the cathode is preheated, and for 
this purpose two external leads are pro¬ 
vided to permit passage of the heating 
current directly through the cathode coil. 
After starting, the discharge provides 
sufficient heating of the cathode, and ex¬ 
ternal heating is not required. 

In normal operation only a small por¬ 
tion of the cathode area is heated by the 
discharge to an electron emitting tem¬ 
perature, and the available zero-field 
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emission current is considerably less than 
the total lamp current. Under these con¬ 
ditions a positive-ion space charge builds 
up at the cathode and produces an elec¬ 
tric field at the cathode surface. The 
region of high electric field is called the 
cathode sheath. This field' very greatly 
increases the electron emission in a man¬ 
ner which is characteristic of activated 
surfaces. 6 The generally accepted picture 
of the cathode phenomena under these 
conditions is as follows. 6 

Electrons emitted by the cathode are 
accelerated by the field which exists in 
the above-mentioned positive-ion cathode 
sheath. The voltage drop across this 
region is known as the cathode fall and 
has a value slightly larger than the 
minimum ionizing potential of the gas 
which surrounds the cathode. The elec¬ 
trons from the cathode thus acquire 
energies capable of ionizing and exciting 
the atoms with which they collide in the 
region beyond the positive ion sheath. 
The positive ions produced in this region 
diffuse in all directions, and those moving 
toward the cathode counteract the space 
charge of the electrons and create the 
field of the cathode as described above. 
Because the positive ions have masses 



Figure 4. Relative sensitivity of typical 
phosphors used in fluorescent lamps, as a 
function of frequency of exciting radiation 


many times greater, than the electrons, 
they move much, more slowly, and there¬ 
fore relatively few are required to counter¬ 
act the space charge of the electrons. 
In the case of mercury, the relative veloci¬ 
ties of an electron and a positive ion, both 
having the same energies, are approxi¬ 
mately 600 to 1. 

An approximate calculation of the 
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zero-field emission current under actual 
lamp-operation conditions will serve to 
illustrate the order of magnitude of the 
quantities involved. For an eight-watt 
lamp cathode operating at 0.18 ampere, 
observed values of emitting area and tem¬ 
perature are approximately 0.01 square 
centimeters and 1,180 degrees Kelvin, re¬ 
spectively. Using the data given by 
Dushman, 7 the zero-field emission current 
is calculated to be 0.75 ampere per square 
centimeter, giving a total current of 0.007 
ampere. Thus, for the particular condi¬ 
tions here described, the zero-field emis¬ 
sion is only about four per cent of the 
total lamp current. This figure agrees in 
order of magnitude with the value of ten 
per cent given by Found 8 for a similar 
type of cathode. That the observed cur¬ 
rent is so much greater than this zero-field 
value is explained by the above-mentioned 
action of the electric field at the cathode. 
In addition a small fraction of the current 


cathode region gain energy from the gra¬ 
dient along the tube but nevertheless 
maintain a Maxwellian distribution of 
velocities, which corresponds to a tem¬ 
perature greater than that of the entering 
electrons, and which is many times greater 
than the temperature of the gas. These 
electrons drift toward the anode under the 
influence of the longitudinal gradient and, 
because they move faster than the posi¬ 
tive ions, constitute all but a negligible 
fraction of the discharge current. This 
drift velocity of the electrons is small 
compared with their random velocities. 
In moving through the gas, these elec¬ 
trons collide with atoms of the gas, and 
some of these collisions result in the for¬ 
mation of positive ions and additional 
electrons. The electrons and positive 
ions have essentially equal concentrations 
in the positive column, and both diffuse 
toward the wall. As a result of their 
smaller mass, the electrons have higher 
velocities and tend to diffuse faster than 
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Figure 5. One of the common automatic 
starting circuits for fluorescent lamps 


is carried by the positive ions which move 
toward the cathode. 

The electrons from the cathode, after 
producing ions in the region beyond the 
cathode sheath, have relatively low ener¬ 
gies. By some mechanism not well un¬ 
derstood, these electrons acquire a ran¬ 
dom distribution of velocities corre¬ 
sponding to a Maxwellian distribution. 
(When velocities are distributed in this 
manner, they may be represented by an 
equivalent temperature T e , just as the 
velocities of the atoms of a gas are repre¬ 
sented by the gas temperature. Thus we 
can speak of an electron temperature.) 
These low-energy electrons and the posi¬ 
tive ions both diffuse from the cathode 
glow region and after a short distance 
enter a region where the voltage gradient 
begins to rise. This is where the positive 
column begins. 

The Positive Column—Conduction 
Processes 

The positive column is a region charac¬ 
terized by a uniform voltage gradient and 
a uniform degree of ionization throughout 
its length. Electrons entering from the 


the positive ions. This difference in rate 
of diffusion produces a radial electric 
field which accelerates the motion of posi¬ 
tive ions and slows up the motion of elec¬ 
trons to the wall, until the two rates are 
just equal. This condition is necessary, 
because obviously the net current to the 
wall must be zero. It is apparent that the 
greater the electron velocities, the greater 
must be this radial field, and hence the 
greater must be the rate at which positive 
ions are lost to the wall. Tonks and 
Langmuir 8 have developed a relation 
called the plasma balance equation which 
expresses the rate at which ions are lost 
to the tube wall as a function of the elec¬ 
tron temperature. 

Not only is the rate at which ions are 
lost to the tube wall dependent on elec¬ 
tron temperature, but also the rate at 
which they are generated is a function of 
the electron temperature. This follows 
from the fact that the probability that an 
electron will produce ionization by colli¬ 
sion increases with the energy of the elec¬ 
tron in excess of the minimum ionizing 
energy. (For very high energy electrons 
this probability decreases again.) This 
probability can be measured and is known 
for mercury vapor. 6 Thus it is possible 
to calculate the rate at which ions will be 
produced in a gas by electrons having any 
given electron temperature.® 

In the steady state, for the type of dis¬ 
charge used in the fluorescent lamp, the 
rate at which ions are produced must 
equal the-rate at which they axe lost to 
the tube wall. Therefore the equations 
expressing the rate of ion generation and 
the rate of ion loss can be equated as 
shown by Found. 10 


(2V T +V t )e~ Vi/VT = 


0.9 s 0 T g /mA 
B a P g \m P ) 


V* 


( 2 ) 


where V T is the voltage equivalent of the 
electron temperature, Vf the minimum 
ionizing potential of the gas, s 0 is a factor 
dependent on the geometry of the con¬ 
tainer and the gas pressure, a is the tube 
radius, B is a constant relating to the 
probability of ionization which can be 
measured for any given kind of gas, T g 
and P 0 are respectively the temperature 
and pressure of the gas within the tube, 
and m e and m P are respectively the mass 
of an electron and the mass of a positive 
ion of the gas. From this equation it is 
possible to calculate the electron tem¬ 
perature for a tube containing a given gas 
at a known pressure by means of known 
constants. It can be seen that for any 
given gas the electron temperature (elec¬ 
tron energy) decreases with an increase 
in tube radius and gas density and that 
the electron temperature remains con¬ 
stant as long as the product of gas den¬ 
sity and tube radius remains constant. 

This equation does not describe the ex¬ 
perimental fact that the tube gradient 
decreases with an increase in arc current. 
This property of the positive column of 



Figure 6. Simple resislively ballasted opera¬ 
ting circuit 


the fluorescent lamp is accounted for 
partly by an increase in mercury vapor 
pressure with an increase in input watts. 
In addition, Tonks and Langmuir 8 pro¬ 
pose the explanation that two-stage ioni¬ 
zation processes would permit lower en¬ 
ergy electrons to produce ions and would 
therefore require a lower electron tem¬ 
perature than is needed for single-stage 
ionization conditions. 

As was stated above, the positive ions 
are produced in the positive column only 
by the higher-velocity electrons in the 
Maxwellian distribution. This fact is of 
great importance in the production of 
radiation from a gas discharge lamp. 

The Positive Column—Radiation 
Generation 

In order to obtain a sufficient number 
of high-velocity electrons to satisfy the 
need for positive ions in the positive col¬ 
umn, it is necessary (because of the Max¬ 
wellian distribution of velocities) to create 
a much larger number of lower-velocity 
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electrons. For example, if the average 
energy of the electrons is two electron 
volts, only 1.5 per cent of the total num¬ 
ber have energies above the minimum 
ionizing potential of mercury, while 18 
per cent have energies greater than the 
minimum excitation potential of mercury. 
Thus the process of radiation generation 
is only indirectly the result of the passage 
of current through the discharge tube. 
It follows that in order to increase the 
amount of radiation at any given fre¬ 
quency it is necessary to adjust the con¬ 
duction processes so that the resulting 
electron energy approaches an optimum 
value for exciting the gas atoms to the 
desired energy level. In the practical 
lamp ideal conditions cannot be reached, 
because of considerations regarding total 
light output for a given size of lamp and 
other factors which cannot be considered 
here, relating to the lamp as a light source 
rather than as an electronic device. 

The Anode Region 

The anode region serves to connect the 
positive end of the positive column to the 
external circuit. Conditions at the anode 
are similar to those at the tube wall, ex¬ 
cept that the electron current reaching 
the anode must exceed the positive ion 
current by an amount equal to the cur¬ 
rent through the tube. If the anode area 
is large enough, so that the rate at which 
the electrons strike it as a result of their 
random motions is equal to the discharge 
current, no anode drop is necessary. If 
the anode area is larger than this, it de- 
velopes a negative voltage with respect 
to the gas and repels electrons, until the 
net current reaching it just equals the 
tube current. If the anode area is too 
small, it develops a positive voltage with 
respect to the gas and attracts electrons 
until the net current collected is equal to 
the drift current. In this case a sheath 
builds up around the anode, until the 
electron current entering the sheath is 
equal to the discharge current. The area 
of this sheath is then the effective anode 
area. By convention, a positive anode 
drop means an increase in tube volts. In 


the fluorescent lamp, the anode area is 
such that the average anode drop has a 
positive value of approximately seven 
volts. This value is primarily deter¬ 
mined by the requirements of cathode 
heating. 

Electrode Heating 

No mention has been made of the man¬ 
ner in which cathode is heated, except to 
state that this is done by the discharge. 
This process will now be discussed more 
in detail. On alternating current, each 
electrode functions alternately as anode 
and as cathode. During both half cycles, 
heat is removed by conduction and radia¬ 
tion, and a small amount of. heat is pro¬ 
duced by the passage of current through 
the cathode coil. During the cathode 
half cycle an additional loss of=heat oc¬ 
curs as a result of the evaporation of elec¬ 
trons from the cathode, and at the same 
time heat is gained from the positive ions 
which reach the cathode. On the anode 
half cycle heat is supplied by the elec¬ 
trons, which are accelerated through the 
voltage drop in the anode sheath and de¬ 
liver this energy—in addition to their 
thermal energy and the heat of conden¬ 
sation—to the electrode. This is the most 
important source of electrode heating 
in a-c operation. The total net heating 
is the average of that produced on the 
two half cycles, and in the usual fluores¬ 
cent lamp this is more than sufficient to. 
raise the cathode to an operating tempera¬ 
ture. In fact, it is usually necessary to 
attach projections to the electrode to re¬ 
duce the amount of heat gained on the 
anode half cycle, in order to prevent evapo¬ 
ration of the cathode material. 


Over-All Characteristics of the 
Fluorescent Lamp 

Like most electronic devices the opera¬ 
tion of the fluorescent lamp is greatly 
influenced by the characteristics of the 
circuit to which it is connected. Conse¬ 
quently, any description of lamp charac¬ 
teristics must be made with reference to 
a particular set of circuit conditions. 


For reasons to be described in this sec¬ 
tion, the fluorescent lamp cannot be sat¬ 
isfactorily started and operated unless the 
line voltage is greater than the lamp volt¬ 
age. Consequently a voltage-absorbing 
device must be connected in series with 
the lamp to absorb the difference between 
the two. This necessary difference be¬ 
tween lamp voltage and line voltage is the 
determining factor in selecting the amount 
of ballast required. Commercially this 
ballast consists of a resistance for d-c 
operation, while on alternating current it 
may be a resistance, an inductance, or a 
combination of inductance and capaci¬ 
tance. The commonly made statement 
that a ballast is required because of the 
negative volt-ampere characteristic of the 
lamp is true, but there are other equally 
important reasons for its use. These 
reasons are, as will now be described, the 
need for lamp starting, the need for good 
regulation with changes in line voltage, 
and the need for good current wave shape 
on a-c circuits. 

Lamp Starting 

In order to start a fluorescent lamp, it 
is necessary to ionize the gas between the 
electrodes and to heat the cathodes to an 
electron-emitting temperature. Perhaps 
the simplest method of accomplishing this 
is to apply a voltage several hundred 
volts in excess of the normal lamp-operat¬ 
ing. voltage across the lamp terminals. 
With this method of starting, however, 
the cathodes are required to emit elec¬ 
trons before the discharge has time to heat 
them to an emitting temperature, and the 
resulting high cathode drop may produce 
destructive sputtering of active ma terial 
from the cathode surface. Also a dis¬ 
advantage of this method of starting is the 
fact that the size and wattage loss of the 
ballast are greater than would otherwise 
be required. Conventional starting cir¬ 
cuits avoid these difficulties by the use of a 
switch which connects the cathodes in 
series with the ballast, so that they are 
adequately preheated, and then opens the 
circuit to provide an inductive surge to 
start the lamp. The circuit of Figure 5 
shows a thermal switch arrangement used 
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for automatic starting of the 100-watt 
fluorescent lamp. Contacts are mounted 
on bimetallic elements, so that they can be 
opened by heat produced in heater H. 
When the main line switch is closed, the 
short-circuit current of the ballast pre¬ 
heats the cathodes. Heater H is con¬ 
nected in series, and after time has been 
allowed for the cathodes to be heated, con¬ 
tacts C-C are caused to open. The result¬ 
ing inductive surge starts the lamp, and 
lamp current then flows through heater H, 
keeping the contacts open. This starting 
action may also be accomplished by 
means of a glow switch. 11 In the case of 
direct current, if the ballast consists of a 
resistor, no inductive surge is produced 
when the switch opens. This difficulty is 
overcome by using a series inductance 
which does not contribute to the ballast¬ 
ing, but which supplies the necessary in¬ 
ductive starting surge. 

Operating Stability 

On a perfectly regulated line, a fluores¬ 
cent lamp would theoretically require a 
ballast just sufficient to offset the negative 
volt-ampere characteristic of the arc, and 
the lamp voltage could be made nearly 
equal to line voltage. In a practical cir¬ 
cuit, however, the ballast must be greater 
than this value, in order to take care of 
normal variations in line voltage. 

This fact can be demonstrated by the 
following approximate analysis of a resis- 
tively ballasted lamp. Over the normal 
range of operating currents, the lamp volt¬ 
age changes by only a small amount and 
consequently can be treated as a constant. 
Referring to the circuit of Figure 6 

Fo = Vl p +IR and IV Lp — lamp watts 

~ Wl p 

dV 0 =RdI and dW Lp = V Lp dI 

Expressing the change in watts as a frac¬ 
tion of the total lamp watts 

dw ^ _ v LvdI dl dV 0 
W Lp " V Lp I * J * IR 

_dV 0 V 0 dV 0 V 0 
V 0 'lR V 0 \V 0 -V Lp ) 

From the above equations we see that, if 
the lamp voltage were half the line voltage 
five per cent change in line voltage would 
produce a ten per cent change in lamp 
wattage, while if the lamp voltage were 
two-thirds the line voltage, a five per cent 
change in line voltage would produce a 15 
per cent change in lamp wattage. How 


nearly the lamp voltage may be made to 
approach line voltage is limited by the per¬ 
missible variation in lamp watts and by 
the expected variation in line voltage. 

With an inductive ballast a similar 
analysis gives the relation 

dW Lp _dV 0 V 0 2 
W LP V 0 '(V 0 *-V Lp 2 ) 

so that on this type of ballast the lamp 
voltage may be made to approach more 
nearly the line voltage for the same regula¬ 
tion than is the case with resistive ballast. 
In practice the wattage changes are 
greater than shown here, because the lamp 
voltage decreases with an increase in cur¬ 
rent. For most commercial ballasts the 
ratio of line volts to lamp volts is approxi¬ 
mately 2 to 1. 


Table I. Phosphors Commonly Used in 
Fluorescent Lamps 4 


Phosphor 



Ig 

a o 
e o 
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Calcium tungstate.680.. .4,400. .Blue 

Magnesium tungstate., .625.. .4,800. .Blue-white 

Zinc silicate.570.. .5,250. .Green 

Zinc beryllium silicate.. .505.. .5,950. .Yellow- 

white 

Cadmium borate.. .484.. .6,150. .Red 


In addition to resistive and inductive 
ballast, a third type of ballast is used in 
commercial circuits. This consists of a 
combination of an inductance and a ca¬ 
pacitance connected in series. This type of 
circuit has a more nearly constant current 
characteristic, and it is possible to operate 
the lamp more nearly equal to line voltage. 
Such circuits are usually used in conjunc¬ 
tion with inductive ballasts, and the regu¬ 
lation of the inductive ballast controls the 
choice of line voltage as explained above. 

. Wave Shape 

On alternating current it is necessary 
also to consider the requirements of wave 
shape of current and voltage. This re¬ 
sults from the fact that on alternating cur¬ 
rent the lamp must be reignited on each 
succeeding half cycle. The type of bal¬ 
last has an important influence upon the 


wave shape, as is illustrated by the oscillo¬ 
grams of Figure 7. In both oscillograms 
the rms values of line voltage and lamp 
current were set at 210 volts and 0.42 
ampere respectively. For the inductively 
ballasted lamp shown in Figure 7A, it is 
seen that at the instant of current zero 
the line voltage has a value of approxi¬ 
mately 250 volts, while the lamp requires 
only 150 volts for reignition. The differ¬ 
ence between these two is absorbed by the 
reactor. For the resistively ballasted 
lamp of Figure 7B the lamp current is in- 
phase with the voltage, and consequently 
zero voltage is available for reigniting the 
arc at the instant of current zero. The 
current therefore remains at a low value 
for a period of approximately 20 degrees 
before reignition takes place. Due to this 
long wait, deionization of the positive 
column has begun to take place, so that 
175 volts are required to reignite the arc. 

A similar lag in reignition may occur on 
inductive ballast, if the line voltage is not 
sufficiently greater than the lamp voltage. 
The type of current wave shape shown in 
Figure 7B is not so desirable as that of 
Figure 7A, because of increased flicker, or 
stroboscopic effect, due to the extended 
period of zero current. 
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Regulated Rectifiers in Telephone Offices 
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F OR many years rectifiers of the garage 
type were used in converting alternat¬ 
ing current to direct current for charging 
batteries used for communication pur¬ 
poses. These batteries furnish power for 
relay operation, for talking, and filament 
and plate supplies for repeaters. The 
rectifiers were of the manual-control type 
where the operator selected the charging 
current by means of tap switches or rheo¬ 
stats. 

With the development of the thyratron 
type of tube, a rectifying means was made 
available in which the grid of the rectifier 
tube could be used to control its own out¬ 
put current by an electronic circuit. Rec¬ 
tifier circuits were designed to maintain a 
constant output voltage. If a regulated 
rectifier is connected to a battery and the 
constant rectifier voltage is 2.15 volts per 
cell, the load current will automatically 
come from the rectifier and not from the 


quite sensitive to temperature changes. 
The grid characteristics are shifted ma¬ 
terially by changes in the room tempera¬ 
ture in which it is operated, and in low 
temperatures it is almost a vacuum tube. 
Thyratron tubes using argon gas are not 
affected by temperature changes, but 
high-pressure argon tubes have a low 
inverse voltage which limi ts their appli¬ 
cation to low-voltage rectifiers. Tubes 
using low-pressure argon have a higher 
inverse voltage, but are accompanied by a 
high arc drop which makes their efficiency 
low. A mixture 2 of mercury vapor and 
argon has been found which provides the 
temperature-stable ‘grid characteristic of 
the argon tube and the low arc drop of the 
mercury-vapor tube. This type of tube 
has been very successful with certain 
regulating circuits, particularly at volt¬ 
ages less than 60 volts. 


Figure 1 shows a schematic circuit and 
diagrams of the voltages applied to the 
rectifier tube. The rectifier circuit is the 
conventional full-wave circuit with a filter 
coil in the negative output lead. A nega¬ 
tive voltage, with respect to the tube cath¬ 
odes, is taken off a potentiometer con¬ 
nected across the battery to be floated. 
This negative voltage is opposed by a 
slightly smaller positive voltage of a grid 
battery. The net negative voltage of a 
few volts is applied to the grids of the 
tubes through grid resistances. The top 
diagram in Figure 1 shows the positive 
half of the a-c voltage applied to the tube. 
The dotted line represents the critical 
grid voltage of the tube, Ip the plate cur¬ 
rent that flows, and Eg the d-c grid volt¬ 
age applied to the grids. If the applied 
grid voltage is more negative than the 
critical value, the tube does not fire and 
no plate current flows. If the magnitude 
of the grid voltage is decreased until it 
reaches the critical value, the tube fires 
and the rectifier delivers output. A fur¬ 
ther decrease in the grid voltage will re¬ 
sult in the critical value being equaled 
earlier in the cycle, and the average value 



voltage is held within limits of less than 
plus or minus one per cent, the mainte¬ 
nance of the battery is reduced and its life 
is extended. 

The thyratron tube differs from the 
vacuum tube in that the grid does not 
have a continuous control of the plate 
current. 1 When a positive potential is 
applied to the plate, current does not flow 
until the magnitude of the negative grid 
voltage is reduced to the critical value, 
at which time the plate current flows, and 
the magnitude of the plate current de¬ 
pends upon the voltages and impedances 
in the circuit. The grid has no further 
control, and plate current flows until it 
is stopped by reducing the plate voltage 
to zero. 

Thyratron tubes use various gases and 
mixtures of gases. The earliest type used 
mercury vapor, but this type of tube is 


Five kinds of regulating circuits are 
used in telephone offices to hold the out¬ 
put voltage of rectifiers constant. The 
selection of the circuit to be used depends 
upon the magnitude of the current, d-c 
voltage, and type of rectifying means to 
be used. Two forms of regulating circuits 
using thyratron tubes and one using two- 
element high-pressure tubes were devel¬ 
oped. A fourth circuit using all Vacuum 
tubes was adapted for telephone use. 
The fifth kind uses a negative resistance. 

Magnitude Control 

The automatic regulating circuit using 
the temperature-stable tubes has been 
called the magnitude method 3 of control, 
since the voltage applied to the grid is a 
d-c voltage, and its magnitude is varied 
to control the plate current of the tube.* 


Figure 2. Phase-shift control circuit 

of the plate current will increase. Finally, 
with the grid voltage zero, the tube fires 
at the beginn'ng of the cycle and the 
maximum average value of current is ob¬ 
tained. 

If this circuit is operating without a 
filter coil, the current could be reduced 
by the variable grid voltage to only one 
half its maximum value, and then it would 
drop to zero due to its having control 
only during the first 90 electrical degrees. 
A smooth control from full load to light 
load can be secured by using a filter coil 
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currents, so that even though the tube 
fires near 90 degrees the current that flows 
is limited by the reactance of the coil. 
At full load its inductance is reduced by 
saturation of the iron to the value re¬ 
quired for filtering. With conventional 
coil' design where the no-load inductance 
can be made approximately five times the 
full-load inductance, the rectifier output 
current can be reduced by grid control 
to five per cent of the full-load value. 
When a telephone office load is applied to 
the battery, its external voltage decreases 
a fraction of a volt. This change is re¬ 
flected over the potentiometer and grid 
battery to the grids to reduce the grid bias 
and increase the plate current of the tubes 
sufficiently to carry the office load. 

With this circuit the battery voltage 
is held to a change of about one volt from 
no load, to full load. This change in bat¬ 
tery voltage is approximately the same for 
all values of battery voltage, as the grid 
must be varied about the same amount. 
Thus a better per cent regulation is ob¬ 
tained at the higher battery voltages. 
The regulating circuit will compensate 
for slight changes in the grid character¬ 
istics of the tubes. However, the large 
changes encountered in the case of mer¬ 
cury tubes make them unfit for this type 
of circuit. The mixture of mercury and 
argon has been found quite satisfactory 
when used in rectifiers covering a range 
of 24 to 60 volts. These tubes, however, 
have a low inverse-voltage rating and 
cannot be used in charging the higher- 
voltage storage batteries. The mercury 
tube has the necessary high inverse-volt¬ 
age rating, so that a circuit was developed 
which has been called the phase- shif t 
type of control; this enables the mercury 
- tubes to be used, in spite of their changes 
of grid characteristic with temperature. 

Phase-Shift Control 

Figure 2 shows a schematic diagram of 
the phase-shift type 4 of control circuit. 
This circuit differs primarily from the 
magnitude circuit in that the grid volt¬ 
age is an a-c voltage of a fixed magnitude, 
but its phase relation with respect to the 
a-c plate voltage is varied to control the 


output of the rectifier. When the grid 
voltage is out of phase with the plate 
voltage, the grid is negative all during the 
cycle that the plate is positive, so that the 
tube does not fire. As the grid voltage is 
shifted in a direction to be inphase with 
the plate voltage, the instantaneous grid 
voltage reaches a magnitude which is less 
negative than the critical value so that 
the tube will fire and deliver current for 
the remainder of that cycle. When the 
grid voltage is shifted'to be practically in- 
phase with the plate voltage, the tube 
fires at the beginning of the cycle and car¬ 
ries current during the remainder of that 
cycle. In this way the output current 
of the rectifier is controlled by shifting 
the phase from the out-of-phase to the 
inphase condition. 

The grid voltage of varying phase is ob¬ 
tained from the phase-shift circuit which 
consists of a bridge circuit with two wind¬ 
ings of the transformer furnishing two 
arms of the bridge, a capacitor the third, * 
and the plate-cathode resistance of a 
vacuum tube the fourth. A transformer 
is connected across the galvanometer cor¬ 
ners, of the bridge which supplies the volt¬ 
age to the grids of the thyratron tubes. 
When the plate-cathode resistance of the 
vacuum tube is at its minimum value, 
the grid voltage is nearly inphase with 
the plate voltage, the output current to 
the rectifier being maximum. When the 
vacuum tube is biased out (providing an 
infinite resistance) the grid voltage is 
practically out of phase with the plate 
voltage. 

The plate-cathode resistance of the 
vacuum tube is controlled by the d-c bias 
applied to the tube. This varying grid 
bias of 2 to 20 volts is obtained from a 
vacuum-tube d-c amplifier circuit. When 
a telephone-office load is applied to the 
storage battery it decreases the battery 
voltage a fraction of a volt. This small 
voltage is amplified by the d-c vacuum- 
tube amplifier and applied to the phase- 
shift vacuum'tube in a direction to shift 
the grid voltage more nearly into phase 
and thus increase the output of the recti¬ 
fier. In this way the storage-battery 
voltage is held to the regulated value. 
The accuracy of regulation depends on the 


amount of gain in the d-c amplifier cir¬ 
cuit. This circuit has been built to pro¬ 
vide regulation in the order of a few 
hundredths of a volt, but in most applica¬ 
tions one per cent regulation is all that is 
required. The filter coil is not essential 
for the operation of this circuit, but a 
swinging choke whose inductance changes 
four to one will assist in regulation. 

In a thyratron with an oxide-coated fila¬ 
ment, operating filament temperature 
must be reached before output current 
can be drawn from the rectifier. An in¬ 
expensive way to prevent output current 
is to apply a large negative grid bias to 
the tubes, which biases them out even 
though the a-c voltage is applied to the 
plates. With the magnitude method, the 
grid circuit can be switched to the bat¬ 
tery voltage and in the phase-shift circuit 
it is only necessary to open the resistance 
arm of the phase-shifting circuit. This 
switching can be done with a small tele¬ 
phone-type relay on all sizes of rectifiers. 
The time delay is provided by a conven¬ 
tional bimetallic-strip type of relay oper¬ 
ating the telephone relay. 

The cost of the thyratron tube, in sizes 
above ten amperes per tube, is large in 
comparison with the cost of the complete 
rectifier. High-gas-pressure rectifying 
tubes can be operated with the tube ele¬ 
ments at high temperatures if the grid is 
omitted. This permits a two-element* 
tube to be built at about one fifth the cost 
of the thyratron, thus making it practical 
to build low-voltage rectifiers in sizes of 
30 to 100 amperes. 

Booster Control 

In order to regulate the output of a rec¬ 
tifier using two-element tubes, a circuit 
has been developed which has been called' 
the booster type of control. Figure $ 
shows a schematic diagram of this type 
of circuit. The output current of the 
tubes is controlled by changing the plate 
voltage applied to the tubes. The plate 
voltage is varied by means of a circuit 
consisting of a continuously tapped auto¬ 
transformer which changes the voltage 
applied to the primary of a booster trans¬ 
former. When the continuously tanned 
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autotransformer is at its zero end, no volt¬ 
age is applied to the booster transformer 
and the ratio of the plate transformer is 
selected so tjiat the rectifier delivers mini¬ 
mum current. The output current of the 
rectifier is increased by driving the con¬ 
tinuously tapped autotransformer to its 
maximum boost position which raises the 
plate voltage until the rectifier delivers its 
maximum output current. The continu¬ 
ously tapped autotransformer is con¬ 
trolled by means of a small reversible 
motor so that closing the circuit of the 
“raise” lead will increase the rectifier 
output current and closing the circuit of 
the “lower” lead will drive the motor in 
the direction to decrease the rectifier out¬ 
put current. The disadvantage of this 
circuit is that a second transformer 40 
per cent as big as the plate transformer is 
required in addition to the autotrans¬ 
former. The advantage is that all of the 
equipment in this circuit operates at a 
high efficiency, and with the boost type 
of connection the no-load loss is small. 
Even the core loss of T\ is reduced, since 
it operates at a lowered voltage at light 
loads. Light-load efficiency is important 
in telephone applications, as the rectifier 
must operate many hours at night with 
practically no load. The input power 
factor is the same as that of the unregu¬ 
lated tube-rectifier circuit and is not re¬ 
duced materially by the control circuit. 

Various combinations of this rectifier 
circuit are possible in that the plate volt¬ 
age, in small sizes of rectifiers, may be con¬ 
nected directly to the continuously tapped 
autotransformer or the- auxiliary trans¬ 
former may be connected to buck the line 
voltage. This circuit can be applied to 
more than one phase with the appropriate 
tapped autotransformers, booster trans¬ 
formers, and plate transformer to control 
each phase. 

A voltage controller to operate with the 
booster type of regulating circuit is shown 
in Figure 4. This circuit is to translate 
variations in the magnitude of the d-c 
voltage to be regulated into a raise and 
lower signal to the reversible motor in the 
rectifier. The circuit consists of a d-c 
amplifier to increase the small changes in 
the load voltage from a fraction of a volt 
to several volts. This amplified voltage is 



applied to the grid of a vacuum tube which 
constitutes one arm of a resistance bridge 
circuit. Across the galvanometer comers 
of the bridge are connected two polarized 
relays in series with a nonpolarized relay. 

When the load voltage is at the correct 
value, the bridge is balanced and no 
voltage appears across the galvanometer 
comers of the bridge, so that all relays are 
released. The change in the load voltage 
will be reflected through the amplifier and 
bridge circuit in a direction to unbalance 
the bridge and cause either the R or L 
relay to operate, depending on which way 
the voltage changed, which in turn oper¬ 
ates the motor in the rectifier circuit. 
Hate supply for the bridge tube V\ is ob¬ 
tained from the d-c voltage being regu¬ 
lated, but a separate source of direct cur¬ 
rent is required for the plate of the ampli¬ 
fier tube This may be a battery or a 
small half-wave disk rectifier with a filter 
capacitor to provide 50 volts, one milliam- 
pere for the plate of Fa. The standard 
voltage can be either a grid battery or the 
negative resistance regulating circuit de¬ 
scribed below. The nonpolarized relay 
A operates on twice the current of the R 
and L relays, and is connected in series 
with them to give an indication when the 
regulated voltage is approximately twice 
the variation that causes the R and L relays 
to operate. In this way, an alarm may be 
provided to indicate when the. regulated 
voltage goes out of the regulating range. 

The accuracy of this control is entirely 
a function of the amount of d-c amplifi¬ 
cation provided by tube V%. A single-tube 
amplifier operating with a load voltage of 
24 or 48 volts will provide regulation in 
the order of 0.1 to 0.2 volt. An ordinary 
voltage relay may be used instead of this 
circuit, but its accuracy is limited by the 
difficulty of adjusting the span between 
the high and low contact of the relay to 
less than one volt. An additional advan¬ 
tage of this circuit over the voltage relay 


d-c • 
supply 


Figure 7. Shunt thermistor 'circuit 


is that the span between the “lower” and 
“raise” signal is a va’ue fixed by the de¬ 
sign of the circuit, but the average value 
of the regulated voltage may be shifted 
simply by adjusting the rheostat R. 

Series Tube Control 

Where a small amount of closely regu¬ 
lated power is required, the series vac¬ 
uum-tube type of regulated rectifier is 
used. 6 The conventional full-wave vac¬ 
uum-tube rectifier and filter is used to 
provide about 100 volts more than the 
regulated value. A vacuum tube is con¬ 
nected in series with the output and its 
plate-cathode resistance acts as a drop¬ 
ping resistance. The amount of resist¬ 
ance it introduces into the circuit depends 
upon the magnitude of the grid voltage. 
To reduce the rectifier d-c voltage auto¬ 
matically to the regulated value the cir¬ 
cuit shown in Figure 5 is used. The out¬ 
put voltage is applied by means of the 
voltage drop over the potentiometer R, 
which is opposed to a constant-voltage 
source such as a grid battery to the grid 
of Vi. If the grid-battery voltage is of 
the same magnitude as the load voltage, 
the maximum accuracy of regulation is 
obtained. However, with a screen grid 
or pentode tube sufficient amplification is 
obtained with lower-voltage grid batter¬ 
ies. By adding the R$ resistance which is 
in series with the load current, its voltage 
drop is applied to the grid of Vi to com¬ 
pensate for load changes. 

With a circuit of this type, plus or 
minus ten per cent variations of d-c supply 
can be reduced to the order of 0.05 volt 




Figure 8. Fundamental inverter circuit 
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with constant load and to about 0.1 volt 
with variations in load. Better regula¬ 
tion than this can be obtained by carefully 
selecting the constants of the circuit or by 
adding a second stage to the d-c ampli¬ 
fier. However, with regulation of less 
than 0.05 volt, the contact potential in 
the grids of the d-c amplifier tube be¬ 
comes a factor which causes random varia¬ 
tions due to temperature changes in the 
cathode, produced mainly by variations 
in the heater voltage. 

The circuit shown in Figure 6 is a varia¬ 
tion of that shown in Figure 5 in that 
the voltage drop over a cold-cathode gas- 


cause the regulating circuit compensates 
for variations in voltage due to the ripple 
on the d-c supply in the same manner 
that it compensates for variations due to 
load. If the grid is not connected di¬ 
rectly to the positive side of the load, the 
capacitor C should be added to conduct 
the ripple directly to the grid. Otherwise, 
a loss in ripple voltage would be obtained 
in proportion to the potentiometer ratio. 

In this type of circuit the amplifier 
tube Vs is usually of the heater type so 
that during starting, or in the event of a 
failure of the Vs tube, the output voltage 
is unregulated and reaches a value ap¬ 


A-C 

SUPPLY 



Figure 9. Combined 
rectifier-inverter cir¬ 
cuit 


filled tube is used as the standard for 
voltage regulation where accuracy of 
plus or minus one per cent to plus or minus 
three per cent is permissible. The arc 
drop of the tube Fs is connected in the 
cathode circuit of the d-c amplifier cir¬ 
cuity and its grid voltage is picked off 
the potentiometer circuit, consisting of 
resistances Rs, R, and Rz, at a point which 
makes the grid of V% slightly negative with 
respect to its cathode. A variation in the 
load voltage in this way varies the grid of 
the amplifier tube Fj whose amplified out¬ 
put appears as a voltage drop across R u to 
control the grid of the series tube V\, It 
is desirable to add the R 4 resistance so 
that the Vs tube can be operated at its 
most efficient current value, and the value 
of the Ri resistance should be quite large 
so that the cathode current is small in 
proportion to the tube current in F«. 

In both of the circuits shown in Figures 
5 and 6, feed-back filtering is obtained be¬ 


proaching that of the d-c supply, except 
for the zero grid drop of the series tube 
Fi. This may be reduced by connecting a 
cold-cathode tube from the plate of Vs 
to the potentiometer circuit at a voltage 
point with respect to the positive output 
terminal, which is slightly less than the' 
breakdown voltage of the tube. Then 
with the circuit in normal condition, the 
tube will not pick up and will be an open 
circuit. If, however, the output voltage 
increases above the regulated value, the 
tube picks up and draws a current 
through the R± resistor which biases the 
series tube negative, reducing the output 
voltage. As soon as the Vs tube is operat¬ 
ing normally, the voltage of its plate ter¬ 
minal is drawn toward the negative end 
of the d-c output sufficiently to cause the 
cold-cathode tube to drop out.. In this 
way, the load may be protected from an 
excessive voltage while starting or when 
trouble occurs in the amplifier, tube. 


Shunt-“Thermistor” Control 

In regulated rectifiers where the use of 
a cold-cathode tube as a voltage standard 
does not provide sufficiently accurate 
regulation, a miniature regulated recti¬ 
fier is used in place of the grid battery, 
where its higher cost is justified. The 
regulating part of the circuit is shown in 
Figure 7. The negative resistance is a 
“thermistor” made of a semiconductor. 
The value of Rs is selected so that a change 
in d-c supply voltage causes a positive 
voltage drop in Rs equal to the negative 
voltage drop in the thermistor with the 
net result that the voltage across the load 
is approximately constant. A resistance 
Ri must be connected in series with the 
d-c supply to take up the variations in 
d-c supply voltage. This circuit, in gen¬ 
eral, is adaptable to voltages less than 100 
volts and currents of a few milliamperes. 
Since most thermistors are sluggish in op¬ 
eration, a large capacitor C is connected 
across the circuit to smooth out rapid 
variations in d-c supply. The circuit is 
compensated for ambient temperature 
variations, as the resistance of thermistors 
is affected by temperature. This circuit 
has been used as a grid supply for am¬ 
plifiers. 

Rectifier-Inverter 

With the increase in use of a-c voltages 
for filament and plate supply for repeat¬ 
ers, it became necessary to provide some 
means of providing power to operate these 
circuits when the commercial power sup¬ 
ply had failed.® The electronic inverter 
using thyratron tubes provides a means to 
take energy from a storage battery and 
convert it into 60-cycle alternating cur¬ 
rent to keep the circuits functioning until 
the commercial power is restored. The 
elements of an electronic inverter are es¬ 
sentially the same as a rectifier, so that 
with the addition of a pilot source of 60 
cycles and suitable switching means, one 
unit can serve as a regulated rectifier to 
float the storage battery normally, and 
during the time that the power has failed 
the circuit can take power from the bat¬ 
tery and deliver 60-cyde power for use in 
the telephone office. 

Figure 8 shows a schematic diagram of 
the fundamental inverter circuit. The 
battery is applied to the center tap of the 
plate transformer, and the grids of the 
tubes are held negative with a d-c bias 
sufficient to prevent their carrying cur¬ 
rent with the positive voltage applied to 
‘the plates by the battery. A 60-cyde ex- 
dtation voltage is applied to the grid 
through the grid transformer. This ex- 
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citation voltage has a greater magnitude 
than the negative d-c bias. When the ex¬ 
citation voltage drives the tube grid 
toward zero until it reaches a value less 
than the critical grid voltage, the tube 
fires, passing current through one half of 
the plate transformer. When the other 
tube grid is fired in the same way it passes 
current in the opposite direction through 
the other half of the plate transformer. 
The charge on the capacitor which has 
accumulated while one tube is firing is 
connected across the opposite tube by vir¬ 
tue of the firing, which drives the plate 
negative to interrupt the plate current. 
The a-c excitation voltage is supplied by a 
mechanical vibrator of the type that is 
used in automobile radios or by a vacuum- 
tube oscillator. 

A particularly useful type of power 
supply has been built which functions 
normally as a regulated rectifier, taking 
power from the a-c commercial supply 
and floating the telephone-office battery. 
The instant that the power fails, relays 
convert the circuit from rectifier to in¬ 
verter operation, and energy is taken out 
of the storage battery and supplied to the 
telephone circuits in the form of 60-cycle 
alternating current. 

The control circuit for the combined 
rectifier and inverter is shown in Figure 
9. A master control circuit is provided 
to measure the a-c supply voltage con¬ 
tinually so that when its magnitude re¬ 
duces to less than 85 per cent of its rated 
value the GR and TR relays are operated. 
The TR relay disconnects the rectifier 
and load from the a-c supply circuit and 
also reverses the . polarity of the d-c sup¬ 
ply to the plate transformer. The GR re¬ 
lay starts the 60-cyde exciter and switches 
the grid circuit from the regulated recti¬ 
fier circuit to the fixed negative bias. 
The circuit then draws power from the 
d-c supply and generates a 60-cyde volt¬ 
age which supplies the load and also 
supplies its own filament voltage through 
transformer Tj. When the commercial 
a-c voltage is restored, the master con¬ 
trol circuit rdeases the GR and TR rdays 
to restore the equipment to the rectifier 
operation. 

The control of the rectifier output cur¬ 
rent is by the magnitude method, which 
has been described. The regulating cir¬ 
cuit consists of the potentiometer R, grid 
battery, capacitor D and “varistor* ’ H. 


Table 1. Regulated Rectifiers Used in Tele¬ 
phone Offices 


Rectifier Output 

- Type of Rectifying 

Volts Amperes Regulation Means 


48 ... 0.001. .Shunt thermistor.. Disk type 
20 .. 0.006. .Shuntthermistor. .Disk type 
85 ..0.23 Series vacuum. .Vacuum tube 
tube 

120—130.. 0.10 ..Series vacuum..Vacuumtube 
tube 

95—180.. 0.10 ..Series vacuum..Vacuumtube 
tube 

150—180.. 0.16 ..Series vacuum. .Vacuum tube 
tube 


17-45 . 

. 0.60 

.. Magnitude 

. .Thyratron 

48-74 . 

. 0.6 

.. Magnitude 

.. Thyratron 

120-130. 

. 0.6 

.. Magnitude 

. .Thyratron 

34-48 . 

. 3 

.. Magnitude 

.. Thryatroa 

24-34 . 

.10 

.. Magnitude 

..Thyratron 

24 . 

.30 

.. Booster 

..2-element 

tube 

48 . 

.10 

.. Magnitude 

.. Thryatroa 

48 . 

.30 

.. Booster 

..2-element 

tube 

130 . 

. 2 

.. Phase shift 

. .Thyratren 

130 . 

. 8 

.. Phase shift 

.. Thyratron 

130 . 

. 3 

.. Magnitude 

.. Thyratron 

130 . 

.10 

.. Phase shift 

.. Thyratron 


Application of load to the battery reduces 
its voltage, and this change in voltage is 
reflected to the grids of the thyratron 
tubes to reduce their negative bias, which 
increases the charging current of the rec¬ 
tifier to bring the voltage back to the 
regulated value. The varistor H and 
capadtor D provide a voltage which var¬ 
ies directly in proportion to the a-c line 
voltage. This change is introduced into 
the grid circuit to compensate for line 
voltage changes. 

In order to use the same ratio in the 
plate transformer for both rectifier and 
inverter operation, it was necessary to 
have different methods of adjusting the 
output voltage of the rectifier and the in¬ 
verter. The output voltage of the recti¬ 
fier is adjusted by means of taps on the 
primary of the plate transformer T\ for 
charging different numbers of cells in the 
storage battery. This tap is selected at 
the time of installation. The output volt¬ 
age of the inverter is adjusted for various 
a-c loads by means of the commutating 
capadtor C\. The above rectifier then 
can be adjusted for charging a 132- or 
142-volt battery and to provide any a-c 
output voltage between 210 and 250 volts 
with current loads of 2 to 5 amperes. 

The time required to convert this cir¬ 
cuit from a rectifier to an inverter is 
limited primarily by the operating time 
of the relays. The master control circuit 
requires about one cyde to detect a low 


voltage, and the power relays require 
about two cydes to make the transfer. 
Therefore the minimum practical time of 
transfer is such that approximately three 
cycles is lost between the time the com¬ 
mercial power fails and alternating cur¬ 
rent is available from the inverter to carry 
the load. The transfer back to the com¬ 
mercial power supply will be less because 
the master control drcuit has time to 
function while the load is carried by the 
inverter, and the release time of the relays 
is smaller than the operate time. The 
practical loss in load voltage is approxi¬ 
mately two cycles. 

Rectifier Sizes 

Table I shows the voltage and current 
output, type of control of the rectifiers, 
and the rectifying means that have found 
widespread use in the Bell System. 

The regulated rectifier finds its appli¬ 
cations in telephone offices where con¬ 
stant voltage, independent of load and 
a-c line-voltage variations, is required to 
supply filament grid bias and plate volt¬ 
age to telephone repeaters. Certain meas¬ 
uring rircuits require a regulated rectifier 
to supply a stabilized voltage. Regu¬ 
lated rectifiers also find applications where 
constant voltage is of secondary impor¬ 
tance but an automatic power plant is de¬ 
sired for maintaining storage batteries in 
a fully charged condition to be ready to 
supply the power for telephone offices if 
the a-c power fails. A further compensa¬ 
tion of regulating the voltage is the in¬ 
crease in life obtained from storage batter¬ 
ies if they are not continually being 
charged and discharged but are fully 
floated. 
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The Dielectric Strength and Life of 
Impregnated-Paper Insulation — III 

J. B. WHITEHEAD 

FELLOW AIEE 


I M!]PREGNATED-paper insulation, as 
used in high-voltage power cables, is 
subject, during the ordinary processes of 
manufacture, transportation, installation, 
and operation, to a wide variety of condi¬ 
tions, nearly all of which militate against 
the conservation of the original inherent 
prop erties of the insulation. Amo ng these 
conditions are bending and other mechani¬ 
cal stresses, expansion and contraction due 
to temperature changes, original vari¬ 
ations in manufacturing processes of dry¬ 
ing and evacuation, and so forth. As a 
consequence, the electrical characteristics 
of the insulation of high-voltage cables, as 
for example power factor, dielectric loss, 
dielectric strength, and stability, all fall 
noticeably below those of samples pre¬ 
pared in the laboratory and generally are 
not subject to all the disturbing condi¬ 
tions mentioned above. 

The uncertainties arising in the pres¬ 
ence of these disturbing conditions and 
the inability to determine their relative 
importance has meant that most of the 
improvement in the quality of cables in 
recent years has resulted from empirical 
development and experiments on the 
cable. Cable engineers have 
been slow to adopt the results of labora- 
tory research on controlled specimens, 
except perhaps in the clear-cut results of 
studies of such fundamental matters as 
dxying- and evacuation as related to the 
impregnation process, the purification of 
oil and paper, and the like. They have 
feared the effect of a change in a known 
variable on those which are still unknown. 

The experimental studies described in 
tlus series of. papers fall definitely in the 
controlled laboratory class. Effort has 
ttiade to eli min ate the influence of 
all those distu rbing elements in cable in- 
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sulation except a particular variable un¬ 
der study. For example, the specimens 
tested are assembled and impregnated, 
cable fashion on rigid smooth conductors; 
they suffer no mechanical deformation, 
they are tested at one temperature, and 
in particular, they contain no free gas. 
On the other hand, the type of specimen 
and mode of testing permit the study of 
many variables in paper, oil, and mode of 
assembly of the usual type of cable insu¬ 
lation. 

It will be evident that great care and 
perhaps reserve should be exercised in 
applying the results of these studies to 
the design and construction of finished 
cables. From what has been said, for 
example, there is an important condition 
obtaining in the usual solid type of cable, 
namely, free gas and gaseous ionization, 
which has been carefully eliminated in the 
present tests. It is most important, 
therefore, in such cables to consider the 
possible influence of the variations shown 
in these experiments in a number of other 
variables, on the volume and extent of 
gaseous ionization. On the other hand, 
it appears that many of the results of the 
present studies should be immediately 
applicable to the so-called oil-filled type 
of cable in that both in finished cable and 
laboratory specimens the conditions are 
closely the same. Even in this case, how¬ 
ever, it is necessary to bear in min d the 
difference between a relatively short-life 
test in the laboratory and the long-time 
performance of finished cable. 

Cable engineers are nevertheless deeply 
interested in these research programs and 
the results therefrom. They have shown 
this interest by suggestion, discussion, 
and other cordial support and co-opera¬ 
tion. The researches have been sup¬ 
ported by grants from The Engineering 
Foundation with the sponsorship of the 
American Institute of Electrical Engi- 
neers and have enjoyed the hearty co¬ 
operation of an advisory committee of 
manufacturers’ and utilities’ engineers as 
appointed by the latter body. 

Scope of the Work 

The first paper of this series is devoted 
to a study of the influence of the 
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of the paper on dielectric strength and 
life, the outstanding result being a notice¬ 
able decrease of dielectric strength with 
increasing value of paper density. The 
second paper reports studies of the in¬ 
fluence of the thickness of paper on di¬ 
electric strength. The earlier studies on 
density occasioned some surprise and 
were contrary to the expectations of a 
number of cable engineers. Conse¬ 
quently the present paper describes pri¬ 
marily further experiments on the in¬ 
fluence of the density of the paper, par¬ 
ticularly in the use of a different oil, and 
also studies on the influence of oil vis¬ 
cosity, all directed to a possible explana¬ 
tion of the unexpected results on paper 
density. In addition, results of a study 
of the influence of the width of oil chan¬ 
nels between convolutions of-paper tape 
on dielectric strength are described. In 
all these experiments a very Sensitive and 
rapid method of circuit interruption has 
been used, resulting in the great majority 
of cases in partial failures without burn¬ 
ing. Followed by careful examination, 
dissection, oil extraction, and magenta 
staining, this has resulted in a very inti¬ 
mate picture as to the probable causes of 
failure in each case. 

The Test Specimens, the Paper, and 
the Oils 

The Test Specimens 

The specimens were wrapped on brass 
tubes 48 inches long and one inch in 
diameter. The central or measuring elec¬ 
trode was of lead foil 16.5 inches long. 
At each end it was overlapped by a lead 
foil guard electrode 9.5 inches long, sepa¬ 
rated therefrom by one layer of paper. 
Beyond the guards the specimen was 
equipped with narrow angle conical ends 
of impregnated paper designed for uni¬ 
form stress distribution. 

The Paper 

The cellulose wood-pulp paper was 
supplied by a well-known manufacturer 
in four values of specific gravity 0.703, 
0.896, 1.136, 1.144, all of approximately 
0.005 inch in thickness, and here desig¬ 
nated as papers A, B, C, and D in the or¬ 
der of increasing density. The paper 
tapes were in all cases one inch wide. 

Certain observations were also made on 
a fifth grade of paper (E), of 0.004 inch 
in thickness remaining from foregoing 
studies and manufactured five years 
earlier. * 

The test specimens were made by 
wrapping the paper tapes on one-inch- 
diameter smooth brass tubes, normally 
with 33 V 8 per cent and 66 V* per cent 
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overlay with a butt spacing of tapes of 
between l / M inch and 3 / M inch. The nor¬ 
mal thickness of the insulation wall was 
0.080 inch, that is, 16 layers of 0.005 inch 
paper. Studies of different channel 
widths up to y 8 inch were made with 
0.005 inch B paper. 

Nine identical specimens were con¬ 
structed for each value of density, thick¬ 
ness of paper, for each value of rhann*] 
width, or other variable studied. In a 
few cases the number of identical speci¬ 
mens tested was reduced to six. 

For details as to the construction of the 
specimen, methods of test, experimental 
data, accuracy, and so forth, the earlier 
papers may be consulted . 1 . 

The Oils 

Two high-grade insulating oils having 
commercial numbers 5,314 and 5,317 
were each tested over the entire range of 
paper variables as described above. 
Number 5,314 is a thin oil as used in oil- 
filled cables. Its values of viscosity at 
40 degrees, (50 degrees, and 100 degrees 
centigrade are 17, 8.2 and 3 centipoises re¬ 
spectively . Oil 5,317 is a heavier oil some¬ 
what darker in color and prepared for use 
in solid-type cables. Its values of viscosity 
at 40 degrees, 60 degrees, and 100 degrees 
are 480,120,18.3 centipoises respectively. 

The specimens were impregnated in 
groups of three, normally at 60 degrees 
centigrade. In certain studies of the in¬ 
fluence of viscosity on impregnation, the 
impregnating temperature of 5,314 was 
reduced to 40 degrees and that of 5,317 
raised to 100 degrees, these temperatures 
giving the same value of viscosity for the 
two oils. 

Breakdown and Stability Tests 

The accelerated step-up life tests 
started at 400 volts per mil. The voltage 
was increased by 3.12 per cent every four 
hours, thus giving a geometric increase 
to 700 volts per mil in three days. The 
continuous application of voltage was 
interrupted at intervals (usually every 
four hours) for tests of power factor, ca¬ 
pacitance, and internal gaseous ioniza¬ 
tion . 2 In this program the average life of 
a specimen was from two to five days. 

It has been assumed that this brief dura¬ 
tion eliminates the influence of chemical 
change. Long experience has shown that 
there is no free gas in these specimens. 
Consequently the results appear to iso¬ 
late definitely the influence of each of the 
several variables studied, that is, paper 
density, paper thickness, oil viscosity, and 
so forth. The design of the specimen and 
close attention to uniformity of construc- 
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tion have ensured that the failures have 
occurred almost invariably under the 
central electrode of the specimen. 

Results of Tests 

Density of Paper 

The results of the tests on four values of 
paper density using 5,314 oil have been 
published in an earlier paper . 3 For con¬ 
venience some of them are reproduced in 
Figures 1 and 2 . In the same figures will 
be found the results of later studies on the 
same papers as impregnated with 5,317 
oil, and under the same conditions as to 
impregnation, test program, degree of 
accuracy, and so forth. 



Figure 1, Stability of oil-impregnated-paper 
insulation—life and breakdown stress 


Impregnation at a pressure of 2.0 millimeters of 
mercury 

A —40 degrees centigrade 
x—100 degrees centigrade 
All others—60 degrees centigrade 

Two noteworthy features are indicated: 

1. The decrease of dielectric strength and 
life with increasing paper density, already 
reported for 5,314 oil, is also found to ob¬ 
tain with close parallelism for 6,317 oil. 

2. Values of dielectric strength and of life 
using 6,317 are uniformly lower than those 
for 5,314. 

The impregnating oil content is some¬ 
what higher for 5,314, particularly at the 
low values of paper density. The power 
factor for 5,314 is also higher. The trend 
of. these curves has been discussed in 
the earlier papers. 

Paper Thickness 

The studies of the influence of paper 
thickness with 5,314 oil only have been 
repotted in an earlier paper . 4 Figure 3 
is reproduced therefrom. It will be noted 
that there is a pronounced and uniform 
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decrease of breakdown strength with in¬ 
creasing thickness of paper (2iy 2 per cent 
decrease from 0.003 inch to 0.008 inch 
thickness). 

Saturation Studies 

For each group of tests the percentage 
of oil content by volume was determined 
for one or more specimens. ThUs in 
Figure 2 the decrease of percentage of oil 
with increasing paper density is readily 
noted It is also noticed that specimens 
impregnated with 5,314 oil contain a 
higher percentage of oil, other things be¬ 
ing equal, and that this is accompanied 
by higher dielectric strength. The same 
parallelism has been observed in other 
tests. In order to determine whether 
viscosity of the oil had any bearing on 
these differences, six specimens of B paper 
were impregnated with 5,314 oil at 40 de¬ 
grees, and six others with 5,317 oil at 100 
degrees, the viscosities of the two oils 
having the same value at these tempera- 
tines. All twelve specimens were sub¬ 
jected to life test at 40 degrees centigrade, 
in accordance with the standard program. 

Results of these comparative studies 
are indicated as single points giving the 
average values in Figures 1 and 2 . The 



Figure 2. Stability of oil-impre'gnated-paper 
insulation—power factor and oil content 

Impregnation at a pressure of 2.0 millimeters of 
mercury 

A—40 degrees centigrade 

x—100 degrees centigrade 

All others-—60 degrees centigrade 

order of accuracy is about the same as 
that in the paper-density studies (plus or 
minus deviation five to ten per cent). It 
will be noticed that the change of viscos¬ 
ity of 5,317 oil results in no appreciable 
change in either dielectric strength or life, 
notwithstanding a rather wide variation 
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in the value of viscosity (480-120 centi- 
poises). On the other hand, impregnation 
with 5,314 oil with a considerably smaller 
variation of viscosity results in a slight 
lowering of both dielectric strength and 
life, although the values are still substan¬ 
tially higher than those for 5,317. 

As to oil content, in the case of number 
5,317, large decrease in viscosity between 
60 degrees and 100 degrees results in the 
small increase of oil content of from 33 per 
cent to 37 per cent. In the case of 5,314 
oil the increase of viscosity between 60 
degrees and 40 degrees in these compara¬ 
tive studies results in a reduction from 40 
per cent to 34 per cent. When the vis¬ 
cosities are the same, the oil content and 
power factor are about the same. 

Wedth of Channel 

The influence of the width of channel 
On breakdown strength and accelerated 
life was studied between the limits of a 
dose butt joint and a maximum channel 
width of Vs inch, observations being 
taken at one intermediate thickness, 3 / M 
inch. Observations were also made on 
six specimens having a V^-inch overlap, 
for one of the oils. Otherwise nine speci- 



Figure 3. Stability of oil-impregnated-paper 
insulation—breakdown stress and life 

mens were tested at each channel width 
and for each of the two oils, 5,314 and 
5,317. 

The results of these studies are plotted 
in Figure 4, in which the average spread 
of the nine specimens represented by each 
point is indicated in vertical lines. 

It will be noted that the decrease of di¬ 
electric strength with increasing width of 
oil channd is practically linear for oil 
5,314, the percentage decrease from a 
dose butt joint to a channd width of 
l /g inch bdng 9.5 per cent. A similar 
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over-all decrease is seen for oil 5,317, al¬ 
though the rate of decrease with channel 
width is less regular. The over-all de¬ 
crease in this case is roughly six per cent. 
No great accuracy may be claimed for 
numerical values in these results, prin¬ 
cipally because it is difficult to maintain 
a uniform channel width of low value. 
Thus in the close butt experiments, the 
results on two spedmens have been 
omitted, because on dissection it was 
found that the joints between tapes were 
slightly open in the region of failure. 
The closest butt joint that can be wound 
seems to have here and there a slight 
opening. With this in mind a set of speci¬ 
mens was wound with a V^-inch overlap, 
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Figure 4. Stability of oil-impregnated-paper 
insulation—breakdown stress versus channel 
width 

and it may be seen from the curve for oil 
5,317 that this resulted in a still further 
slight increase of dielectric strength. 

It is to be noted that the higher dielec¬ 
tric strength of oil 5,314 over 5,317 noted 
in the other experiments, appears also in 
the experiments on channel width. 

Types of Failure 

Initial and Partial Failures 

An early method of interrupting the 
circuit following breakdown of the sped¬ 
mens, using a very light fuse in the pri¬ 
mary circuit of the testing transformer, 
resulted uniformly in through failures 
with considerable burning. Later, use 
was made of a thyratron tube, operated 
from the voltage over a resistance in se¬ 
ries with the connection of the low-volt¬ 
age electrode to ground, and operating a 
fast-moving relay and circuit breaker in 
the primary circuit. This resulted in 
early interruption of failure and indeed 
enabled us to remove and examine a 
great many spedmens in which partial 
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failures only had occurred. These partial 
failures consisted of the burning, or 
break through, or other evidence of 
trouble, in from one layer of paper or 
channel of oil, to an increased number of 
layers up to but short of the full insulation 
wall. The amount of burning in a failed 
spedmen of this type is very greatly re¬ 
duced, and a much better idea of the 
origin, causes, and succeeding progress 
of the failure has been obtained. 

The failures may be roughly divided 
into four groups based on careful dissec¬ 
tion followed in many cases by oil ex¬ 
traction and staining with magenta: 

A. Through radial failiures. 

B. Partial failures involving one half of 
the total thickness of the insulating wall or 
less, and all terminating on the high-voltage 
conductor, or on the outer lead sheath. 

C. Partial failures within the insulating 
wall, but not reaching either conductor or 
sheath. 

D. Failures with no outward evidence of 
burning, but with subsequent evidence of 
wax formation. 

Out of a total of 117 spedmens tested, 
46 had complete through failures and 66 
had partial failures of one type or another. 

Class A — Through Radial Failures. In 
these cases the burning is greater than in the 
partial failures, but in general the evidence 
is that there is little departure from an ap¬ 
proximately straight radial failure ending in 
an oil channel near the outer layers and the 
first adjacent layers. Tree patterns and 
tracking are often evident, but only to the 
extent of reaching one adjacent oil channel. 
Puncturing through the tape of four con¬ 
secutive layers was not uncommon. 

Class B—Partial Failures Ending on In¬ 
ner or on Outer Conductor. The character¬ 
istic of most of these failures is an area of 
blackened or burned oil film, never greater 
than one inch in diameter, towards the 
center of the insulating wall. Beyond the 
burned spot, evidence of trouble diminishes 
rapidly within one or two layers, then dis¬ 
appears. In the other direction burning also 
decreases, the puncture taking the form of 
short lengths of blackened oil in the chan¬ 
nels and puncture through tapes, becoming 
smaller and cleaner towards the electrodes. 
The first, second, or third oil channel from 
the high-voltage conductor is usually in¬ 
volved. An exceptional case in this group 
consisted of four tiny punctures of four 
outside layers, originating in the oil ad¬ 
jacent to a comer of reinforcing paper at 
the end of the specimen and with no evidence 
of burning. 

Of a total of 66 partial failures, 11 termi¬ 
nated on the outer electrode and 49 on the 
inner electrode. In one case there was a 
partial failure to each electrode, the two 
being well separated longitudinally, and ap¬ 
parently not related. 

Class C—Partial Failures Not Reaching 
Either Electrode. Only three failures of 
this type were noticed, but they were quite 
definite. They were characterized by iso- 
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lated black regions in an oil channel. Two 
were within four layers of an electrode. In 
one case the trouble was confined to only 
two layers. 

In addition to these clearly marked local 
failures, there were ten cases in which this 
type of trouble was found to be coexistent 
with a failure either “through" or “partial” 
ending on an electrode, although definitely 
separated from it. 

Class D ■Failures With No Outward 
Evidence of Burning. In two cases first 
examination of the specimen failed to reveal 
any trouble other than a slight smell of 
burned oil. After subsequent oil extraction 
and staining with magenta dye, there was 
evidence in each case of initial wax formation 
at various places. 

In considering these results, it should 
be borne in mind that in our specimens 
the insulation wall was relatively thin 
(0.08 inch), and the diameter of the 
smooth'high-voltage conductor was rela¬ 
tively large (one inch). The excess of 
stress at the conductor surface over that 
at the outer electrode is of the order of 16 
per cent, which is not much greater than 
the values of the average spread of our 
experimental breakdown results; thus 
partial failures originating on the outer 
electrode may be due to normal variations 
in the paper or oil. The smooth high- 
voltage conductor is perhaps an advan¬ 
tage in that it eliminates the common 
type of oil pocket in stranded conductors 
and confines the experimental results 
more definitely to the impregnated wall. 

Throughout the careful examinations 
of the failed specimens, constant evidence 
has been found that the initial trouble 
arises in an oil space. In the cases of par¬ 
tial failures, either the first or the second 
oil channel was always involved. In all 
cases involving one, two, or three layers 
only, punctures were rarely found, the 
trouble being of the nature of oil blacken¬ 
ing and surface tracking. Also in all 
cases without exception it was found that 
the oil in the channel next to the high- 
voltage conductor was more or less black¬ 
ened, in many cases the blackening being 
limited to the edges of the paper and re¬ 
vealed by fine black lines on the polished 
conductor. 

Discussion 

It is believed that the outstanding re¬ 
sults of this and the foregoing papers may 
be explained qualitatively in terms of the 
characteristics of the impregnating oil. 

All refined degassed insulating oils ap¬ 
parently have the following characteris¬ 
tics in greater or less degree: 

(a). A relatively low long-time conduc- 
tivity, that is, as measured after a long ap¬ 
plication of continuous electric stress. This 
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conductivity is partly electronic, but largely 
due to an inherent electrolytic dissociation 
arising in the complex molecular structure. 

(b). An initial or short-time conductivity 
persisting for, say from one-tenth to one 
second, which may be many times as great 
as the short-time conductivity. This con¬ 
ductivity is due to an accumulation of rela¬ 
tively large and heavy ions or clusters of 
neutral molecules about a central ion. It is 
the motion of these large ions back and forth 
under alternating stress which causes the 
greater part of the dielectric loss in such oils. 

(e). Both types of conductivity are in¬ 
creased by contact with paper and metals, 
due to added electrolytic impurities, and 
also to increased electrolytic dissociation. 

(d). Application of continuous stress causes 
the large heavy ions to move to the elec¬ 
trodes or limits of an oil space, where, owing 
to their envelopes of neutral molecules, not 
all of them are discharged, and space charges 
accumulate close to the electrodes or other 
limiting surfaces, for example, paper tapes. 
Under alternating stress a similar action 
goes on resulting in maximum space charge 
accumulations at the crest of each half cycle. 
Studies of the mobility of these ions indicate 
that at 60 cycles there is sufficient time dur¬ 
ing a half cycle for some at least of these 
ions to pass completely across the oil chan¬ 
nels occurring between paper tapes in im¬ 
pregnated-paper cable insulation. 

The mass of evidence from the failures 
studied in this series of papers is that 
failure begins in an oil channel between 
paper tapes and probably at the contact 
surface between paper and oil. The fail¬ 
ure is caused by a layer of high stress- 
between the paper and a space charge 
layer immediately adjacent. Witness for 
example the spiral marking on the high- 
voltage conductor immediately under the 
edges of the paper tapes and over the full 
length of the specimen; also the isolated 
cases of partial failure in which the only 
evidence of failure is blackening in the 
channels, with carbonized channels 
through paper tapes spreading therefrom. 

The ultimate cause of failure is a stress 
sufficiently high to ionize a molecule with 
the liberation of gas. The tiny bubble of 
gas may be reabsorbed before the next 
voltage crest in which case increasing 
carbonization may result before final 
failure. With further increase of stress, 
however, the gas bubble becomes larger, 
continues through the cycle, and is the 
seat of gaseous ionization. This latter 
attacks the adjacent paper much more 
aggressively, leading ultimately to punc¬ 
ture, to the extension of the oil breakdown 
in the next oil film, and to surface spread¬ 
ing to the adjacent oil channel of the next 
layer. 

Failures here described, in outward ap¬ 
pearance are often similar to those de¬ 
scribed by Robinson. 5 However, there 
is much indication in this work that the 
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“coring” in the paper tapes occurs at the 
end rather than at the beginning of the 
process of failure. Coring has been no¬ 
ticed frequently at both conductor and 
sheath, but in these cases the complete 
absence of burning, as compared with 
conditions in the oil channels of deeper 
lying layers indicates strongly that the 
initial trouble originates in the channels 
then extending to puncture of the paper 
by the coring process. In our case we 
picture the oil as breaking down with the 
liberation of gas, subsequent gaseous 
ionization attacking the paper wall, per¬ 
haps in the manner suggested by Robin¬ 
son. However, Robinson postulates a free 
gas bubble originally present near the 
high-voltage conductor, gaseous ioniza¬ 
tion in this bubble, and coring as the first 
stage of failure in the insulation wall it¬ 
self. We believe our specimens to be 
originally entirely free of such gas bubbles 
and that the first gas that appears is due 
to oil failures. We do not find that coring 
is limited to the inside layers, due to the 
small difference in radial stress between 
outer and inner layers in our specimen. 
However, in the cases discussed by Rob¬ 
inson the higher stresses on the inside 
layers would tend to give first oil failures 
and subsequent coring in those layers. 

The decrease of dielectric strength 
with increasing density of the paper tapes 
has already been ascribed to the increas¬ 
ing value of the stress in the oil c hannels 
due to the increasing value of dielectric 
constant of the impregnated paper. Ap¬ 
proximate computation of the breakdown 
stress in the oil indicates a slight decrease 
in the critical stress with increasing paper 
density. 3 It is suggested that this is ex¬ 
plained by the fact that the oil in contact 
with papers of increasing density takes on 
a greater number of adsorbed ions from 
the paper. There is a resulting increase 
in the density of the space charge layers, 
and an increase in stress between this 
layer and the adjacent surface. Thus the 
critical or breakdown stress in the oil is 
reached at a lower voltage or lower aver¬ 
age stress. 

Some cable engineers have been loth to 
accept this evidence that the dielectric 
strength of impregnated paper decreases 
with increasing paper density. It is 
stated that in manufacture, cables con¬ 
taining high-density paper give a higher 
dielectric strength than those using paper 
of a lower density. In one case it is stated 
that it has certain other advantageous 
physical properties. There are, however, 
no published data clearly showing these 
advantages of high-density paper in com¬ 
parative life tests under sustained stress. 
One possible explanation is that there 
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inay be a difference in behavior under 
impulse or short-time tests and under 
sustained voltage tests. Here too experi¬ 
mental data is very meager. Del Mar and 
Works have recently presented data in¬ 
dicating that under short-time tests for 
certain values of overlap of paper tape, 
tiie breakdown strength of high-density 
paper may rise above that of low-density 
paper. However, as emphasized else¬ 
where in this paper, a time element un¬ 
doubtedly is present in failures under 
sustained high stress. It is possible, 
therefore, that under impulse or short- 
time tests the inherent high dielectric 
strength of the high-density paper might 
play a more important part than the de- 
, layed breakdown of 6il in the oil channels, 
in which the stress is much higher than 
the over-all average stress, due to the 
difference in the dielectric constants of 
the impregnated paper and the oil in the 
channels. 

A pronounced decrease in dielectric 
strength with increasing paper thickness 
has been found. 4 This result may be at¬ 
tributed to the well-known fact that the 
breakdown strength of thin oil films de¬ 
creases with increasing thickness. How¬ 
ever, in this case also, approximate com¬ 
putations of the values of stress in the oil 
films at breakdown decrease with increas¬ 
ing thickness, again giving a first indica¬ 


tion that the breakdown stress of the oil 
does not have a constant value. The 
same explanation may be offered here, 
namely, that with increasing paper and 
channel thickness, more ions are present 
in the oil film, greater values of space 
charge accumulate, and a critical break¬ 
down strength of the oil is reached at a 
lower value of over-all stress. 

Conclusions 

1. Laboratory studies in accelerated life 
tests of the influence of the density of the 
paper on the breakdown strength of im¬ 
pregnated-paper insulation have been con¬ 
tinued. When impregnated with a heavier 
oil, as used in solid-type cables, there is a 
marked decrease of dielectric strength with 
increasing paper density. Results are closely 
similar to those already found using a thin 
oil as impregnant. 

2. Raising the viscosity of the thin oil and 
lowering the viscosity of the heavy oil so 
that both have the same value during im¬ 
pregnation has little effect on the breakdown 
strength. Specimens impregnated with the 
heavy oil show no change in behavior. Rais¬ 
ing the viscosity of the thin oil results in a 
slightly lower dielectric strength. When the 
two oils have the same viscosity, the values 
of power factor and of oil content are ap¬ 
proximately the same. 

3. The dielectric strength of impregnated 
paper decreases with increasing oil-channel 
width between successive convolutions of 
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tape. When the thin oil is used the de¬ 
crease is about 9 per cent; when the heavy 
oil is used, the decrease is about 6 V 2 per 
cent, as the channel width increases from 
zero (close butt joint) to Vs inch. 

4. In all the foregoing experiments the di¬ 
electric strength and stability when using 
the thin oil as impregnant were noticeably 
higher than when using the heavy oil. 

5. Close examination of all failures leads 
to the conclusion that in the accelerated 
life or stability tests lasting two days or 
more, failure always begins in an oil space. 

6. Qualitative explanations are offered for 
results in this and two preceding papers of 
this series. 
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Synopsis: The Consolidated Edison Com¬ 
pany made a series of tests to determine the 
cause and extent of system load swings on 
generators and tie feeders. The results were 
reported in detail in a previous paper. 1 An 
analysis of these tests indicated ways in 
which our load dispatching methods could 
be improved. This paper reports the effect 
of the changes in the method. Our experi¬ 
ence indicates that the operators may re¬ 
duce tie and generator load swings to 
negligible values by using frequency to con¬ 
trol manual adjustments of generator out¬ 
put, provided that an accurate frequency 
indication is available at each generating 
station. 


3. A change in voltage will result in a 
change in both real and reactive load de¬ 
mand, but a change in frequency within 
reasonable limits and with constant voltage 
does not result in an appreciable change in 
system demand. 

4. The instantaneous relations between 
load, voltage, and frequency serve to indi¬ 
cate the initiating cause of a load change. 
An initial change in any one of these quanti¬ 
ties will affect the other as shown in Table I. 


Table I 


S EVERAL of the principles reported 
ill the previous paper 1 have been ap¬ 
plied to our method of load dispatching to 
reduce the load swings on the tie feeders 
and generators. These principles are: 

1. Major load swings arc caused by manual 
operation of governor valves in one or more 
stations during periods of load change, > 

2 . Governors or supplementary controllers 
do not contribute to load swings but operate 
continuously to check them. 


Effect on 

Initiating - —.- -- 

. Change Voltage Load Frequency 


Voltage 

Increase.... •— .. .Increase .. .Decrease 
Decrease.... — ... Decrease... Increase 

Load 

Increase.... Decrease... — ... Decrease 
Decrease Increase... — ...Increase 

Frequency 

Increase.. . . Increase ... Increase ... — 

Decrease.... Decrease.., Decrease... .— 


O 

8*60./ 


t“°ls§!lll!gl! 


MANUAL LOAD CHANGES 

that caused swing 




ORDERED MANUAL 
LOAD CHANGES 



lO'OO 

TIME 


Figure 1 , Load swing caused by load change: 
ordered by the system operator 

The load changes were made when they drove 
the frequency away from normal 


Effect of Manual Adjustments 
of Generator Output 

On a system supplied from one turbo¬ 
generator, a manual adjustment of the 
steam input would be readily discernible 
in the speed and voltage. This effect is 
not so apparent oh a large system, because 
there are many governors and controllers 
operating to compensate the change. A 
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change in steam input in excess of the load 
requirement on the one unit system re¬ 
sults in a relatively large speed change, 
while on the large system, it results in a 
load swing over the connections between 
generators. On a large system the genera¬ 
tor on which a manual load adjustment 
is made will have a simultaneous change 
of speed and load in the same direction, 
while all other units, under the influence 
of their respective governors, will change 
load 'in a direction opposite to the fre¬ 
quency. 

If the generator ouput at one station is 
increased by manual adjustment when 
the frequency is at or above normal, the 
governors at the other stations will reduce 
the generated load by an equal amount. 
If these other stations are operating on 
scheduled loads the station operators will 
make manual adjustments to restore their 
stations to schedule, thus driving fre¬ 
quency still higher. This jockeying of 
load between stations results in load 
swings on the tie feeders, as well as on the 
stations, and imposes an unnecessary bur¬ 
den on a station assigned to regulation of 
frequency. 

An example of load swing caused by 
manual adjustments without regard to in¬ 
stantaneous frequency is shown in Fig¬ 
ure 1. This type of load swing can be 
avoided if the system frequency is used as 
a control in making manual adjustments. 

Load-Dispatching Methods 

V 

It was the practice of the system opera¬ 
tor to assign blocks of load to each sta¬ 
tion from time to time on the basis of an 
advanced estimate of the load require¬ 
ments. Past experience with the hour-to- 
hour changes in total system demand was 
used in making the estimate. The sta¬ 
tion operators made the load changes 
when ordered, regardless of the frequency 
at that time, If the system demand did 
not change exactly as anticipated, the 
ordered changes would cause the fre¬ 
quency to depart from normal, aud a 
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system-wide load swing would result as 
the governors and controllers operated to 
compensate for the excess change. Where 
the tie feeders are relatively small in 
capacity, or where for contractual rea¬ 
sons the tie feeder interchange is to be 
maintained at a fixed value, it is then 
necessary to make additional adjustments 
to restore the tie-feeder load to nonnal. 

In order to minimize these load swings, 
the following changes were made in our 
load-dispatching methods. The system 
operator now estimates the load in ad¬ 
vance but assigns load to each station in 
larger blocks and at less frequent inter¬ 
vals. When the station operator receives 
a load-change order, he executes the order 
only at an instant when the change will 
tend to restore the frequency to normal. 
In other words, the station operator in¬ 
creases load only with low or dropping 
frequency and decreases load only with 
high or rising frequency. Thus, errors in 
load anticipation which could cause load 
swings are automatically eliminated. 

The system operator has authority to 
malce load changes, regardless of fre¬ 
quency, should changes be necessary, but 
he must specifically state that this shall be 
done. 

We would like to point out that these 
measures are not intended to maintain 
closer frequency or to keep the accumu¬ 
lated time error within narrow limits, but 
are for the purpose of reducing, by the use 
of indicated frequency, the unnecessary 
load swings on generating facilities and 
tie feeders. 

Figure 2 shows the extent that load 
swings have been reduced by the present 
method of load dispatching. 

Need for Accurate 
Frequency Indication 

Frequency indication as a control in 
making manual load adjustments requires 
that each station have a suitable fre¬ 
quency indicator. Since the normal fre¬ 
quency band on the system is about 0.1 
cycle per second, an instrument for this 
purpose would have to be accurate within 
a fractional part of this normal band. 
This accuracy should be in the neighbor¬ 
hood of one part in 50,000, which is be¬ 
yond the capability of the conventional 
frequency meter. A meter of normal ac¬ 
curacy could be used if one meter sent 
impulses to all stations indicating whether 
the frequency was high or low. ‘ An¬ 
other way would be by transmitting a 
standard frequency voltage and com¬ 
paring it differentially with another volt¬ 
age at system frequency at each station. 
On our system a standard frequency 


accurate to better than one part in a mil¬ 
lion is available. 2 This standard fre¬ 
quency is transmitted to each major sta¬ 
tion and compared with the system fre¬ 
quency by means of a synchroscope. The 
synchroscope gives one revolution for each 
cycle of slip frequency between the stand¬ 
ard and system frequencies. The direc¬ 
tion of rotation indicates whether the 
system frequency is high or low, and the 
rate of rotation is a measure of the amount 
of departures from standard frequency. 
Each station operator therefore has the 
same indication of system frequency. 

This method of transmitting a fre¬ 
quency standard has been practical on the 
Consolidated Edison Company system 
because of the relatively few large stations 
and the short distances between them. In 
order to use a similar scheme over a wide¬ 
spread system, we have developed a fre¬ 
quency indicator operating from a fre¬ 
quency standard received by radio. Fig¬ 
ure 3 shows the schematic diagram of this 
device. This scheme is based upon send¬ 
ing a standard frequency by a radio trans¬ 
mitter which has sufficient signal strength 
to cover the area of the system. 

The radio signal is amplified by a radio 
receiver at each station, and the amplified 
standard-frequency voltage output is im- 
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Figure 2. Effect of frequency control of 
manual load changes on tie-feeder loads 

When load changes are made independent of 
system frequency, the tie-line loads vary con¬ 
siderably. When the load changes are made 
so that they restore frequency to normal, the 
large rapid load changes are not experienced 



pressed on a step-up transformer. The 
transformer supplies a neon tube which is 
circular in shape and is covered by a disc 
having a single slot. The disc is driven by 
a synchronous motor from the power sys¬ 
tem. The standard frequency in cycles 
per second must be exactly divisible by 
the motor synchronous speed in revolu¬ 
tions per second. When the device is in 
operation, and the neon tube is viewed 
through the slotted disc, a series of light 
spots evenly spaced in a circle will be 
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seen. If these spots remain stationary, 
the system frequency at that time is cor¬ 
rect. If the spots rotate, the system 
frequency is incorrect. The direction of 
rotation indicates whether the system 
frequency is above or below the standard 
frequency. 

A few trial installations of this device 
are in service using an existing standard- 
frequency broadcast by the Bureau of 
Standards in Washington. This signal is 
broadcast on a carrier frequency of five 
megacycles and modulated by a 440-cycle 
tone. A 1,200-rpm synchronous motor 
is used to drive the slotted disc. The ex¬ 
perience with this device has been very 
satisfactory. 

Conclusion 

The results of a year’s experience using 
frequency as a control in making manual 
load changes on the Consolidated Edison 
Company system have led us to the fol¬ 
lowing conclusions: 

1. Generating-station and tie-feeder load 
swings can be reduced to a point where load 
swings are no longer a problem. 

2. The need for accurate load anticipation 
becomes less important. 

3. Tie feeders can be loaded safely to their 
thermal or stability limits. 

4. Interchange energy between parts of the 
system may be controlled within closer 
limits. For contractual reasons this is often 
important. 

5. Boiler-rooin maintenance costs can be 
decreased by reducing the load swings on the 
boilers. 

6. Manual load adjustments by the station 
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FREQUENCY 

Figure 3. Schematic diagram of atroboscopic 
method of frequency indication based upon a 
standard frequency received by radio 


operator can be normally made in a direc¬ 
tion to aid the automatic governors or con¬ 
trollers. 
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sure that the initial charge is zero. With 
this timed switch it is possible to watch 
the change of wave form as the switching 
angle is varied and also while various 
circuit parameters are varied. Provision 
was made to keep the switch closed after 
one of its periodic closures. This enables 
the experimenter to make oscillograms of 
the current from the time of initiation. 
Details of the timed switch are given in 
the appendix. 


Synopsis: This paper shows the importance 
of switching time as an initial condition for 
the current in a simple nonlinear series cir¬ 
cuit with a saturable inductor. It is also 
shown that initial flux linkages in the induc¬ 
tor have an important effect on the current 
response during the first few cycles after 
closing the switch. It is emphasized that 
all experimental work was done with volt¬ 
ages below the critical ferroresonant voltage. 

|T is the purpose of this paper to report 
" the results of a study of the effect of 
switching time on the current response in 
a series R, L, C circuit containing a satu¬ 
rable inductor. In previous experimental 
work no attempt has been made to con¬ 
trol the initial angle of the sinusoidal ap¬ 
plied voltage. 

This series nonlinear Circuit has been 
the subject of considerable investigation. 
Its importance was recognized in this 
country when outages caused by abnor¬ 
mally high currents were experienced in 
transmission lines equipped with series ca¬ 
pacitors. It was found that the observed 
abnormal currents had a frequency lower 
than the system frequency. The fre¬ 
quency was a submultiple of the funda¬ 
mental; hence, they were called “subhar- 
monic” currents. Concordia 1 and Butler 
solved the equations of the circuit for the 
parameters of interest in their transmis¬ 
sion-line problem by employing a differ¬ 
ential analyzer. Following this work 
Travis 2 and Weygandt approached the 
problem analytically with the method of 
matching boundary conditions. They 
were forced to make many simplifying as¬ 
sumptions, but the solutions they ob¬ 
tained give an insight into the mechanism 
of the production of subharmonic currents 
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in this circuit. One of the most serious 
assumptions, namely, that of neglecting 
capacitance in the circuit when the in¬ 
ductor is saturated, was removed by I. 
Travis 3 in a later paper. The theoretical 
investigation has reached a point where a 
great amount of computation must be 
done to obtain a small amount of informa¬ 
tion. To study the performance of this 
circu't further J. D. McCrumm 4 has em¬ 
ployed an experimental method which 
consists of a systematic variation of cir¬ 
cuit parameters, and recording of wave 
forms on oscillograms. The currents in 
his circuit were initiated by the random 
closing of a knife switch. 


Results 

The effect of initial voltage phase angle 
on the circuit response is best shown by 

L 

—. 
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L“ G.E. Transformer 9TM754AI 
C = 355 Mfds. (Leakage 2000 Ohms) 
R = Varied 
e = 12 Esin (ut + 4) 

Figure 1. Circuit diagram 



Experimental Procedure 

The circuit studied is shown in Fig¬ 
ure 1. The timed switch is constructed so 
that it can be closed at any point of the 
60-cycle sine wave. After closure, it re¬ 
mains closed for the duration of four cy¬ 
cles, and then opens. Two cycles later it 
closes again at the same switching angle as 
before. This repetitive closing and open¬ 
ing enables the experimenter to view the 
first four cycles of the current as a steady 
image on an oscilloscope screen. During 
the two cycles that no voltage is applied, 
the capacitors are short-circuited to in- 


Figure 2. Polar diagrams showing the type of 
circuit response for the full range of initial 
voltage phase angle 
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Sfii^2C 

Stable Subharmonics 



Unstable Subharmonics 



Exciting Current 


—02- 



.300 


270 90 


240 


V=I50 

R=5.33 


,300 60 


270 90 


'240 


V—150. E 

Rs2.93 



,300 


270 


240 


210 Vs 150 
R=3.39 


.300 


270 


120 


'210 V= 140 F 150" 
R=3.92, 


240 

Vs WO 
R=3.39 


September 1942, Vol, 61 Angello—Subharmonic Currents 


Transactions 62,5 







Figure 3 (above) 

Figure 4 (left) 

age phase angle has no ef¬ 
fect on the wave form of the 
subharmonic current in the 
region where these currents 
are possible. Switching 


angles of 90 degrees and 270 

the polar diagrams of Figures 2, 3, and 4. degrees generally give an exciting-current 
The zero of angle was arbitrarily chosen response, and the unstable subharmonics 
as the zero on an oscillogram before the are situated on the border line between 


negative half-cycle. exciting current and stable subharmonics. 

The response of the circuit may be The diagrams of Figures 2, 3, and 4 
divided into three types, nameiy: show also that the subharmonic region is 


1. Exciting current. 

2. Stable subharmonics. 

3. Unstable subharmonics. 


smaller for high values of circuit resist¬ 
ance. In the circuit of Figure 1, sub- 
harmonics could not be initiated at any 
angle when the resistance R was greater 


Exciting current is the normal current in a than approximately seven ohms. The 
transformer primary for no load on the ex tent of the subharmonic region also 
secondary. Stable subharmonics are ab- decreases as the applied voltage decreases. 


This is to be expected, because the lower 
the voltage, the more difficult it is to 
saturate the core of the inductor. 

The boundary lines between current 
regions are drawn sharply but actually 
it is difficult to tell within plus or minus 
five degrees where one region ends and an¬ 
other begins. These graphs then have 
only a semiquantitative value. Each 
diagram is the result of observations taken 
at least two complete cycles of 360 degrees 
to be certain that the results are reprodu¬ 
cible. 

Another possible initial condition which 
has not been previously investigated 
either theoretically or experimentally is 
the initial flux in the inductor core. Os¬ 
cillograms were taken with the trans¬ 
former winding flashed with d-c before 
the switch was closed. Figure 5 shows 
two oscillograms taken of current initiated 
with identical initial conditions, except 
that the inductor was flashed in one di¬ 
rection for one oscillogram, and in the 
reverse direction for the other. It can be 
seen that the first few cycles are very dif¬ 
ferent, but the wave forms after a short 
time has elapsed are identical. Figure 6 
shows a repetition of the experiment for a 
different set of initial conditions. 

Conclusions 

The results of this study may be sum¬ 
marized as follows: 

(a). The current response in this circuit is 
dependent on the initial voltage phase angle. 

Figure 5. Oscillograms showing the current 
response of the circuit for identical initial 
conditions except that the initial flux in the 
inductor core was reversed 

The initial voltage angle was 31 degrees. 
Other data are R— 2.93 ohms, y=120 volts, 
and q 0 =zero , 


normally high currents having a fre¬ 
quency which is an integral submultiple 
of the frequency of the applied voltage. 
The currents are said to be stable if they 
persist as long as voltage is applied to the 
circuit and they maintain a repetitive wave 
form. Unstable subharmonics are abnor¬ 
mally high currents having a nonrepeti- 
tive wave form. According to the theory 
of Travis and Weygamdt, these currents 
have imperfectly matched boundary con¬ 
ditions, and therefore they cannot repeat 
each cyde exactly. It is common for such 
currents to continue in a “jittery’ ’ state 
for many minutds and suddenly disappear 
not to reappear until the drcuit is again 
dosed with the proper initial conditions. 

The; wave forms of the subharmonics 
are not given here, since many have al¬ 
ready been published. 4 The initial volt- 
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fore, apply only to subharmonic currents. 
It is certain that the currents of ferro- 
resonance are abnormally high, but the 
frequency is that of the applied voltage. 
This point is stressed, because some con¬ 
fusion is apparent in the discussions of 
other papers. 



Figure 6. Oscillograms made in a manner 
similar to those of Figure 5 

In this case the initial phase angle was 266 
degrees. Other data are /?=2.93 ohms, 
V=* 140 volts, and q (i = zero 


(/>) . The wave form of stable subharmonics 
is independent of initial phase angle. 

(r). The wave form of the first few cycles 
of a subharmonic current is dependent on 
the value of initial flux linkages in the in¬ 
ductor. 



Figure 8. An oscillogram illustrating the 
performance of the timed switch 

Note that the. wave forms are repeated in de¬ 
tail. Note also that the capacitor voltage is 
reduced to zero after the switch opens so that 
q u *= zero for the next closure 


It should be noted that nothing has 
yet been said about ferroresonance. The 
impressed voltages employed in this work 
were lower than the critical voltage for 
ferroresonance in all cases. All state¬ 
ments concerning initial conditions, there¬ 


Appendix 


The timed switch discussed under experi¬ 
mental procedure was a mechanical flux- 
shifting relay. A mechanical relay was em¬ 
ployed, because it is necessary to have the 
circuit resistance very low. This eliminates 
the possibility of using electronic switches, 
because they have a high internal resistance, 
and furthermore this resistance is a func¬ 
tion of the current. 

Figure 7 shows a schematic diagram of the 
relay and the associated circuits. The pur¬ 
pose of the circuits is to excite the flux- 
shifting coil on the relay at the proper time. 
The timing is effected as follows: 

(a) . A synchronous motor running at 1,800 rpm 
turns three coaxiul disks at 000 rpm through a 3 to 
1 gear train. 

(b) . One disk has a shorting bar on the periphery 
which closes the bias circuit of the FG 17 thyratron. 
The thyratron plate current excites the flux-shifting 
coil on the relay, causing it to close. This coil 
excitation occurs once every six cycles. The-part 
of the 60-cycle wave at which it occurs is deter¬ 
mined by the space angle of the synchronous motor 

, rotor. This space angle can be varied through 36(9 
degrees by means of the phase shifter on the input. 

(r). A cam is set on the end of the synchronous 
motor shaft so that it opens the relay about four 
cycles ( l /i* second) after the closing instant. 

(d). Another disk on the motor shaft is arranged 
to break the thyratron plate circuit after the arc in 
the tube has been initiated. This is necessary to 
make the tube ready for the next closure. 

(<0. ’ A third disk on the motor shaft has a shorting 
bar on the periphery. This is oriented so that dur¬ 
ing the two cycles after the cam opens the relay, 
the charge on the capacitors in the circuit may be 
reduced to zero. 

The oscillogram, Figure 8, shows the per¬ 
formance of the timed switch. Note that 
each cycle of operation is repeated in every 
detail. The result is a steady image of the 
first four cycles of current in the circuit on 
an oscilloscope screen. 

The FG 17 circuit is switched in if it is 
desired to keep the circuit closed after a 
given closure. This circuit is used in con¬ 
junction with an oscillograph to get, photo¬ 
graphs of the current, and capacitor voltage 
wave forms from the time of closure until 
the steady state is reached. 
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Study of Driven Rods and Counterpoise 
Wires in High-Resistance Soil on Con¬ 
sumers Power Company 140-Kv System 
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T HE Consumers Power Company oper¬ 
ates an extensive 140-kv system in 
eastern, southern, and western Michigan. 
In parts the top soil is sand, sometimes 
extending to a considerable depth, and 
tower footings in this soil have very high 
resistance compared with resistance en¬ 
countered in other soils. 

In 1936 the Consumers Power Com¬ 
pany and the General Electric Company 
began a joint investigation of the ground- 
circuit arrangement best suited to carry 
the lightning current with a minimum po¬ 
tential across the line insulators. The test 
setup was arranged to study the relative 
merits of the driven rod, the continuous- 
parallel counterpoise, and the radial coun¬ 
terpoise, as well as to investigate the cur¬ 
rent and voltage conditions near the sur¬ 
face of the earth in the vicinity of the 
lightning stroke. 

Methods of Grounding 

To study various methods of ground¬ 
ing, a portion of the iV-14 line between 
Croton and Muskegon was divided into 
three sections, and each section was 
equipped with special earth connections 
as follows: 

Section A. Towers 7,659 to 7,682, parallel 
continuous counterpoise and right-angle 
counterpoise. 

Section B. Towers 7,683 to 7,708, parallel 
continuous counterpoise and driven rods. 

Section C. Towers 7,711 to 7,723, right- 
angle counterpoise and driven rods. (Tower 
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Ill., June 22-26, 1942. Manuscript submitted 
April 7,1942; made available for printing April 24, 
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7,709 has been removed. Tower 7,710 is 
equipped with ground rods, but not with 
right-angle counterpoise because of deep 
gully and road.) 

Figures la, lb, and lc show the three 
arrangements. The length of each sec¬ 
tion is approximately two miles. The 
counterpoise wire consists of seven-strand 
Winch galvanized-steel cable buried to 
a depth of approximately 18 inches. The 
parallel wire extends continuously be¬ 
tween towers, passing directly beneath 
the towers and connecting to the middle 
leg. • The right-angle counterpoise wires 
extend 250 feet each side of the line and 
are attached to the Side legs of the towers. 
The total length for each tower approxi¬ 
mates the length of one span. 

The rods were driven as deep as neces¬ 
sary to secure a resistance of between 10 
and 20 ohms. In some cases one rod was 
sufficient and in other cases two rods were 
necessary. The rods were made of W 
inch copper bearing steel, 8 feet long, the 
lengths being joined together by pressed 
fit couplings and driven into the ground 
by gasoline hammers. 1 * 2 Rods were 
driven to all depths, up to 150 feet in some 
cases. 

In addition to the counterpoise wires 
and driven rods connected to the towers, 
10 isolated probe wires approximately 100 
feet long were buried in the ground, begin¬ 
ning approximately 300 feet from the line 
and extending at right angles to the line. 
These were spaced approximately uni¬ 
formly throughout the experimental re¬ 
gion between towers 7,659 and 7,723. 

The iV-14 line for the greater part of its 
length is a single-circuit line on steel 
towers. The conductors are arranged in a 
triangle, two on one side of the tower and 
one on the other, the equivalent delta 
spacing being approximately 15.6 feet. 
The total length of the line between Cro¬ 
ton and Muskegon is 37.4 miles, of which 
35.4 miles is 3/0 steel-reinforced aluminum 
cable and two miles 4/0 steel-reinforced 
alu m i n u m cable. There is a ground 
wire at the peak of the towers made of 
three strands of number 7 Copperweld. 
The line is insulated with 9 disks spaced 


5 5 A inches on suspension and 11 disks on 
dead ends. 

The towers are of the three-legged type 
and each leg was equipped with one 


Table I. Footing Resistance of Towers of 
the N -14 Line 


Section and 
Arrangement 

Tower No. j 

O 0B 

o 

1 <3 
t I 

Pi X 
%'S « 
*8 

O J5 • 

fiS & 

Depth of Driven Rods f 
(Feet) 1 

Combined Resistance, | 
Footing and Rods || 
(Ohms) 1 

| 

7,669.. 

460 




7,660.. 

510 




7,661.. 

660 




7,662.. 

750 




7,663.. 

680 




7,664.. 

750 




7,666.. 

640 




7,606.. 

600 




7,667.. 

840 




7,608.. 

300 



Section A, 

7,609.. 

420 



parallel and 

7,070.. 

700 



right-angle 

7,671.. 

730 



counterpoise 

7,672.. 

820 




7,673.. 

740 




7,674.. 

760 




7,676.. 

300 




7,076.. 

920 




7,677.. 

860 




7,678.. 

700 




7,679.. 

740 




7,680.. 

920 




7,081.. 

620 




[7,082.. 

610 




[7,083.. 

620..1. 

. 100 . 

.14 


7.684.. 

840..1. 

. 82 . 

.15 


7,686.. 

970..1. 

. 92 . 

.14 


7,680.. 

620..1. 

. 76 . 

. 9.5 


7,687.. 

720..2. 

. 48-52 . 

.24 


7,688.. 

590..2. 

. 32-36 . 

.19 


7,689.. 

810..1. 

. 53 . 

.16 


7,090.. 

770..2. 

. 42-41 . 

.14 


7.691.. 

490..1. 

. 56 . 

.14 


7,692.. 

440..1. 

. 58 . 

.10.5 

Section B, 

7,693.. 

800.. 1 . 

. 100 . 

. 8.5 

parallel 

7,694.. 

675..1. 

. 100 . 

. 8.5 

counterpoise , 

7,095.. 

910..1. 

. 124 . 

.11 

and driven 1 

7,096.. 

775..1. 

. 90 . 

.13 

rods. 

7,697.. 

700..1. 

. 94 . 

.16 


7,698. . 

775..1. 

. 116 . 

.11 


7,699.. 

630..1. 

. 100 . 

.10.5 


7,700. . 

040..1. 

. 108 . 

.10 


7,701.. 

690..1. 

. 92 . 

.14 


7,702. . 

680..2. 

. 58-57 . 

.14 


7,703.. 

660.. 1 . 

. 84 . 

.11.5 


7,704.. 

840,.1. 

. 84 . 

.10 


7,705.. 

540..2. 

. 65-53 . 

.23 


7,706.. 

825..1. 

. 108 . 

.10 


7,707.. 

560..2. 

. 71-92 . 

. 9 


7,708. . 

1,400. . 1. 

. 92 . 

.11 


7,710*. 

850..2. 

.121-92 . 

.13 


7,711.. 

606..2. 

.108-104. 

.12 

• 

7,712. . 

910..2. 

. 98-108. 

.13 


7,713.. 

800.. 1 . 

. 81 . 

.12.5 


7,714.. 

1,030.. 1. 

. 100 . 

. 8.5 

Section C, 

7,715.. 

1,060. .1. 

. 128 . 

.11 

right-angle 

7,716.. 

850.. 1 . 

. 132 . 

.14 

counterpoise 

7,717. . 

650.. 1 . 

. 124 . 

.14 

and driven 

7,718.. 

810.. 1 . 

. 150 . 

.12 

rods . 

7,719.. 

880.. 1 . 

.100 . . 

. 8 


7,720.. 

010.. 2 . 

. 84-100. 

. 7 


7,721 .. 

890..1. 

. 124 . 

.10 


7,722.. 

700..1. 

. 110 . 

. 7 


7,723.. 

493..1. 

. 140 . 

.12 


There is no tower 7,709. 


* Tower 7,710 has two driven rods, but no counter¬ 
poise connected to it. 
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bracket for magnetic links. After the 
1937 season, brackets were installed on the 
overhead ground wire on each side of 
every tower, about 3 feet away from the 
tower. The continuous counterpoise 
wires were equipped with brackets on 
each side of each tower, about 4 feet from 
the center tower leg, and also at the 
middle of each span. The right-angle 
counterpoise wires on each side of the 
tower were equipped with one bracket at 
4 feet from the tower leg, and on only the 
south side one at 125 feet and one at 225 
feet. Each separate probe wire had a 
bracket at approximately the middle of 
its length. Each driven rod was equipped 
with one bracket. In all cases each 
bracket was equipped with two magnetic 
links in order to obtain a current range 
and to make use of the oscillatory calibra¬ 
tion. 3 

The entire test portion of the iV-14 line 
extends over a very uniform flat sandy 
plain. Table I gives the resistance meas¬ 
ured by ground megger of the footing of 
each tower of the jV-14 line included in 
this investigation. These resistances are 
of the footings alone and were measured 
before counterpoise wires and driven rods 
were installed. The table also gives for 
sections B and C the lengths of the driven 
rods and the final combined resistance 
of tower footing and driven rods. 

During the years 1937 to 1941 inclusive, 
six strokes were experienced on the experi- 


Table II. Footing Resistance of Towers on the 
T -20 Line 


Combined Resistance 
No. of Footing and Rods 
Tower No. Driven Rods (Ohms) 


4.387 .-1. 125 

4.388 .4. 21 

4.389 .4. 28.5 

4.390 .2. 25 

4.391 .2. 29 

4.392 .2. 22 

4.393 .2. 33 

4.394 .2. 35 

4.395 .1. 51 

4,390.1. 50 

4.397 . 760 

4.398 . 897 

4.399 . 729 

4.400 . 1,299 

4.401 . 942 

4.402 .1,240 

4.403 .1,260 

4.404 . 810 

4.405 .1,187 

4,400. 784 

4.407 . 200 

4.408 . 76 

4.409 . 138 

4.410 . 15 

4.411 . 14 

4.412 . 13 

4.413 . 158 

4.414 . 434 

4.415 . 131 

4,410. 44 

4,417. — 


mental part of the iV-14 line. Of these 
one was in section A, two in section J 3, 
and three in section C. Following is a 
brief analysis of the important features 
of these strokes: 

Stroke 1 

On October 19,1937, there was a stroke 
to the overhead ground wire of the AM.4 
line, between towers 7,764 and 7,765, in 
section A, equipped with parallel counter¬ 
poise and right-angle counterpoise. Cur¬ 
rent records were obtained at 14 towers, 
/ ,659 to 7,672 inclusive. The stroke was 
negative, that is, all tower currents 
flowed upward and all parallel counter¬ 
poise currents toward tower 7,665 and all 
right-angle counterpoise currents toward 
the towers. An idea of the comparative 


250 FT 


500 FT 


250 FT 


250 FT 


(a) 


250 FT 


4 


driven rod 


1 


DRIVEN ROD 


250 FT 


(b) 


ORIVEN „ 
ROD *-4- 


_ DRIVEN 
ROD 


250 FT 


(C) 


4 


4 


250 FT 


250 FT 


Figure 1 . Experimental installation of parallel 
continuous counterpoise, right-angle counter¬ 
poise, and driven rods 


ability of the two types of counterpoise 
to pick up current may be gained from 
the following: 

For the parallel counterpoise, the differ¬ 
ence between the current in a span ap¬ 
proaching the tower and the current in 
the same span leaving the preceding tower 
is taken as the current collection or pickup 
in that span. For the right-angle coun¬ 
terpoise, the currents approaching the 
tower at each side at the magnet station 
nearest the tower are added up to give 
the pickup for that tower. Table III 
shows the parallel counterpoise pickup 
and Table IV the right-angle counter¬ 
poise pickup for this stroke. It will be 
noted that these currents are nearly 
equal, 23,000 amperes total in the parallel 
counterpoise and 25,700 amperes in the 
right-angle counterpoise. 

At the first tower at which readings 

were obtained, tower 7,659, there were 

• • 


2,800 amperes in the parallel counter¬ 
poise at the stroke side of the tower and 
no current was read in the counterpoise 
on the other side of the tower, in the 
tower legs, or in the right-angle counter¬ 
poise. Likewise, at the extreme end, 
tower 7,672, there were 1,800 amperes in 
the parallel counterpoise on the stroke 
side and no current was read elsewhere. 
The origin of this current is unknown. 

It is interesting to note that current 
flowed in the parallel counterpoise for 
about six spans on each side of the point 
of stroke, while the right-angle counter- 


Table III. Parallel-Counterpoise Current 
Pickup, Stroke 1 


Toward Croton 

Toward Muskegon 

Tower No. Amperes 

Tower No. Amperes 

Beyond 7,659.. 0 

7.659 to 7,660.. 700 

7.660 to 7,661.. 500 

7.661 to 7,662.. 1,000 

7,662to7,663.. 2,200 

7.663 to 7,664.. 3,100 

7.664 to 7,665.. 4,300 

Beyond 7,672.. 0 

7,672 to 7,671.. 200 

6,671 to 7,670.. 500 

7,670 to 7,669.. 600 

7,669 to 7,668.. 500 

7,668 to 7,667.. 2,100 
7,667 to7,666.. 2,300 
7,666 to 7,665.. 5,000 

11,800 


11,200 

11,800 

Total counterpoise pickup.23,000 


Table IV. Right-Angle Counterpoise Current, 
Stroke 1 



Direction of 
Counterpoise 


Tower No. 

Wire 

Amperes 

7,664.... 

| North.. 

- 2,500 

1 South. 

.... 2,500 

7,065. .. . 

{ North. 

_8,000 

1 South. 

.... 8,300 

7,660_ 

f North. 

..... 2,200 

( South. 

.... 2,200 

Total.. 


....25,700 


poise carried readable current at only 
three towers adjacent to the stroke, and 
the tower members themselves showed 
current in only two towers. This wide 
extent of current pickup on the parallel 
continuous counterpoise is common on 
this line, and also has been observed on 
other lines. 4 ’ 8 

Isolated probe conductors were in¬ 
stalled in the ground opposite towers 
7,660 and 7,667, but no current was 
measured in these wires. However, 
neither was any current measured in the 
right-angle counterpoise wires extending 
out toward the probe conductors at these 
towers. 

It is interesting to obtain an idea of the 
comparative ability for collecting current 
of the shallow buried counterpoise wires 
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and the short tower footings, extending 
perhaps eight feet below the ground sur¬ 
face. This may be done as follows: 

Table V shows the total current picked 
up by the ground system, exclusive of the 
tower footings, which could not be meas¬ 
ured in these tests. 

Current was measured in only two tow¬ 
ers, 7,664 and 7,665, as shown in Table 
VI. The difference between the total 
tower current of 58,400 amperes and the 
total counterpoise pickup current 53,300 
amperes is 5,100 amperes, which is as¬ 
sumed to be the tower-footing pickup cur¬ 
rent. 

If the current of 2,800 amperes in coun¬ 
terpoise at tower 7,659 and 1,800 am¬ 
peres in counterpoise at tower 7,672 is 
prorated to the parallel and right-angle 
counterpoise in the ratio 23,000 to 25,700, 
we can sum up the distribution of currents 
between counterpoise and tower footings 
and evaluate the counterpoise resistance. 


Table V. Measured Current Picked up by 
Counterpoise System, Stroke 1 



Parallel counterpoise..'.;.23,000 

Right-angle counterpoise... 25,700 

Current in counterpoise at tower 7,059.... 2,800 
Current in counter poise at tower 7,072. 1,800 

Total. 53,300 


The multiple resistance of the 14 towers, 
7,659 to 7,672, from Table I, is 42.7 ohms. 
The counterpoise resistance is then as¬ 
sumed to be inversely proportional to the 
current pickup, as shown in Table VII. 

This comparison indicates that the 
counterpoise wires are very efficient com¬ 
pared with the natural tower footings 
which penetrate only a short distance 
below the ground in the same top soil 
occupied by the counterpoise wires. 

Stroke 2 

On August 20, 1938, there was a stroke 
to the overhead ground wire on the 1V-14 
line between towers 7,708 and 7,710. 
Tower 7,709 had been removed prior to 


Table VI. Tower Current, Stroke 1 


Amperes Total 

Tower --—-- Current 

No. Leg l Leg 2 Leg 3 (Amperes) 


7,604..., 8,000. ...1,600.;.. 1,000....11,200 
7,065... .11,700 8,500 4,000 24,200 

: . : 35,400 

Estimated cross-member current 
05 per cent.... 23,000 

Total........... 58,400 


Table VII. Counterpoise and Tower-Footing 
Current and Resistance, Stroke 1 

Current 

-Resist- 

Am- Per ance 

peres Cent (O&ms) 


Parallel counterpoise.25,170.. 43.2... 8.06 

Right-angle counterpoise.. 28,130.. 48.3... 7.75 
Tower footings. 5,100.. 8.5...42.7 

Total.58.400. .100.0 


Table IX. Driven-Rod, Counterpoise, and 
Tower-Footing Current and Resistance, Stroke 2 



Current 

Am- Per 

peres Cent 

Resist¬ 

ance 

(Ohms) 

Driven rods. 

. 21 , 000 . 

, 81.1. 

. 2.113 

Parallel counterpoise.. .. 

. 4,500. 

. 17.8. 

. 18.7 

Tower footings. 

340. 

. 1 .( 1 . 

. 170.0 

Total. 

.25,840. 

. 100.0 



this time, so that towers 7,708 and 7,710 
were adjacent. The stroke was nega¬ 
tive, that is, cloud negative and earth 
positive, all tower currents flowing up¬ 
ward and all counterpoise currents flow¬ 
ing inward toward the point of stroke. 

Tower 7,708 was at one end of section 
B, equipped with parallel counterpoise 
and driven ground rods. Tower 7,711 was 
at the beginning of section C, equipped 
with right-angle counterpoise and driven 
ground rods, but tower 7,710 had only two 
driven rods and no counterpoise con¬ 
nected. The span between towers 7,708 
and 7,710 was long and ran across a 
gully. 

Table VIII summarizes the pickup in 
the counterpoise wires and driven rods. 
Approximately one half of the total cur¬ 
rent picked up by the driven rods was 
collected by the single driven rod at tower 
7,708. This rod was 92 feet deep and 
had a measured resistance of approxi¬ 
mated 11 ohms. Tower 7,710 had two 
driven rods, one 121 feet deep and one 
92 feet deep, with a combined measured 
resistance of about 13 ohms. These two 
rods, however, picked up only 4,200 am¬ 
peres total. It appears that ground cur¬ 
rents flowing in the gully at right angles to 
the line were tapped more readily by the 
single rod at tower 7,708, possibly be¬ 
cause of soil resistance in the vicinity and 
also possibly because the cloud may have 
been centered more to the north of the 
gully (toward tower 7,705). 

The set of readings in the parallel- 
counterpoise and driven-rod section, 
towers 7,705 to 7,708 inclusive, lends 

Table VIII. Counterpoise and Driven-Rod 
Current, Stroke 2 

Counterpoise Driven 


Tower No. 

Type 

Amperes (Amperes) 

7.705 ... 

7.706 

7.707 .... 

.... Parallel 

-Parallel 

...Parallel 

... 1 , 000 ,.. 
... 800... 

... 200 ... 

. 1,000 
. 2,200 
. 4,400 

7,708 .... 
7,710*... . 

.. .Parallel 

.. . 2,500... 

.13,400 

4. 200 

7,711 .... 

.. .Right angle. 

... 2 , 00 b... 

. 2,000 

Total...., 


...6,500.,, 

.27,200 


* Not installed. 


itself to a determination of the equivalent 
resistance of the counterpoise, on the as¬ 
sumption that the resistances are in¬ 
versely as the currents carried. The 
tower-footing resistance for towers 7,705 
to 7,708 inclusive, in multiple, is found to 
be 179 ohms, from Table I, the combina¬ 
tion tower and driven-rod resistance is 
found to be 2.89 ohms, and by calcula¬ 
tion the driven-rod resistance alone is 
2.93 ohms. Table IX shows that the 
driven rods carried about 81 per cent of 
the total current and the parallel con¬ 
tinuous counterpoise about 17 per cent, 
with the tower-footing current negligible. 
The equivalent resistance of the parallel 
counterpoise is 13.7 ohms, compared with 
2.9 ohms for the driven rods. 

A buried probe conductor opposite 
tower 7,707 carried no measurable cur¬ 
rent, while the driven rods at this tower 
picked up 4,400 amperes. 

Stroke 3 

This stroke took place on July 30, 
1940, to the overhead ground wire be¬ 
tween towers 7,714 and 7,715, in section 
C, equipped with right-angle counter¬ 
poise and driven rods, The stroke was 
negative, A 1 tower currents flowed up¬ 
ward and all rod and counterpoise cur¬ 
rents flowed toward the towers. Table 
X summarizes the current collection by 
right-angle counterpoise and driven rods. 

The multiple footing resistance of the 
12 towers, 7,712 to 7,723 inclusive, from 

Table X. Right-Angle Counterpoise and 
Driven-Rod Current, Stroke 3 



Counterpoise 

Driven Rod 

Tower No. 

(Amperes) 

(Amperes) 

7,712 ___ 

...... 2,000 . 

J 800 

7 , 713 . ..... 

.. 2,500 . 

6,300 

7 , 714 ....... 

...... 8,900 . 

, 12 000 

7 , 715 .:.... 

.10,900. 

... .30/100 

7 , 710 ...... 

. 6,000 . 

- 0,000 

7,717 . 

. 2 , 000 .. 

.... 2,500 

7,718 . 

...... 2 , 500 .;:... 

.... 1,800 

7,710 . 

2,000 . 

.... 1,000 

7,720 . 

...... 2,000 . 

i ooo 

7,721 . 

. 2,000 . 

L500 

7 , 722 ...... 

. . .... 2 , 000 ;. 

.... 1,000 

7,723 . 

. 3,100 . 

.... 1,000 

total.... 


.... 67,100 
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Table XI. Driven-Rod, Counterpoise, and 
Tower-Footing Current and Resistance, Stroke 3 



Current 


Am¬ 

peres 

Per ance 
Cent (Ohms) 

Driven rods. 

. 117.100. 

. 45,900. 
900. 

. 59.0.. 0.80 
. 10.3.. 1.20 
. 0.7..04.0 

Right-angle counterpoise. 
Tower footings. 


Total. 

.113,900. 

. 100.0 


Table I, is 04 ohms, while the multiple re¬ 
sistance of the combined footings and 
ground rods is 0.85 ohm. From these 
figures the driven-rod resistance alone 
calculates 0 86 ohm. 

Table XI shows the division of current 
and the equivalent resistance of the driven 
rods, right-angle counterpoise, and tower 
footings, on the assumption that the re¬ 
sistances are inversely proportional to the 
currents. From Table XI it will be seen 
that the driven rods carry about 59 per 
cent of the current and the right-angle 
counterpoise wires about 40 per cent, the 
tower-footing current being negligible. 

Froni Table XI the summation of the 
currents picked up by the driven rods, 
right-angle counterpoise wires, and tower 
footings is about 114,000 amperes. The 
sum of all tower currents involved in the 
stroke, towers 7,712 to 7,723 inclusive, 
is 60,700 amperes, which increased by 
05 per cent for estimated cross member 
currents, would give 100,000 amperes. 
This should be increased by 3,300 am¬ 
peres coming in on the overhead ground 
wire from beyond tower 7,712. Thus 
there is good agreement between the cur¬ 
rent of about 114,000 amperes collected 
from the ground and the tower current 
of about 103,000 amperes. However, the 
current in the overhead ground wire at the 
two ends of the span that was struck 
totaled only 57,300 amperes. This cur¬ 
rent is undoubtedly too low. A saturated 
inner link at the Croton side, at tower 
7,715, permitted the use of the outer link 
only, with the unidirectional calibration 
curve. This value is therefore a mini¬ 
mum. This discrepancy might indicate 
that the counterpoise and ground-rod cur¬ 
rent crests are not coincident. The cur¬ 
rents in the counterpoise in the ground 
surface might rise to crest value more 
quickly than the currents in the ground 
rods, which are draining a charge from 
100 feet below the surface, including the 
ground charge extending well out beyond 
the surface counterpoise wires. 

It will be noted from Table X that, in 
the towers near the lightning stroke, the 
driven-rod currents are much greater 
than the counterpoise currents, while at 


the more remote towers the pickup is more 
nearly equal, if not greater in the counter¬ 
poise. This might be expected if the 
major portion of the ground charge is 
located deeply and flows through a con¬ 
ducting layer radially to the driven rods 
near the lightning stroke. 

Summation of the counterpoise currents 
to the north of the line gave 30,000 am¬ 
peres, while those to the south of the line 
totaled 15,900 amperes. This would 
suggest that the cloud charge participat¬ 
ing in the lightning stroke was more to 
the north of the line. 

A reading of 5,000 amperes was ob¬ 
tained in a buried probe conductor op¬ 
posite tower 7,715, while in the three 
stations on the right-angle counterpoise 
wire, extending in the same direction, 
readings were obtained of 1,000, 2,500, 
and 3,400 amperes, going progressively 
toward the tower. Also a reading of 1,800 
amperes was obtained in a probe con¬ 
ductor opposite tower 7,722, while a read¬ 
ing of 1,000 amperes was obtained in the 
right-angle counterpoise extending in the 
same direction at the magnet station near¬ 
est the tower. 

Stroke 4 

This stroke took place July 30, 1940, to 
the overhead ground wire of the iST-14 line 
between towers 7,702 and 7,703, in section 
B, with parallel continuous counterpoise 
and driven rods. 

The current collection for the parallel 
counterpoise and driven rods is shown in 
Table XII. The stroke was negative. 

The resistance of the footings of towers 
7,700 to 7,706 inclusive, in multiple, is 
93.7 ohms from Table I. The combined 
resistance of tower footings and driven 
rods is 1.74 ohms and the calculated re¬ 
sistance of the driven rods alone is 1.77 
ohms. ' 

Table XIII shows the distribution of 
current among the driven rods, parallel 
counterpoise, and tower footings, and the 
equivalent resistance on the basis that the 
current divides inversely as the resist¬ 
ance. It will be noted that the driven 


Table XII. Parallel-Counterpoise and Driven- 
Rod Current, Stroke 4 


Counterpoise Driven Rods 


Tower No. 

Amperes 

Tower No. 

Amperes 

Beyond 7,700. 

. .1,(500... 

...7,700.... 

.. 1,900 

7,700 to 7,701. 

.. . 0 ... 

.. .7,701.... 

. . 2,300 

7,701 to 7,702. 

. . 1 , 100 .... 

...7,702_ 

.. 10,100 

7,702 to 7,703. 

. .2,800. .. 

...7,703,... 

. .17,800 



7,704.... 

.. 7,100 



7,705..:. 

.. 1,000 



7,706,,.. 

.. 3,000 

Total,....... 

..5,000... 


..42,200 


Table XIII. Driven-Rod, Counterpoise, and 
Tower-Footing Current and Resistance, Stroke 4 



Current 

Resist¬ 

ance 

(Ohms) 


Am¬ 

peres 

Per 

Cent 

Driven rods. 

. .42,200.. 

. 88 . 0 .. 

. 1.77 

Parallel counterpoise. 

. . 5,000.. 

. 10.4.. 

.15.0 

Tower footings. 

800.. 

. 1 ft . 

93 7 

Total. 

.48,000.. 

. 100.0 



rods carry 88 per cent of the total current, 
as against 10 per cent for the parallel 
counterpoise wires. 

Buried probe conductors opposite tow¬ 
ers 7,700 and 7,707 showed no readable 
current. The driven rods at tower 7,700 
picked up 1,900 amperes and there were 
readings in the parallel counterpoise wire 
and in the tower legs at this tower. How¬ 
ever, at tower 7,707 no readings were ob¬ 
tained in the driven rods, counterpoise 
wire, or tower legs. 

Strokes 5 and 6 

These strokes occurred on October 2 
1941, to the overhead ground wire be¬ 
tween towers 7,715 and 7,716, and* be¬ 
tween towers 7,720 and 7,721. This is the 
section of line equipped with right-angle 
counterpoise and driven rods (section C). 
Subsequent inspection showed flash 
marks on all three insulator assemblies at 
tower 7,721, but there was no tripout on 
this date. Both strokes were negative. 

The current collection for the right- 
angle counterpoise and driven rods is 
shown in Table XIV. 

The multiple resistance of the footings 
of the ten towers, 7,714 to 7,723 inclusive, 
from Table I is 76 ohms, and the mul¬ 
tiple resistance of the combined driven 
rods and tower footings is 0.976 ohm. 
From these figures the resistance of the 
driven rods alone is 0.99 ohm. The dis¬ 
tribution of current and the equivalent 
resistances are shown in Table XV. It 
will be noted that the driven rods carry 


Table XIV. Right-Angle Counterpoise and 
Driven-Rod Current, Strokes 5 and 6 


Tower 

No. 

Counterpoise 

(Amperes) 

Driven Rod 
(Amperes) 

7,714. 


... 1,500 

7,715. 

. 6,400. 

... 1,000 

7,716. 

. 0 . 

... 1,800 

7,717. 

0 . 

... 3 200 

7,718. 

. ()....’.. 

... 3!0(H) 

7,719. 

. 0 . 

... 10,400 

7.720.. 

. 7,300. 

... 40,600 

7,721. 

.... . .14,000.. 

42,000 

7,722. 

. 0 . 

... 15,000 

7,723. 

0 ....... 

... 6,000 

Total... 

.27,700. 

...124,500 
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Tabic XV. Driven-Rod, Counterpoise, and 
Tower-Footing Current and Resistance, Strokes 
5 and 6 

Current 

- Resist- 

Am- Per ance 

peres Cent (Ohms) 


Driven rods...124,500... 81... 0.99 

Right-angle counterpoise.. 27,700... 18... 4.45 

Tower footings. 1,620... 1...76.0 

Total.153,820... 100 


about 81 pet cent of the current, as 
against 18 per cent for the right-angle 
counterpoise. 

No readable current was measured in 
buried probe conductors opposite towers 
7,715 and 7,721. In the right-angle coun¬ 
terpoise wire, extending toward the probe 
wire at tower 7,715, 6,400 amperes were 
measured at the magnet station adjacent 
to the tower. In the right-angle counter¬ 
poise wire, extending toward the probe 
wire from tower 7,721, currents of 800, 
3,600, and 5,800 amperes were read pro¬ 
gressively toward the tower. 

Voltage Gradient in Vicinity of 
Towers 

For the purpose of indicating the volt¬ 
age conditions in the vicinity of the tower 
during lightning strokes, a portion of the 
r-20 line was selected. This line runs 
between Croton and Grand Rapids, a dis¬ 
tance of approximately 39.2 miles. The 
line has four-legged double-circuit steel 
towers, with the conductors arranged 
vertically on one side of the tower only 
for 32 of the 39.2 miles. The conductors 
are 110,000-circular-mil copper, with 15.1- 
feet equivalent delta spacing. One over¬ 
head ground wire, consisting of three 
strands of number 8 Copperweld, is in¬ 
stalled at the peak. The line is insulated 
with ten disks, spaced 4 s / 4 inches on 
suspension, and 12 units on dead ends. 
A section of this line from towers 4,387 
to 4,417 inclusive, 31 towers, was selected 
for this investigation. 

About two thirds of this test section 
traversed a sandy plain where tower-foot¬ 
ing resistance was very high, while the re¬ 
mainder passed over low ground composed 
of muck and sand where footing resist¬ 
ances were comparatively low. Ten con¬ 
secutive towers in the high-resistance sec¬ 
tion, 4,387 to 4,396 inclusive, were 
equipped with deep-driven rods to reduce 
the tower-footing resistance. In two cases 
there was one rod per tower, in five 
cases two rods per tower, and in three 
cases four rods per tower. The resistances 
of all the towers in the experimental sec¬ 
tion are given in Table II. 


At one side of each tower, and about 
six feet from the tower legs, a probe rod 
was driven into the ground about five feet 
deep, and between the tower and the 
probe rod was introduced a lightning- 
stroke recorder. 6 The purpose of this 
recorder was to measure the voltage drop 
between the tower and the probe rod dur¬ 
ing lightning strokes. 

Each tower leg was equipped with a 
bracket, and after 1937 a bracket was in¬ 
stalled on the overhead ground wire on 
each side of each tower. Each deep- 
driven rod was also equipped with a 
bracket. In all cases each bracket was 
equipped with two magnetic links. 

Eight strokes occurred on the T -20 line 
during the period of this investigation 
(1936 to 1941 inclusive). Six strokes in 
which there was good correlation between 
the tower current and the potential be¬ 
tween tower and probe rod are sum¬ 
marized in Table XVI. 

The stroke on September 15, 1936 
(stroke 7) made contact with the over¬ 
head ground wire between towers 4,404 
and 4,405. Measurements were obtained 
at 31 towers extending from 4,387 to 
4,417 inclusive. At 29 towers, records 
were obtained on the lightning-stroke re¬ 
corders connected between the tower leg 
and the five-foot probe rod. These read¬ 
ings ranged from 5 to about 50 kv, the ex¬ 
ternal flashover value of the recorder. 
There were 3 cases of external flashover 
and 13 cases of film flashover. As a re¬ 
sult of this experience, capacitance divid¬ 
ers with ratios of 2 to 1 were installed at 
all tower probe-rod stations. 

On June 24, 1937, a stroke occurred to 
tower 4,408 (stroke 8). Records were ob¬ 
tained at 19 towers, 4,395 to 4,413 in¬ 
clusive. In 7 cases the lightning-stroke 
recorder flashed over. For the other 12 
cases, the readings ranged from 9 to 
about 100 kv, which was the flashover of 
the recorder and voltage-divider com¬ 
bination. It was therefore necessary 


again to increase the voltage-divider ratio 
and a 6 to 1 ratio was installed. This 
ratio proved sufficient, as no more flash- 
overs were experienced. 

All the strokes of which there were good 
records were negative. Stroke 12 is 
worthy of mention. This stroke (not 
listed in Table XVI) took place to the top 
of tower 4,389. About 6,300 amperes 
flowed upward in this tower, and a total of 
6,300 amperes was measured in the two 
deep-driven rods connected to this tower, 
flowing upwards. In the adjacent tower 
4,388, no current was measured, but in 
the second tower to the north, 4,387, 
about 13,200 amperes flowed downward 
and 6,000 amperes was measured flowing 
downward in the single deep-driven rod 
connected to this tower. Currents from 
the overhead ground wire flowed toward 
the stroke from beyond tower 4,387 and 
from beyond tower 4,391 to the south. 

Surge Resistance of Tower Footings 
Under Natural Lightning 
Conditions 

V 

The potentials measured on the probe 
rods driven five feet deep at a distance 
six feet from the tower footings have been 
correlated with the tower-structure cur¬ 
rents as shown in columns 4 and 6 of 
Table XVI. These tower-to-probe volt¬ 
age measurements of column 6 are less 
than true tower potential by the earth 
potential differences beyond the probe 
rods. An approximation of the relation 
between measured tower-to-probe-rod 
voltage and actual tower potential is 
found as follows: 

The current from the earth to the 
tower footing is assumed to be distributed 
uniformly in the earth, its density being 
the same at identical distances from the 
tower footing and inversely proportional 
to the square of the distance from the 
footing. The earth’s resistance, being 
proportional to cross section, also is dc- 


Table XVI 


«) ( 2 ) 

Stroke Tower 
No. No. 


(3) (5) ( 6 ) 

„ (4) " RnI T Vm 

Tower-Foot It Tower Tower-to- 

ing Resist- Total Tower Potential Probe 
ance Currentf (3)X(4) Potential 

(Ohms) (Amperes) (Kv) (Kv) 


(7) 

Vt 

Tower 

Potential 

(6)X2.5 

(Kv) 


( 8 ) 

Rs 

Surge 

Resist¬ 

ance 

(7)/(4) 

(Ohms) 


(9) 

Rs/Rn 

(8)/(3) 

Ratio 


7..; 

.. 4,394 .. 

... 35... 

... 6,000 _ 

.. 210 .. 

... 27... 

... 67.5... 

. 11 . 2 .. 

. .0.32 

8 .. 

.. 4,410 .. 

... 15... 

• • • 3,300. »• • 

50.. 

5... 

... 12.5... 

. 3.8.. 

..0.254 

9... 

.. 4,408 .. 

... 75... 

.. .11,700_ 

. 870.. 

...190... 

...475 ... 

.40.6.. 

..0.542 

10 ... 

14,400*.. 

...1,299. .. 

...13,700_ 

.17,800.. 

. ..280... 

...700 ... 

.51.0.. 

..0.039 


(4,401 .. 

... 942... 

... 6,800_ 

. 0,400. . 

...170... 

.. .425 ... 

.62.5.. 

..0,060 

11 ... 

(4;394 .. 

... 35... 

... 6,600_ 

. 230.. 

... 40... 

...100 ... 

.15.1.. 

..0 432 

• • j 4|39%i •« 

... 51... 

... 10,000 _ 

. 810., 

...170... 

...425 ... 

.26.4.. 

..0.517 


14,396 •, 

... 56. .. 

... 11,000 _ 

. 617.. 

. . .140... 

...350 ... 

.31.8.. 

..0.509 

lo.. . 

.. 4.412 .. 

• • • 13 • • • 

...45,600_ 

. 592.. 

... 222 ... 

...555 ... 

. 12 . 2 .. 

..0.939 


* Flashover all three phases. 

mTmber^curTCnt ! 1 ™ 4 (c ° lumn 4) assumed 15 times measured curr ent in tower legs, to take care of era 


632 Transactions 


Hemstreet, Lems, Foust—Driven Rods and Counterpoises Electrical Engineering 



















































creasing as the square of the distance from 
the tower footing. 

The voltage gradient at ground points 
of differing distances from the footing will 
be inversely as the square of the tower to 
point distance. The potential at a ground 
point is the integrated voltage gradient 
and is therefore inversely proportional to 
distance. 

Accordingly, with an assumed tower- 
base spread of 18 feet and a probe point 
6 feet farther out, the probe potential 
will be to the tower potential as 9 is to 
15, or the tower potential will be 15/9 
times the probe potential. The tower po¬ 
tential less the measured tower-to-probe 
voltage will be the probe potential. 
Therefore, the measured tower-to-probe 
potential must be multiplied by 2.5 to 
give tower potential. Values of true 
tower potential calculated on this basis 
are given in column 7. 

To show the relation between the surge 
resistance and the normal footing resist¬ 
ance, the values of column 9 were cal¬ 
culated by dividing values in column 8 
by those in column 3. These figures show 
the surge resistance to range from some 
4 to 90 per cent of normal resistance 
values. These values are somewhat lower 
than those reported from artificial surge 
measurements. 7 - 8 In this connection, 
however, it should be observed that the 
range of normal resistances, from 13 to 
1,300 ohms, is wider than is ordinarily in¬ 
vestigated, and the range of currents, 
0,000 to 45,000 amperes, is also very wide. 
In general in these measurements we are 
dealing with high resistances and large 
currents. 

The resistance ratio of column 9 was 
shown, by plotting, to decrease very defi¬ 
nitely with increasing currents and with 
increasing resistances. Accordingly, this 
ratio was plotted against a composite fac¬ 
tor the product of up-tower current and 
normal footing resistance shown in col¬ 
umn 5. In Figure 2 the ratio of surge re¬ 
sistance to normal resistance of column 9 
is plotted as ordinate against the product 
of current and normal footing resistance 


of column 5. The points, while somewhat 
scattered, nevertheless show very clearly 
the trend indicated by the solid line. 
This is borne out by plotting on log-log 
paper, which shows a relation between 
ratio and product as follows : 

Rs_ 14 
R-n (R^r+80) 0,6 

in which R s =surge resistance, i? A - = nor¬ 
mal or megger tower-footing resistance, 
and J r =total tower current. 

For practical purposes these curves 
might be utilized somewhat as follows: 
Assume that it is desired to evaluate the 
surge resistance of a certain tower under a 
lightning current of 10,000 amperes, 
where a normal tower-footing resistance 
of 100 ohms has been measured. The 
product of tower current and footing re¬ 
sistance is 1,000 X 10 s , which referred to 
the curve gives a ratio of 0.22. This ratio 
applied to the 100-ohms footing resist¬ 
ance gives a surge resistance of 22 ohms. 
The resultant tower potential would be 
220,000 volts, which is substantially below 
flashover. 

The flashover of this line is taken as 700 
kv on a 1.5x40-microsecond wave and on 
this basis it is interesting to examine 
actual field operating records as to insula- 
tor-assembly flashovers that might co¬ 
ordinate with the derived tower potential 
of column 7. Flashover occurred at tower 
4,400 for stroke .10, for which the derived 
tower potential is just 700 kv. All three 
phases flashed over. No other flashovers 
are correlated with tower-to-probe meas¬ 
urements for the records shown in this 
table. Accordingly, on the basis of this 
flashover it is indicated that the ratio be¬ 
tween true tower potential and measured 
tower-to-probe potential . could not be 
lower than the 2.5 figure derived from the 
assumption outlined above. Also for 
tower 4,412, stroke 13, the tower poten¬ 
tial is 555 kv, as the last item in column 
7. In this case there was no flashover and 
the tower-to-probe potential was 222 kv. 
The ratio of 700 to 222 kv, or slightly over 
3 to 1, is therefore indicated as the upper 


limit by these data. It is therefore con¬ 
cluded that the true ratio is between 2.5 
and 3 to 1 and the use of the curve for 
interpreting true surge resistances from 
tower currents and normal ground-resist¬ 
ance measurements is seen to be reason¬ 
able. 

Conclusions 

In field lightning research, the investi¬ 
gators are often disappointed at the few 
direct strokes in the experimental section, 
even after a period of several years. The 
present investigation is no exception. 
However, it is believed that the preceding 
analysis and the following conclusions 
represent a fair interpretation of the 
limited data available. It should be 
understood that the conclusions apply 
specifically to the conditions prevailing 
on this particular transmission line. 

1. Parallel continuous counterpoise wires 
and right-angle counterpoise wires of equal 
total length have approximately equal cur¬ 
rent-collecting ability. Direction of counter¬ 
poise apparently is not a governing factor, 
but only resistance to ground. In compari-' 
son with the normal tower footings the 
counterpoise wires are very effective in 
picking up lightning current. 

2. In sandy high-resistance soil, rods 
driven deep enough to penetrate the day 
or loam beneath the sand serve to reduce the 
tower-footing resistance from 500-1,400 
ohms to 7-25 ohms. These rods, in com¬ 
parison with counterpoise wires in the high- 
resistance surface soil, are much more ef¬ 
fective in picking up lightning current. 

3. There is some indication that the cur¬ 
rent pickup in the counterpoise wire near 
the ground surface and in the deep-driven 
rods is not coinddent. Possibly the ground 
rod requires more time to discharge the sur¬ 
rounding earth on account of its deep pene¬ 
tration into the earth. 

4. Data seem to indicate that the ratio of 
surge tower-footing resistance to normal 
tower-footing resistance decreases definitely 
with increasing currents and with increasing 
resistances. For example, at 10,000 am¬ 
peres and 100 ohms the surge resistance de¬ 
creases to approximately 22 ohms. This 
may account for frequent failure to flash 
over when the product of current and normal 
resistance indicated that flashover should 
take place.. 

5. The ratio of surge resistance to normal 
footing resistance is shown under natural 
lightning conditions to be as low as 0.04 for 
sandy soil, where normal resistance ranges 
up to 1,000 ohms or more and tower current 
up to approximately 50,000 amperes. 
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Figure 2. Ratio of 
surge resistance to 
normal tower-footing 
resistance, plotted 
against product of 
current and normal 
footing resistance 
during natural light¬ 
ning strokes 
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Precision Speed Control for World’s 
Largest Induction Motor 

ROBERT R. LONGWELL M. E. REAGAN 

NONMEMBER AIEE FELLOW AIEE 


A RECENT paper by Dickey, Kil¬ 
gore, and Laffoon described an in¬ 
stallation consisting of a 40,000-horse¬ 
power wound rotor induction motor and 
the necessary auxiliary equipment re¬ 
quired to provide for variable speed op¬ 
eration. 1 

To meet the many requirements of con¬ 
trol, imposed by this application, it was 
necessary to devise new methods for in¬ 
suring smooth acceleration of auxiliaries 
and main motor, for limiting the change 
in power required from the supply system 
to a definite maximum value, to provide 
precision regulation of speed, as well as 
means for control for the main motor from 
either of two points. In addition, power- 
factor regulation and means for emer¬ 
gency quick stopping was provided. 
These and many other features were in¬ 
corporated in the automatic control, the 
functions of which are briefly outlined in 
the following paragraphs. 

In order thattheauxiliarymotorgenera- 
tor sets and main motor may be supplied 
with adequate bearing lubrication and 
ventilation at all speeds, it is necessary 
to start the oil circulating pump and ven¬ 
tilating fans prior to placing those units 
in service. • In addition, the seven-unit 
exciter set, which supplies d-c energy to 
-he fields of the machines comprising the 
auxiliary motor-generator sets, must be 
started. After these preliminary opera¬ 
tions are complete, the starting indication 
is given the automatic control by manual 


Paper 42-132, recommended by the AIEE com¬ 
mittees on air transportation and electrical, ma¬ 
chinery for presentation at the AIEE summer con¬ 
vention, Chicago, III., June 22-20, 1942. Manu- 
?cnpt submitted April 20, 1942; made available for 
printing May 21, 1942. 
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operation of the starting control switch 
which energizes the master relay. Start¬ 
ing and acceleration of . the auxiliary 
motor-generator sets and connection of 
the main motor to the 6,900-volt bus is ac¬ 
complished in the following sequence: 

1. Closing of d-c machine field breakers. 

2. Closing of high-voltage breaker for con¬ 
stant speed motor-generator set, energizing 
motor through starting reactor. 

3. Closing of starting reactor short-circuit¬ 
ing breaker. 

4. Energizing of fields of a-c machines. 

5. Connection of speed matcher to bus and 
primary of main motor. 

6. Acceleration of variable speed motor- 
generator set under control of constant cur¬ 
rent regulator for d-c machine fields anri 
master speed-control rheostat operated by 
speed matcher contacts. 

7. Energizing of voltage-balancing relay 
and automatic synchronizer, 

8. Closing of main motor primary breaker. 

At this point the main auxiliaries are 
operating at synchronous speed and the 
main motor is at rest but connected to 
the 6,900-volt three-phase bus. To start 
the main motor the operator, at one of 
the two suitably interlocked control 
points, turns the pointer on the speed- 
control dial-to a definite speed position. 
Following that manual operation the 
automatic control completes the follow¬ 
ing operations: 

1. Starts rotor-lift oil pumps for main 
motor. 

2. Causes the variable speed set to slowly 
decrease in speed. 

3. Main motor begins to rotate and gradu¬ 
ally approach the desired speed. 

4. Acceleration stops and main motor 
speed is maintained constant by means of 
the electronic speed regulator, controlled 
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from a pilot generator on main motor. This 
regulator provides energy for speed-regulat¬ 
ing field windings on d-c machines of con¬ 
stant speed motor-generator set. 

In stopping the main and auxiliary 
units, the automatic operations take 
place in the reverse order to those per¬ 
formed when starting. The same smooth 
operation is afforded, as in starting, with 
power being fed back into the system as a 
means of decelerating the machines. 

All of the recent developments in 
switching equipment were employed to 
provide utility, flexibility, and compact¬ 
ness of design. The 6,900-volt switch- 
gear is of the metal-clad type, using oil cir¬ 
cuit breakers having a suitable interrupt¬ 
ing capacity; all low-voltage circuits are 
protected with metal-enclosed air circuit 
breakers, and the main control switch¬ 
board is of duplex construction. In addi¬ 
tion to all those features, the latest inno¬ 
vation in relay construction was employed 
by the use of plug-in devices for both 
protection and automatic control. 

Starting of Auxiliaries 

All of the power and switching equip¬ 
ment, consisting of the following appara¬ 
tus, is located in the power building (Fig¬ 
ure 2). 

1. 40,000-horsepower main motor. 

2. 0,250-kva constant-speed motor-genera¬ 
tor set. 

3. 38,000-horsepower variable-speed mo¬ 
tor-generator set. 

4. 400-horsepower seven-unit exciter set. 

5. 6,900-volt metal-clad high-voltage 
switchgear. 

6. 460-volt metal-enclosed switchgear. 

7. Seven-panel main duplex control swi I eh- 
board. 

8. Ventilation blowers for main motor and 
eaeh motor-generator set. 

9. Lubricating-oil circulating equipment. 

Apparatus for remote control of the main- 
motor speed and for emergency quick 
stopping is installed on a control desk in 
the control room of the test chamber, 
Figure 3. The test chamber is an in¬ 
tegral part of the wind tunnel. 

If it is assumed that test operations are 
to be conducted, the first requirement is 
that the operator in the power building 
start all equipment necessary for supply¬ 
ing energy to the wind tunnel. This op¬ 
eration is initiated from the main control 
switchboard by first starting the exciter 
set, the ventilating fans, and lubricating 
equipment by remote manual push-but¬ 
ton control. When these auxiliaries are 
in sendee, the main auxiliaries may be 
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Figure 1. Schematic connection diagram for tioiliug of the equipment being controlled. necessary to combine all field rheostats 

40,000-horsepower motor and auxiliaries Following energizing of the master relay, in a motor-driven mas ter speed-control 

the automatic control closes the field assembly. This master rheostat is corn- 

started by means of a control switch on breakers for the fields of the d-c machines prised not only of rheostats for exciter 

the main control switchboard, This of both main auxiliary sets. Completion field control, but rheostats for recali- 

switch energizes the master relay of the of this operation, as indicated by inter- brating the Silverstat co nstant current 

automatic control and all further starting locks on the field breakers and a contact regulators used in the fields of the d-c ma- 

operations are accomplished under the on the field relay for the d-c machines of chines of the main auxiliary sets. In 

supervision of that equipment. the variable-speed set, the a-c machine order to assure correct commutation on 

of the constant-speed set is connected to the d-c machines of the variable-speed set 

Starting of Constant-Speed the 6,900-volt bus through a starting re- at all loads, shunt rheostats connected 

Motor-Generator Set actor. across those commutating fields are in- 

During the time that the constant- eluded in the master assembly. Also, this 
The constant-speed motor-generator set speed motor-generator set is accelerating, assembly contains a recalibrating rheo- 

eonsists of a 6,250-kva a-c machine and excitation on the exciter for the d-c ma- stat for the electronic speed regulator, 

two 2,500-kw 750-volt d-c machines. chines of this set is held at zero. After as well as one for controlling the fiel d 

During the starting operation of both sufficient time has elapsed for the set to current to the driving motor of the master 

main auxiliary sets, the a-c .machine reach approximately synchronous speed, speed-control rheostat. This latter rheo- 

functions as a synchronous motor, and a reactor short-circuiting breaker is closed stat is used to provide for slow operation 

the d-c machines as generators. After the connecting the a-c machine directly to the of the entire assembly when the variable- 

40,000-horsepower motor is in service, the bus. This operation is followed by appli- speed set or main motor is being acceler- 

d-c machines operate as motors driving cation of field energy, and the motor- ated, or decelerated, thereby assuring a 

the a-c machine as a synchronous genera- generator set then pulls into synchronism slow and uniform change in power on the 

tor supplying power to the a-c system. and is ready to asstime the load required system. 

Because of the dual function of these ma- for starting the variable-speed unit. .. 

chines and to avoid confusion, they are Starting of Variable-Speed 

referred to simply as a-c and d-c machines Master Speed-Control Rheostat Motor-Generator Set 

rather than as motors or generators. 

Each operation, in the starting scheme, Because of the necessity for simul- The variable-speed motor-generator 
follows a planned automatic sequence taneous control of all d-c-machine fields set consists of a 38,000-horsepower syn- 

which insures correct and positive func- when initiating speed changes, it was chronous machine and two 4,000-horse- 
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Figure 2. Automatic-control 
switchboard “S”, main motor 
"C", variable-speed set "D", 
and constant-speed set "6” 


power 750-volt d-c ma chines. The a-c ma¬ 
chine is designed for a stator current of 
approximately 5,000 amperes at 5.5 cycles 
frequency when operating at approxi¬ 
mately 48 rpm. This machine will also 
operate at a stator voltage of 4,800 volts at 
60 cycles frequency and when rotating at 
514 rpm. Diming the starting period the 
a-c machine operates as asynchronous 
generator supplying exciting current to 
the windings of the 40,000-horsepower 
main-motor rotor to which it‘s connected. 
When the main motor is in service, the 
a-c machine of the variable-speed set func¬ 
tions as a synchronous motor driven by 
the power generated in the rotor of the 
main motor—due to the slip frequency 
when the motor is rotating at other than 
synchronous speed. When the variable- 
speed set is being started, the d-c ma¬ 
chines act as motors driven by energy 
from the d-c machines on the constant- 
speed set. After the main motor is in 
operation, these same d-c machines func¬ 
tion as generators, driven mechanically 
by the a-c machine, and supply power to 
drive the constant-speed motor-generator 
set which feeds power into the a-c system. 
Had the conventional means of speed 
control been used, this power would have 
been dissipated as heat and been lost. 

During the starting operation of the 
variable-speed set, the master speed-con¬ 
trol rheostat is under control of a bal¬ 
anced torque-type speed matcher. The 
elements of the speed matcher are con¬ 
nected to potential transformers on either 
side of the open contacts of the main- 
motor primary breaker. Initially with 
the variable-speed set at rest, there is no 
voltage on the stator or primary terminals 
of the main motor, and the speed-matcher 
element connected to the bus side of the 
breaker operates to close a contact to 
cause the master speed-control rheostat 
to operate. The rheostat will function to 
permit excitation of the fields of the d-c 
machines of the constant-speed set, and 
those madiines will deliver energy to 
the d-c machines on the variable-speed 
set. As this set begins to rotate, the a-c 
machine will generate a voltage and Fre¬ 
quency proportional to the speed. An 
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equivalent voltage at equal frequency will 
appear on the stator terminals of the main 
motor, due to the transformer action of 
the motor windings. So long as the fre¬ 
quency of the voltage on the motor termi¬ 
nals is below that of the voltage on the 
bus, the speed matcher, operating through 
the speed-control rheostat, will cause the 



Figure 3. Remote-control desk ”E" 


variable-speed set to accelerate. Accelera¬ 
tion is accomplished first, by increasing 
the field strength on the d-c machines of 
the constant-speed set to a maximum and, 
finally, by decreasing the field current in 
the d-c machines of the variable-speed 
set until synchronous speed is reached. 

Connection, of Main, 40,000- 
Horsepower Motor to Bus 

In order that power drawn from the 
power-supply system may be a minimum 
when the main motor is connected to the 
bus, the voltage on the stator windings 
is synchronized with the bus voltage be¬ 
fore the oil circuit breaker is closed. This 
synchronizing operation is accomplished 
by means of an electronic-type automatic 
synchronizer operating in conjunction 
with the speed matcher and a voltage¬ 
balancing relay. At the instant that syn¬ 
chronism is accomplished, the oil circuit 
breaker is closed automatically. 

All operations of the speed matcher, 
synchronizer, and voltage-balancing relay 
cease with closing of the main-motor 
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breaker, and these devices are automati¬ 
cally removed from the circuit. However, 
a power-factor regulator takes over con¬ 
trol of the excitation of the a-c machine 
of the variable-speed set, and through op¬ 
eration of a motor-operated shunt field 
rheostat functions to maintain practically 
unit power factor during the time the main 
motor is connected to the bus. Except 
for power-factor control the automatic 
equipment performs no further opera¬ 
tions until the indication is given manu¬ 
ally to start the main motor. Both 
auxiliary motor-generator sets continue 
to rotate at synchronous speed, since no 
device is yet in operation to change the 
position of the master speed-control 
rheostat, and the main motor remains at 
rest while the frequency of the rotor volt¬ 
age is in synchronism with that applied 
to the stator. 

Starting of Main Motor 

Normally, control of the main motor 
speed is the duty of the operator in the 
test chamber, and for this reason, a speed- 
control dial, Figure 4, equipped with con¬ 
tacts and a synchro-tie motor, is mounted 
on the test-chamber control desk. A 
similar dial is located on the main switch¬ 
board, but it may be assumed that speed 
control from that point will be an emer¬ 
gency operation in the event that a fault 
occurs in the control cable between the 
power building and the test chamber. 
Control assignment switches are located 



Figure 4. Speed-control dial, contact mecha¬ 
nism, and Synchro-tie 


beside each control dial for the purpose of 
assigning control to either, but not both, 
locations. Assignment of the point of 
control is accomplished by both assign¬ 
ment switches being in agreement, and, 
after once being assigned, cannot be 
changed by either one of the operators 
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changing the position of His switch. A 
set of indicating lamp signals, coupled 
with the assignment switches, indicate the 
point to which the control has been as¬ 
signed, and also indicate when the assign¬ 
ment switches are not in agreement. 

With the main motor connected to the 
bus, but at rest, the operator to whom 
control is assigned may cause the motor 
to start and assume a certain definite 
speed by merely turning die knob on the 
control dial until the pointer reaches the 
desired speed position. It is well to note 
that the automatic control is provided 
with a position indicating relay, so that 
if the speed-control dial is not at the zero 
speed position when the main motor is 
connected to the bus, it will be necessary 
for the operator to return the pointer to 
zero and then to the desired speed set¬ 
ting before the motor will start. This in¬ 
sures that the motor will remain at reset 
after being connected to the bus during 
the starting operation, even though the 
control dial is at other than the zero speed 
position. Movement of the pointer off 
the “zero” speed position will cause the 
starting of rotor-lift oil pumps which will 
raise the main-motor rotor off the bear¬ 
ings, and when this is accomplished, the 
speed control equipment will operate to 
start the motor. 

Acceleration of the main motor is ac¬ 
complished by gradually slowing down 
the variable-speed set by first strengthen- 
ing the field of the d-c machines on that 
set, and, as the speed decreases, by weak¬ 
ening the fields of the d-c machines on the 
constant-speed set. These field changes 
are accomplished by means of the master 
speed-control rheostat. This rheostat is 
equipped with a synchro-tie motor which 
is coupled electrically to a'siinilar motor 
on the speed-control dial mechanism. 
When rheostat and dial mechanism are in 
the same relative position, with respect 
to main-motor speed setting, contacts on 
the dial mechanism are closed, short-cir¬ 
cuiting the operating coils of the polar¬ 
ized “raise-lower” relay which is a part 
of the speed-control apparatus. Moving 
the dial mechanism to some fixed speed 
position opens these contacts, and the 
polarized control relay operates to cause 
the master rheostat to operate in a direc¬ 
tion which will increase or decrease the 
main-motor speed, depending upon which 
•way the dial pointer is turned. As the 
rheostat moves to accomplish the desired 
speed change, the synchro-tie moves a 
contact on the dial mechanism. When 
the rheostat reaches the position which 
will cause the motor to operate at the new 
speed setting, the control contacts will 
again close, and the rheostat will stop. 


Control of Motor Speed 

After the master speed-control rheo¬ 
stat comes to rest, the control for con¬ 
stant speed of the main motor is taken 
over by an electronic speed regulator 
which receives control energy from a pilot 
generator geared to the motor shaft. 
This speed regulator is recalibrated for 
any new speed setting by means of a rheo¬ 
stat on the master speed-control rheostat 
assembly. The regulator energizes the 
field of a small 1.5 kw speed-control ex¬ 
citer which supplies energy to field wind¬ 
ings on the constant-speed machine. By 
increasing or decreasing the shunt field 
strength of this machine, the speed of 
the main motor is held constant by vary¬ 
ing the torque through control of the 
power taken from the rotor and fed back 
into the a-c system. 

By varying the speed of the speed- 
control rheostat automatically, smooth 
acceleration and deceleration of the main 
motor is possible. Also, by this means, 
the amount of power drawn from the bus 
during acceleration may be held to a 
steadily increasing value not exceeding a 
fixed increase per minute at any point on 
the speed range between 0 and 295 rpm. 
When the desired speed is reached, the 
electronic regulator maintains that speed 
constant within a range of 0.5 per cent for 
speeds from 37.5 rpm to 150 rpm and 0.3 
per cent between 150 and 295 rpm. 

Stopping of Main Motor and 
Motor-Generator Sets 

The normal method for stopping the 
main motor and auxiliaries is first to re¬ 
duce the main-motor speed to zero, then 
trip the motor breaker by turning the 
“start-stop” control switch to the “stop” 
position. Tripping of this breaker will 
disconnect the motor from the bus, and 
the automatic control will operate to 
decelerate the variable-speed set and 
cause it to come to rest. When this set is 
at rest, the high-voltage breaker for the 
power supply to the constant speed a-c 
machine will be tripped, and all auto¬ 
matic equipment will assume a normally 
de-energized position in readiness to again 
start the units at the will of the operator. 

Emergency Quick Stopping 

Means is provided for rapid decelera¬ 
tion of the main motor in case of emer¬ 
gency and, under such conditions, the 
motor is decelerated at the most rapid 
possible rate permitted by the power 
company. Rapid deceleration will cause 
power to be fed into the power company’s 


system by regeneration through the main 
auxiliary motor-generator sets. Means is 
also provided for emergency shutdown 
and disconnection of all units from the 
bus should the necessity arise. Under 
this condition, all high-voltage and field 
circuit breakers are tripped simultane¬ 
ously, and the main motor and motor- 
generator sets drift to standstill with fric¬ 
tion and windage losses being the only 
decelerating forces. 

Protective Devices 

A complete complement of protective 
relays is provided with the automatic 
control. Those devices which prevent 
starting or operate an annunciator and 
sound an alarm are as follows: 

1. Failure of bearing oil flow. 

2. Failure of ventilation air. 

3. Low lubricating oil pressure. 

4. Low a-c voltage. 

Those devices which merely annunciate 
and sound an alarm are: 

1. High machine winding temperature ; all 
machines. 

2. High lubricating oil temperature. 

3. Low lubricating Oil temperature. 

4. High bearing temperature. 

5. Basement air temperature. 

0. Low lubricating oil level. 

7. Ground on auxiliary power circuits. 

Devices which operate a lockout relay, 
drop an annunciator, sound an alarm, and 
cause all machines to lie immediately 
removed from service are: 

1. Overspeeding of either main auxiliary 
motor-generator set. 

2. Unbalanced phase current on constant- 
speed a-c machine or main motor. 

3. Differential protection on constant 
speed a-c machine or main motor. 

4. A-c overcurrent in constant speed a-c 
machine or main motor. 

5. Low a-c voltage on the bus. 

G. Failure of unit to complete automatic 
starting sequence. 

7. Overcurrent on d-c machines of main 
auxiliaries. 

8. Short circuit on d-c machines bf main 
auxiliaries. 

9. Manual operation of emergency stop¬ 
ping switch. 

The more serious of these faults, as indi¬ 
cated, cause immediate disconnection of 
the units from the bus while others merely 
sound an alarm and warn the operator 
that continued operation is undesirable, 
at which time provisions can be made to 
complete the test in as short a time as 
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Electrical Features of Design and Opera 
tion of the Plantation Pipe Line 


M. A. HYDE 

ASSOCIATE AIEE 

P LANTATION Pipe Line Company’s 
new 1,254-mile pipe line system is 
the largest ever built for the handling of 
refined petroleum products and is the larg¬ 
est all-electric-powered pipe line in exist¬ 
ence. First full-length delivery was 
made early in February 1942, and im¬ 
mediately the line became an important 
factor in the transportation of gasoline 
and fuel oils to a large area in the south¬ 
eastern states. Compared to the usual 
pipe line, this system operates under 
highly exacting conditions, and in its 
design the electrical and associated con¬ 
trol features are of prime importance. 
The major electrification problems were: 

1. To design for economical future increase 
in line capacity. 

2. To provide. flexibility, in operation to 
meet varied schedule requirements. 


Paper 42-143, recommended by the AIEE committee 
on industrial power applications for presentation at 
the AIEE summer convention, Chicago, Ill., June 
lfl42 ‘ Manuscript submitted April 13, 
1942; made available for printing June 1, 1942. 
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ment of the hydraulic control system discussed in 
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3. To co-ordinate pumps, motors, and con¬ 
trol, so as to accomplish the starting of units 
reliably and with reasonable demand oh the 
station power service. 

4. To design stations for safe handling of 
petroleum products. 

5. To develop a station control system, 
co-ordinating the electric and hydraulic- 
control devices and meeting the require¬ 
ments of single-attendant operation. 

General Conditions of Operation 

The statements made in this report re¬ 
garding the capacities, pressures, and 
horsepowers, both for present operation 
and future installation possibilities, do not 
necessarily represent actual conditions, 
but do indicate the general principles in¬ 
volved. 

The system comprises an unloading 
dock at the supply terminal with a short 
line of four parallel 12-inch pipes to a 
storage tank farm and the initial station 
of the pipe line proper, a section of 12- 
inch line, followed by a section of 10-inch 
line extending to the delivery terminal. 
Four branch lines serve areas to the north 
and south of the main line. The tankage 
at the supply terminal main line station is 
used to store incoming shipments,, and to 
make up pipe-line shipments (known as 
tenders) according to the system schedule. 


Smaller storage facilities are located at 
the branch line origins. 

Approximately 30 delivery terminals 
are situated at various points along the 
system, each with facilities for handling 
several products. The handling of mul¬ 
tiple products to 30 delivery points creates 
a scheduling and dispatching problem 
probably far more complex than on any 
existing line. 

The capacity of the line as initially 
equipped is 60,000 barrels per day of 
gasoline through the 12-inch section and- 
' 42,000 barrels per day through the 10- 
inch section. This requires two 600- 
horsepower motor-driven main-line 
pumps for each of the seven stations on 
the 12-inch line, and two 450-horsepower 
units in each of the seven stations on the 
10-inch line. Each of three branch lines 
is served by a single 150-horsepower unit. 
A 450-horsepower unit is required at the 
origin of the fourth branch line, plus an 
additional booster station requiring a 
single 450-horsepower unit. The unload¬ 
ing station at the supply terminal dock 
contains five 600-horsepower units, pro¬ 
viding ample capacity for rapidly unload¬ 
ing two tankers simultaneously. The ini¬ 
tial mainline station at the supply ter¬ 
minal tank farm contains a complete spare 
pump unit to insure the availability of 
two units at all times. The system com¬ 
prises 16 stations with a total of 39 cen¬ 
trifugal pumping units exclusive of tank¬ 
age pumps and auxiliary pumps. 

Provisions for Future Increase in 
Capacity 

The present installation is designed as 
a long-term project to cover the commer- 


matic and protective relays on the rear 
panels. Meters are semiflush, and all re¬ 
lays are semiflush of the plug-in type, 
equipped with stab contacts which per¬ 
mit easy removal from the panel for in¬ 
spection and calibration. The entire 
assembly is easily accessible for mainte¬ 
nance and service, and all parts are of 
most advanced design with formed steel 
switchboard panels assembled in a com¬ 
plete self-supporting structure. 

Conclusion 


size employed. The various switchgear 
assemblies are compact and well adapted 
to the service. 

Many new switching problems were en¬ 
countered in designing the complete con¬ 
trol, and their solution opens up new fields 
of application to other apparatus. In 
addition, different types of standard 
equipment were employed to provide a 
complete and modern design which can 
be easily duplicated and one in which 
spare or renewal parts are readily obtain¬ 
able. 


possible. All of. the above protective 
features may be incorporated in the con¬ 
trol of different types of machines but, 
never before, have all been included in 
the protection of a single assembly of ma¬ 
chines. 

Switchgear 

The high-voltage metal-dad switch- 
gear is equipped with lift-type oil circuit 
breakers which may be easily removed for 
inspection and service. Low-voltage 
metal-enclosed switchgear makes use of 
drawout-type air circuit breakers of suit¬ 
able interrupting capacity for the circuits 
involved. The control switchboard is of 
the duplex type with meters and control 
switches on the front panels and all auto¬ 
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The automatic control provides reliable 
means, by use of proved apparatus, for 
performing all of the necessary starting, 
stopping, speed control, and protective 
functions for equipment of the type and 
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Figure 1. Pump room of typical main-line 
station on Plantation Pipe Line system 


dal needs of the territory served and to 
operate economically on that basis. At 
the same time provision is made for pos¬ 
sible future operation at increased capa¬ 
city. 

The maximum pressure at which the 
line will be operated is approximately 900 
pounds per square inch in the 12-inch sec¬ 
tion and 975 pounds per square inch in the 
remaining sections. These values are de¬ 
termined by the allowable unit stress in 
the pipe, walls, which in turn is a matter 
of economics in the design of the line. It 
is necessary in centrifugal pump opera¬ 
tion that positive suction pressure be 
maintained at each pump, and if the mini¬ 
mum allowable suction pressure at the 
initial pump is established us, say, 40 
pounds per square inch, then with a maxi¬ 
mum allowable station discharge pressure 
of 900 pounds per square inch, the pres¬ 
sure increment introduced into the line 
at any station is 860 pounds per square 
inch, plus the pressure loss through the 
station piping. The stations are so 
spaced, then, that the pressure drop be¬ 
tween stations due to fluid friction at 
rated line throughput, plus the static pres¬ 
sure differential totals approximately 860. 
pounds per square inch. Between the 
discharge of one station and the suction 
of the next, with uniform pipe, there is a 


uniform decrease in the component of 
total pressure due to line friction, this 
pressure drop being directly proportional 
to the distance from the upstream sta¬ 
tion. Referring to Figure 2, which repre¬ 
sents a level section of 12-inch line, S.4 
represents the suction pressure at initial 
station A, DA the discharge pressure at 
this station, and line DA-SB the pressure 
gradient along some 60 miles of line from 
station A to station B, for a flow rate of 
00,000 barrels of gasoline per day. This 
is the flow that can be carried by the line 
under the conditions prescribed. If sta¬ 
tion B is at an elevation higher than sta¬ 
tion A , the distance between stations must 
be decreased by an amount that will re¬ 
duce the friction drop sufficiently to pro¬ 
vide the pressure differential necessary 
to balance the positive static head, and if 
station B is lower than station A, the dis¬ 
tance between them will be increased to 
compensate for the negative static head. 

To increase the capacity of the line 
without exceeding the maximum allowa¬ 
ble working pressure, a second series of 
intermediate pressure increments may be 
added, one of which is represented by in¬ 
termediate station M. If this station is 
placed at the hydraulic mid-point be¬ 
tween stations A and B, the same 
pressure increment may be introduced 
at station M as at station A . The flow 
rate then will increase to a value such 
that the pressure drop between stations 
M and B will be the same as existed be¬ 



U Lj LJ 

STATION A STATION M STATION P 


Figure 2. Pipe-line pressure 
gradients for flows of 60,000 
barrels per day and 90,000 
barrels per day 


tween stations A and B before adding 
the pressure increment at M. For the line 
in question this flow rate for gasoline 
is calculated at approximately 90,000 
barrels per day. 

When this higher flow rate is estab¬ 
lished, obviously the horsepower input 
per station must be increased in both the 
initial and added stations. Whereas the 
initial stations are equipped with two 
000-horsepower units for 60,000 barrels 
per day throughput, operation at 90,000 
barrels per day will require two 900-tiorse- 
power units in all stations. 

All stations on the main line are ar¬ 
ranged for future change-over to higher 
capacity by initially installing pumps of 
such design that new impellers can be 
readily substituted, and motors designed 
for ultimate operation at the increased 
horsepower. These motors are of the 
totally enclosed fan-cooled type, and in 
order to secure efficient operation of the 
12-inch line motors at 600 horsepower, 
they are equipped initially with a venti¬ 
lating fan designed to deliver only the 
amount of ventilating air required by the 
motor operating at this capacity; when 
the change-over to 900 horsepower is 
made, no electrical or mechanical changes 
are involved except replacement of this 
one fan on the front shaft extension. 
Similarly, on the 10-inch section of the 
line, motors of ultimate 600 horsepower 
capacity are installed with initial fan 
capacity for operation at 450 horsepower. 
The motor-control and power-supply 
equipment in all the main-line booster 
stations are designed for operation at the 
ultimate ratings. 

Operating Flexibility 

All motors 75 horsepower and above are 
2,300 volt. All motors above 150 horse¬ 
power are 3,(500 rpm. All motors 450 
horsepower and above are mechanically 
interchangeable, simplifying the problem 
of spare equipment, because a spare 
motor of 600/900-horsepower design can 
be installed on any line pump unit in the 
system except the 150-horsepower branch¬ 
line units. This feature also provides 
maximum utility of the equipment under 
unpredictable future alterations, due to 
changed operating conditions. 

While the line is designed for a certain 
rated capacity, consideration must be 
given also to its flexible and economical 
operation at reduced throughputs. Con¬ 
trary to practice on lines handling one uni¬ 
form type of tender, the throughput of 
this line must be held above a certain 
minimum rate, to prevent excessive con¬ 
tamination between adjoining tenders 
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passing through the line. Between this 
rate and the full capacity of the line it is 
desirable, from the standpoint of power 
consumption, to operate at a rate as low 
as will suffice to meet the transportation 
schedules. 

Motors of the constant-speed type are 
preferred because of their simplicity and 
their adaptability to construction suitable 
for hazardous atmospheres. Installation 
of two units per station, operated at con¬ 
stant speed, with the pumps connected 
in series, provides the required degree of 
flexibility. With this arrangement, and 
with all stations along the line having 
piping installed to permit by-passing any 
unused unit or station, changes in 
throughput in steps of a few per cent can 
be made by operating 2, 1, or 0 units in 
properly selected stations. 

Motor-Starting Conditions 

With the station locations determined 
solely by the hydraulics of the line and, 
therefore, without regard to existing 
power facilities, it was necessary to con¬ 
sider carefully the method of starting the 
units, from the standpoint of voltage con¬ 
ditions on the electric sendee. 

Most stations contain two main pumps 
comprising 95 per cent of the station load. 
From the standpoint of starting condi¬ 
tions the 12-inch line motors are 900 horse¬ 
power, and the 10-inch line motors 600 
horsepower. The motors are of low- 
starting torque design in order to minimize 
rotor resistance and attain high operating 


efficiency, important in view of the high 
load factor at which the system will 
operate. To minimize current peaks dur¬ 
ing starting, motor starters for all units 450 
horsepower and above are of the auto¬ 
transformer type, with closed-circuit 
transition. During the brief interval 
when the motor is transferred to full volt¬ 
age with its terminals, still connected to 
the starting tap, a reactor is inserted be¬ 
tween the autotransformer tap and the 
motor to limit the current in the auto¬ 
transformer circuit. By suitable control 
this reactor also provides an additional 
reduced-voltage starting step when power 
is first applied to the motor. 

During starting, the discharge valve 
of the centrifugal pump is closed which 
minimizes the required motor torque. 
After the unit is up to speed the discharge 
valve is opened slowly so that the change 
in direction of flow through the station 
piping will be gradual, for well-known hy¬ 
draulic reasons. Speed-torque curves 
for the pump with closed discharge, and 
for the motor with various applied volt¬ 
ages, are shown in Figure 3. These curves 
apply to the 12-inch line pumps when 
equipped with impellers for 900-horse¬ 
power operation, representing the most 
difficult conditions that must be met. 
The speed-torque requirements of the 
pumps are shown as a band curve, the 
upper limit applying to the pump when 
operating on fuel oil of specific gravity 
0.83 and the lower limit for gasoline of 
0.73 specific gravity. 

Motor speed-torque curves and line 


current-torque curves are shown for full 
voltage, also for 80 per cent voltage ap¬ 
plied by autotransformer. Also shown 
are speed-current curves for three-step 
starting with the reactor initially con¬ 
nected between the autotransformer tap 
and the motor. With the reactor in cir¬ 
cuit approximately 85 per cent of the tap 
voltage appears at the motor terminals 
during the first portion of the initial start¬ 
ing step. 

During starting, the voltage actually 
applied to the motor terminals should be 
of sufficient value to enable the motor to 
develop the torque necessary to reliably 
accelerate the unit to a speed above pull¬ 
out on the starting tap; when this speed 
is exceeded, the current decreases rapidly, 
and transfer to full voltage can be made 
on a low-current portion of the motor 
current-torque curve. Acceleration oc¬ 
curs directly as the excess of motor 
torque beyond pump input torque and in¬ 
versely as the total inertia of the unit. 
Starting must be accomplished within a 
reasonable time, a limit in the order of 30 
seconds being established as desirable by 
considerations of heating of the fluid 
within the pump casing. To perform the 
accelerating duty within this time limit 
it is found that the speed-torque curve of 
the motor when operating from the 
autotransformer tap should not fall below 
the curve corresponding to an applied 
voltage of about 1,630 volts. This means, 
when accelerating with the motor on tap 
giving a voltage of 80 per cent of line volt¬ 
age, and with the reactor shunted, the 



Figure 3. Starting character¬ 
istics of motor-driven pump on 
12-inch line 

A —Speed-torque for pump 
starting with closed discharge 

B —Speed-torque for motor 
starting on 100 percent voltage 

C—Speed-line current for 
motor starting on 100 per cent 
voltage 

D —Speed-torque for motor 
starting on 80 per cent voltage 
autotransformer tap 

E—Speed-line current for 
motor starting on 80 per cent 
voltage autotransformer tap 

F—Speed-torque for motor 
starting on 80 per cent voltage 
autotransformer tap with series 
reactor 

G—Speed-line current for 
motor starting on 80 per cent 
voltage autotransformer tap 
with series reactor 


voltage supply to high-voltage side of the 
starting autotransformer must be not less 
than: 

1,630 volts -j-0.80 = 2,038 volts, or 88.6 per 
cent of normal 2,300 
volts 

Using a starting tap giving 85 per cent of 
line voltage, the voltage supply to the 
starting equipment must be not less than: 

1,630 volts-5-0.85 = 1,918 volts or 83.4 per 
cent of normal 2,300 
volts 

To accommodate both present and 
future pump requirements, as well as varia¬ 
tions in voltage conditions encountered 
at the several stations, the starters for the 
600/900-horsepower motors were equipped 
with autotransformers having taps to 
deliver, under starting load, 80, 85, or 
90 per cent of line voltage. In the first 
portion of the initial starting step, when 
the reactor is inserted into the tap cir¬ 
cuit, the voltage at the motor terminals 
for these three tap connections is respec- 
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lively, about 68, 72, or 76 per cent of nor¬ 
mal line voltage. 

Station Design as Affected by 
Hazardous Nature of Tenders 

Safety problems introduced bv the 
handling of petroleum hydrocarbon prod¬ 
ucts of volatile and inflammable nature 
required special consideration throughout 
the design of the stations. 

The areas subject to the occurrence of 
hazardous atmospheres (class /, group D 
as defined in the National Electrical Code) 
are the pump room and adjoining piping 
platform. The pump room contains the 
pumps with associated valves, hydraulic 
control devices, and piping. On the pip¬ 
ing platform are situated the incoming 
and outgoing line piping and all necessary 
station and auxiliary piping with asso¬ 
ciated scraper traps, strainers, filters, 
valves, a sump tank with motor-driven 
pump for its service, and in many sta¬ 
tions pressure-reducing valves and fluid 



meter and meter calibration facilities for 
delivery of product from the line to the 
distribution terminals. 

The pump room is ventilated by a flow 
of incoming fresh air through glass-wool 
filters below the windows in the front wall 
of the station and directly opposite the 
motor air intakes. This air is forced 
through the motors by the motor blowers 
and discharged toward the rear wall of 
the pump room. In the rear wall just 
below the ceiling are mounted one or 
more motor-driven exhaust fans which 
discharge the air from the pump room and 
onto the piping platform. The piping 
platform is open on three sides with a 
flat roof for weather shelter, a construc¬ 
tion affording maximum natural ventila¬ 
tion. The piping platform and pump 


All electric motors, control, signal de¬ 
vices, motor-operated valves, lighting 
fixtures, and wiring installation in this 
area are specifically designed for service 
in class I group D hazardous atmospheres. 

The 600/900-horsepower motors on the 
12-inch line pumps are believed to be the 
largest, explosion-resisting motors ever 
built. Attainmeht of this rating in a rela¬ 
tively compact construction—an impor¬ 
tant consideration in explosion-resisting 
design—is accomplished by the circula¬ 
tion of large volumes of cooling air 
through the motor frame and by the use 
of class B insulation with the motor rat¬ 
ing based on 75 degrees ceritigrade rise. 
All main-line pump motors have sleeve 


room are at ground level, and in their de¬ 
sign trenches and other depressions favor¬ 
able to accumulating hydrocarbon vapors 
were avoided* 


Figure 4. Schema¬ 
tic diagram of elec¬ 
tric-power circuits 
for pumping station 
serving main and 
two branch lines 
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Figure 5. Outdoor substation for pumping 
station serving main and two branch lines 

44- to 2.3-kv transformer bank consists of 
three 833-kva units. At right is the outdoor 
breaker controlling the 2,300-volt under¬ 
ground circuit to the pumping station bus. 
Structure at right mounts transformers for 
lighting, outside auxiliaries, and metering, as 
well as low-voltage breakers for lighting and 
outside auxiliary circuits 

bearings, oil-ring lubricated and cooled by 
air blast from the motor ventilating fan. 
These bearings require no oil circulating 
system; consequently each motor is an 
entirely self-contained unit without ex¬ 
ternal accessories. 

Control apparatus is of dead-front 
construction. With appropriate meas¬ 
ures taken for safety, experience in prod¬ 
ucts’ pipe-line operation indicates that 
provision of a nonhazardous location and 
installation therein of switchgear and con¬ 
trol apparatus of open design are prefer¬ 
able to the use of special forms of switch- 
gear and control in explosion-resisting or 
oil-immersed enclosures designed for class 
I group D location. This is true from both 
cost and operating standpoints. The im¬ 
portance of accessibility hardly can be 
overemphasized; since the several sta¬ 
tions on a pipe line operate in series and 
interdependently, it is imperative that 
during operation of the line any inspec¬ 
tion and maintenance work on electrical 
equipment be performed without shut¬ 
down or in emergency with the very 
minimum of shutdown time. 

Nonhazardous conditions are main¬ 
tained in all parts of the pumping station 
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Fi gure 6. General view of pump room showing 
two main-line pumps (left) and branch-line 
pump (right) driven by 450/600-horsepower 
explosion-resisting motors 

building, except the pump room and pip¬ 
ing platform. The nonhazardous portion 
of the building, designated as the operat¬ 
ing section, has a floor level about three 
feet higher than the pump-room floor and 
is completely separated by wall from the 
pump room and piping platform. No 
direct connection is provided between 
these areas, it being necessary to pass 
through outside entrances in going from 
one to the other. The atmosphere in the 
operating section is maintained in safe 
condition by outside air drawn into the 
building at the end opposite the pump 
room, maintained at a pressure a few 
inches above the outside air and above 
the atmosphere in the pump room. This 
insures that any air seepage through the 


wall, separating the operation section 
from the pump room or piping platform, 
will be in the direction to prevent entrance 
of hazardous atmosphere to the operating 
section. 

The operating section of the station 
comprises a control room, switchgear 
room, ventilating and auxiliary room, 
lavatory, and in three of the stations a 
division superintendent’s office. 

The wall between the control room and 
the pump room consists of a vapor-tight, 
wire-glassed observation window. Into 
the center section of this window is sealed 
a vapor-tight steel gauge board, on which 
■ are mounted hydraulic recording and 
control devices and indicating pressure 
gauges as will be discussed later. These 
devices are gasketed to prevent passage of 
vapor through the mounting openings. 

To provide for safely shutting down the 
station in case the control room should 
become hazardous due to an equipment 


failure, an explosion-resisting “emer¬ 
gency” pushbutton is mounted on the con¬ 
trol desk contiguous to the gauge board. 
By pushing this button the attendant will 
trip the circuit breaker at the origin of the 
incoming power feeder. 

This breaker, normally controlled from 
the incoming line panel in the station, is 
located at the transformer substation ap¬ 
proximately 300 feet from the pumping 
station. From the outdoor breaker, an 
underground circuit runs to a 2,300-volt 
bus in the switchgear room, which in turn 
feeds the main pump starters as well as a 
2,300-to-460-volt transformer bank serv¬ 
ing all the station auxiliaries. Energy for 
the control circuits of the motor starters 
and for signal lights and alarms is furnished 
at 230 volts through a transformer from 
the station auxiliary supply. A single- 
phase transformer connected to the 2,300- 
volt sendee ahead of the station power 
breaker supplies station lighting and out¬ 
door lighting at 115/230 volts through 
separate low-voltage outdoor breakers. 
At some of the stations there are loads 
outside the station proper, such as fire 
pumps, water well pumps, and ware¬ 
house, which must be operable even when 
the pumping station is shut down. To 
carry these loads, as well as the lighting 
load, a 2,300-volt bus is provided on the 
outdoor structure, connected to the power 
service ahead of the station power 
breaker. To this outdoor 2,300-volt bus 
are connected the station bus breaker, the 
lighting transformer, a 2,300-to-460-volt 
transformer bank for outside auxiliaries 
and a 2,300-volt fire pump circuit. 

With this arrangement of circuits, 
shown schematically in Figure 4, the sta¬ 
tion operator can clear all power circuits 
within the station proper by opening the 
2,300-volt outdoor circuit breaker. This 
he can do either from within the station 
or at the substation. At the same time 
he can leave the station lights and out¬ 
side auxiliaries in operation if required, 
since these circuits are not affected by 
tripping the outdoor breaker. 

Control System 

A fundamental consideration in estab¬ 
lishing the control system was that of 
station attendance; it was decided at the 
start that: 

1. In the interest of safeguarding property, 
each station must have attendance at all 
times. 

2. During the tour of duty the attendant 
may be at any part of the station property, 
subject to prompt arrival at the control 
room upon signal. 

3. In the simple booster stations the at- 

Electrical Engineering 



Transactions 


Figure 7. Control desk set in 
vaportight wire-glassed pari 
tion, through which the pun 
room is clearly visible 


Hyde, Britton—Plantation Pipe Line 







FRONT VIEW OF SAFETY CUTOUT RACK THERMOCOUPLE CONNECTIONS 


for protective shutdown, and this should be 
accomplished by automatic means. 

Design of Station Control 

The control system developed to meet 
these requirements embodies the co-ordi¬ 
nated application of pressure, tempera¬ 
ture, and electrical control and indicating 
devices. 

Each pump unit normally is controlled 
from an individual “start-stop” push¬ 
button, the control system providing a 
predetermined sequence of operations. 
Considering a typical two-unit booster 
station, this control system provides auto¬ 
matic means for: 

1. Venting the pump casings during shut¬ 
down to prevent building up of pressure 
within them by leakage past suction or dis¬ 
charge valves. 

2. Permitting the starting of a unit only 
upon existence of a predetermined minimum 
suction pressure. 

3. Operating in correct sequence a motor- 
driven suction valve and a motor-driven 
discharge valve for each unit. 

4. Venting vapor from the pump casing 
and circulating liquid through the pump 
during starting. 

5. Adjusting the station capacity to the 
line throughput while the station is on the 
line. 

6. Limiting the minimum value of station 
suction pressure to a value safe for pump 
operation. 

7. Limiting the maximum value of the 
station discharge pressure to a value safe 
from the standpoint of pipe-line stress. 

8. Safety shutdown, sounding the station 
alarm and lighting an individual indicating 
light, in case of: 

See Figure 8 
Symbol 


Figure 8. Schematic diagram of station control 
system for typical two-unit station 


tendant will perform singly all operating 
duties incidental to starting, running, and 
stopping units, as required by the central 
dispatching office. 

4. Maintenance work except of minor 
nature is to be handled by established 
maintenance personnel, progressing from 
station to station. In case of difficulty or 
failure in the operation of equipment, 
specialized repair personnel will be available 
on call to the superintendent of the division. 

These operating conditions determine 
the following essential features of the sys¬ 
tem of control: 


(b) . Protective shutdown of units and sta¬ 
tions must be instituted automatically when 
conditions arise that exceed predetermined 
limits of safe operation. 

(c) . In case of automatic protective shut¬ 
down, a signal must be given to inform the 
attendant that shutdown has occurred, and 
indication must be given of the specific 
protective function that caused shutdown. 

(d) . In the starting and stopping of main¬ 
line units, it is desirable to simplify the 
duties of the attendant by providing auto¬ 
matic operation in proper 1 sequence for the 
valves, motor control, and pressure devices 
concerned. The operator, thus relieved from 
performing; a routine of manual operations 
at different points in the station, can devote 
his attention to the over-all process and to 
the results obtained. 


Excessive duration of high motor 
starting current 'SC-20 

High motor-winding temperature 

(alarm and light only) MT -10 

Power-supply failure 

(alarm only-—air operated) 5 V-P 

High motor-bearing temperature 

(front or rear bearing) JfJB-11, MB-V2 

High pump-bearing temperature 

(front or rear bearing) PJ3-11, PJ3-12 

High pump-gland temperature 

(front or rear gland) PG-11, PC -12 

High pump-casing temperature PCT-10 

Low suction pressure 

pumpsl and 2 PS-11,, PS-21 

High suction pressure 

pump 1 and 2 PS-12, PS-22 

High station discharge pressure PS-5 

Low station discharge pressure PS -6 

Low air-supply pressure to hy¬ 
draulic . controll ers 

(alarm and light only) PS-.42 

Low station air-supply pressure 

(alarm and light only) PS-A1 

High sump-tank level 
(alarm and light only) SL 

An ammeter (A -20) and ammeter 


(a). Starting and normal stopping of the 
stations and of units within each station 
shall be controlled by the station attendant. 


(e). For continuous operation of the line it 
is, of course, necessary to maintain pressure 
conditions within the limits predetermined 


switch are provided for each unit, also a 
common temperature indicator (77-20) 
for both units with a selector switch for 
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each unit whereby the temperature indi¬ 
cator may be connected, per unit, to any 
one of: 


See 

Figure 8 
Symbol 

2 Pump-bearing thermocouples r-21, T-25 

2 Pump-gland thermocouples T-2'2, T -24 

1 Pump-casing thermocouple T"-23 

2 Motor-bearing thermocouples T-20, T -26 

3 Motor-winding thermocouples T- 27,-28,-20 

The gauge panel mounts a flowmeter 
( FM) for indicating and recording the 
rate of flow at or by the station, also two 
pressure controllers (RPC- 1, RPC-2) 
whose function will be discussed below, 
and six gauges indicating pressure at the 
following points: 

See Figure 8 
Symbol 


Station suction 5.5 

Pump suction PS 

Interpump /p 

Pump discharge pj) 

Station discharge SD 

Air supply to air operated vent valves A5 


Pump Venting 

Each pump has a connection from the 
top of its casing through a vent valve to 
the station sump. The vent valve (77- 
10, 77-20) is spring-opened, air-dosed, 
the air supply being controlled by a three- 
way solenoid valve (57-10, 57-20). This 
valve is so connected in the motor-control 
sequence that the vent valve is open while 
the pump unit is down and remains open 
during the starting cycle until the pump 
discharge valve is fully open, whereupon 
the solenoid valve is energized to close 
the vent valve. In a shutting-down cyde, 
when the pump discharge valve.leaves its 
open position, the solenoid valve is de¬ 
energized to open the vent valve. At the 
conclusion of the shutting-down cyde 
both the discharge valve and the suction 
valve are dosed, and flow through the 
pump-venting system ceases. 

Station Pressure Control 

The regulation of station pressure is 
accomplished by air-actuated instruments 
such that the station suction and dis¬ 


charge pressures can be automatically 
maintained at any predetermined values. 
The control valve which is actuated from 
these instruments is normally automati¬ 
cally controlled, but is equipped for 
manual operation in the event of air fail¬ 
ure -or interruption of electric service at 
the stations. All the stations operating in 
a continuous section of line are affected 
by any change in flow rate that may oc¬ 
cur. There are many changes in flow 
rate throughout the entire system. 
These are occasioned by the existence of 
the large number of delivery points or 
terminals, which may be utilized for mul¬ 
tiple deliveries or for single full-line capa¬ 
city deliveries. The station pressure con¬ 
trols are so designed as to immediately 
adjust each station to these varying flow 


ating over a circuit serving the system 
dispatcher’s office and all pumping sta¬ 
tions. 

Red indicating lights on the control 
desk identify the functioning of each of 
the protective shutdown and alarm 
switches already mentioned. Amber and 
green indicating lights show respectively 
the open and closed positions of the 
motor-operated suction and discharge 
valves and of the principal manually op¬ 
erated valves in the station piping. 

To clarify the function of each device 
the desk top bears a schematic layout of 
the principal piping for the particular 
station, and in this piping diagram the 
indicating lights, temperature indicator, 
ammeters, selector switches, and push¬ 
buttons are all mounted in appropriate 


Figure 9. Control 
desk, gauge board, 
teletype and tele¬ 
phone facilities, and 
panels for incoming 
line, motor starters, 
and low-voltage 
power distribution, 
in a typical two-unit 
station 



conditions and thereby maintain uninter¬ 
rupted operation. The previously men¬ 
tioned automatic shutdown features are 
co-ordinated with the regulating equip¬ 
ment, so as to permit operation of the con¬ 
trol system over its full range, and only 
to prevent operation of one or two units 
in the station in case the pressures exceed 
pre-established limits. 

Control Desk 

Physically, the control for each station 
centers in a control desk in the control 
room, where also is situated the gauge 
board previously mentioned, the atten¬ 
dant’s working desk, and a teletype oper- 


position. An accompanying illustration 
shows how conveniently the control desk 
and gauge board in one of the stations 
serves as the central point for indication 
and control of all principal station func¬ 
tions. 

Conclusion 

As evident from this discussion, the 
electrification of the Plantation system 
was designed to meet the practical re¬ 
quirements of products-line operation. 
That it adequately serves these needs is 
indicated by operating experience with 
the system to date, which has verified all 
fundamental features of its design. 
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Protection of Pilot-Wire Circuits 
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T his paper reviews the problem of pro¬ 
tecting pilot-wire circuits, briefly dis¬ 
cusses the sources of disturbing voltages, 
describes two types of neutralizing trans¬ 
formers, and illustrates how they are used 
to distribute the disturbing voltage most 
favorably throughout the pilot-wire cir¬ 
cuit. The recent increase in use of high¬ 
speed pilot-wire relays for the protection 
of important power circuits has accen¬ 
tuated the need of better understanding 
of the pilot-wire protection problem. 
Therefore, a review of this general sub¬ 
ject and a description of a new type of 
neutralizing transformer with mathe¬ 
matical formulas to determine its effec¬ 
tiveness, is considered timely. 

Three principal objectives to be at¬ 
tained when applying pilot-wire protec¬ 
tive apparatus are: 

1. To assure correct operation of the pro¬ 
tective relays or other apparatus at all times. 

2. To protect operating personnel. 

8. To protect the apparatus. 

Pilot circuits for protective relaying 
must be operative at all times, especially 
at times of system disturbances. Thus, 
simple protective gaps which provide ade¬ 
quate protection for many other pilot serv¬ 
ices cannot be used to protect against 
voltages induced by the power-system 
currents, as this would render the circuit 
inoperative when most needed. Certain 
supervisory control and other functions 
are also required to be operative during 
power-system faults, and this discussion 
applies equally well to pilot circuits for 
these purposes. The principles and 
methods will also be found useful in ap- 


plying protection to those telemetering 
and supervisory control circuits which are 
not required to be operative during 
power-system faults. 

A pilot circuit may be exposed to dis¬ 
turbing voltages of several sorts, which 
will be discussed subsequently. Briefly, 
these are: 

(a) . Lightning and other surges. 

(b) . Induction from power lines. 

(c) . Elevation of station ground potential. 

(d) . Direct crosses with power circuits. 

If these voltages are not to disrupt the 
proper operation of the circuit, they must 
be disposed of by some combination of the 
following measures. 

(a) . By insulating the circuit to stand 
them. 

(b) . By distributing them through design 
of the circuit impedances and grounds. 

(c) . By the use of gaps or arresters to pre¬ 
vent surge voltages from reaching excessive 
values. 

(</). By drainage—dissipating the disturb¬ 
ing voltages as impedance drops in the cir¬ 
cuits. 

(«)• By shielding the wires or so locating 
them that the disturbing voltages are les¬ 
sened. 

(/)• By using insulating transformers or 
neutralizing transformers to take up longi¬ 
tudinal voltages as will be explained. 

In many cases no 'specific protective 
measures are required. This is frequently 

Figure 1. Schematic diagram of faulted trans- 
misiion line and pilot-wire relay circuit 

^“Separation between pilot wire and power 
line 


the case when rubber-lead-covered con¬ 
trol cable is used in relatively unexposed 
locations. However, a consideration of 
the magnitudes of disturbing voltages is 
worth-while in any case, to insure that the 
pilot circuit, through its insulation, ar¬ 
rangement, and protective features, pro¬ 
vides adequately for the voltages to be 
encountered. 

Pilot-wire circuits that are totally en¬ 
closed in a frequently grounded sheath are 
inherently provided with a high degree of 
protection against lightning. Circuits of 
this kind, that are not exposed to induc¬ 
tion from transmission lines and that en¬ 
ter stations in which only small ground 
potentials can occur, require no special 
protective measures. • The auxiliary 
equipment that will be discussed is needed 
only when calculation or measurements 
indicate voltages in excess of the normal 
insulation strength. 

The general problem is very much as 
follows: Assume that lightning strikes 
the power line and causes a phase-to- 
ground fault at the far end of the line 
section that is protected with pilot-wire 
relays. Assume also that the pilot circuit 
is exposed to the effects of the same light¬ 
ning stroke. Arresters on the pilot wires 
must operate to protect the relays and 
associated equipment. However, the ar¬ 
resters must immediately seal off and in¬ 
terrupt any power follow, so as to make 
the pilot circuit operable. The seal-off 
voltage of the arresters must be above 
the maximum voltage that can be im¬ 
pressed on them by induction in the pilot 
wires or by a combination of a rise in 
ground potential and induction which can 
be caused by the flow of transmission-line 
fault currents. If the arresters should 
fail to seal off, they would effectively 
short-circuit the pilot wires and block 
operation of the protective relays. Simi¬ 
larly, provision must be made to guard 
against the accidental operation of pilot- 
wire relays which may be caused by un- 
symmetrical operation of the arresters. 
This may be accomplished, for example, 
by connecting a low-voltage protector 
tube between the pilot wires, as shown in 
Figure 4 and by distributing funda¬ 
mental frequency-disturbing voltages so 
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Figure 2. Distribution of voltages in trans¬ 
mission-line and ground circuits 

IXjj component of line drop equals maximum 
possible voltage that can be induced in pilot 
wires 
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as to avoid operating the lightning ar¬ 
resters. 

To aid in visualizing the manner in 
which these disturbing voltages may be 
impressed on the pilot-wire circuits by 
transmission line faults, consider the cir¬ 
cuit that is illustrated in Figure 1. Inas¬ 
much as these disturbances are most 
severe when one phase of the transmission 
line is grounded, only a single-phase sys¬ 
tem is drawn. As shown in Figure I, as¬ 
sume that the faulted power system con¬ 
sists of a single-phase generator, a 
grounded transformer, a section of line, 
and equivalent ground-fault resistance. 
The pilot-wire circuit is spaced from the 
power-line conductor, a distance of 5 feet. 

When the ground fault occurs, current 
will flow out through the transmission 
line and return through the ground. The 
generated voltage is used up in a series of 
voltage drops in the generator and trans¬ 
former, line, ground-fault resistance, and 
the effective resistance that can be meas¬ 
ured between the station ground bus and 
txue ground. This resistance, indicated 
in Figures 1 and 2, varies from a fraction 
of an ohm in well-grounded stations to 
.several ohms in stations that are not'so 
well grounded. The value may be high 

Figure 3. Approximate variation in mutual 
impedance between transmission circuit and 
pilot wires 


or low, depending upon the earth resistiv¬ 
ity in that vicinity. Ground potential 
rises of 1,000 to 3,000 volts are not un¬ 
common, while values up to 15,000 volts 
are sometimes encountered. . 

The manner in which voltage is induced 
in the pilot-wire circuit is indicated in 
Figure 1. Fields of flux are set up by the 
flow of current in the transmission line 
and in the earth return. These fluxes link 
both pilot wires and induce voltages along 
the length of the exposed portion of the 
pilot-wire circuit in proportion to the mag¬ 
nitude of the flux linkages. If a twisted 
or spiraled pair of wires is used for the 
pilot circuit, no appreciable voltage dif¬ 
ference will appear between the pilot 
wires. This is important, for the voltage 
difference that appears between the pilot 
wires must be limited to avoid operating 
the protective relay, or associated ap¬ 
paratus that is connected to the pilot 
circuit. Because of this, only longitudi¬ 
nally induced voltages, which are equal 
and in the same direction in both wires, 
will be discussed. 

It will be noted that the flux which 
links the pilot wires from the ground cur¬ 
rent is 180 degrees out of phase with 
respect to that set up by the transmission¬ 
line current, Consequently, these two 
fields tend to cancel, or it may be said 


Figure 4. Protective apparatus 

that the ground current tends to “shield'’ 
the pilot wires from induction. This 
effect becomes quite appreciable when 
ground wires carry a large portion of the 
ground-fault current. 1 

Figure 3 illustrates how the mutual im¬ 
pedance between the transmission line 
and pilot wires varies with the separation 
between the two circuits. Three differ¬ 
ent curves are drawn to illustrate how 
this quantity is affected by extreme varia¬ 
tions in the resistance of the earth-re¬ 
turn circuit or how the earth currents 
“shield” the pilot circuit from induction. 
When the earth resistivity is high, current 
returns deep in the ground and produces 
less shielding. The ground-fault current 
multiplied by the proper mutual imped¬ 
ance equals the magnitude of voltage that 
will be induced in the pilot-wire circuit. 
Note that this quantity can never exceed 
the magnitude of the transmission-line 
reactance drop. A voltage equal to that 
magnitude can be obtained only when the 
transmission line and pilot wires occupy 
the same space or have 100 per cent cou¬ 
pling. It should also be remembered that 
ground wires and return circuits that are 
provided by cable sheaths all tend to re¬ 
duce the magnitude of the induced volt¬ 
age. In general, the shielding that is ob¬ 
tained from a full-sized, lead-covered 
telephone cable will reduce the voltage 
that would be induced in an open-wire cir¬ 
cuit by approximately 50 per cent. 1 

Protective Measures 

Disturbing voltages can be impressed 
on the pilot-wire circuits by lightning, 
electrostatic and electromagnetic induc¬ 
tion, station ground potentials, and ac¬ 
tual contact with power circuits. The 
damage which results from crosses with 
power circuits can be limited by solidly 
grounding and isolating portions of the 
circuit through action of arrester blocks 
and fuses. Frequently this will cause 
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relay operations that cannot be prevented. 
Voltages impressed on the circuit by light¬ 
ning, induction, and ground potentials 
can be dissipated, distributed, or isolated 
with insulation in a manner that will not 
cause relay operation. This is accom¬ 
plished by use of lightning arresters (which 
must be chosen so that they cannot be 
operated by system disturbances), by 
draining appreciable amounts of currents 
from the circuit through mid-tapped 
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and including the primary of the insulating 
transformer. 

2. Terminal equipment on the station 
side of a neutralizing transformer. As 
neutralization is not perfect, this equipment 
operates at the remnant or unneutralized 
voltage to ground. In Figure 4 this in¬ 
cludes the supervisory relay, secondary 
winding of the insulating transformer, and 
the capacitor between the two center taps 
of the insulating transformer. 

3. The incoming pilot wires, any equip* 
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transformers or similar balanced im¬ 
pedances, by altering the natural distribu¬ 
tion of voltage stresses with neutralizing 
transformers or grounding impedances, 
and by insulating the apparatus or iso¬ 
lating it with insulating transformers so 
that it will withstand the applied voltage. 

Insulating transformers have long been 
used to insulate the terminal equipment 
from disturbing voltages in pilot-wire 
circuits. They are also used to keep sta¬ 
tion ground potentials off the pilot wires. 
Insulation built directly into the relay 
■can be used in a similar manner. This 
action is illustrated with typical graphical 
solutions in the latter part of this paper.. 
The effects of electrostatic and electro¬ 
magnetic induction can be counteracted 
directly in the pilot wires by current 
drainage, as by grounding the mid-points 
•of the insulating transformers at both 
•ends of the line. When this is done, it is 
necessary to consider thermal capacities 
of the equipment and inequalities in volt¬ 
age drop in the individual pilot wires 
as any lack of symmetry in the circuit 
tends to insert an extraneous (unbal¬ 
anced) voltage in the pilot loop and may 
affect the associated relay operation, 
Neutralizing transformers are used in cir¬ 
cuits of this kind to reduce the circulating 
current to an absolute minimum and to 
provide a control means that can be used 
m d-c circuits. 

To study the action of neutralizing 
transformers and determine the distribu¬ 
tion of : the disturbing voltages, pilot-wire 
equipment should be classified into groups 
at different potentials somewhat as fol¬ 
lows:' ' 

1. Terminal equipment at station ground 
potential. In Figure 1 this inclfldes the 
current transformers and relay parts up to 


M “Mutual 


Figure 5a. Three-winding neu¬ 
tralizing transformer neutraliz¬ 
ing station ground potential 

/“Neutralizing - transformer 
exciting current 
r = Resistance of exciting¬ 
winding connections a-b 
and c-d 

, Z = Self-impedance of exciting 
winding 

impedance between exciting 


winding and secondary windings 
e „—Remnant or unneutralized voltage which 
appears between relays and station 
ground .' 

Primary leakage impedance = Z—/VI 


e s ~ 


Zp+r 
1 Z+r 


(D 


lengths. They are usually grounded by 
leakage if not intentionally. Aerial 
cables with sheaths purposely insulated 
require a study of the various capacitive 
impedances, between wires and sheath, 
and sheath to ground, to determine the 
' voltage with which their insulation is 
stressed. If a sheath is grounded along 
the line and also grounded to station 
ground, a heavy current will flow over it 
when there is a rise of station ground po¬ 
tential. The steepness of gradient along 
the cable sheath from station ground to 
true ground will depend on the resistance 
of the “pole grounds.’ ’ Possible danger of 
burning the sheath should be checked, es¬ 
pecially if the cable is buried under the 
power line so that it may carry a consid¬ 
erable part of the return fault current. 

With given voltages, impressed on the 
pilot-wire Circuit by longitudinal induc¬ 
tion or a rise in station ground potential, 
the determination of voltage distribution 
as indicated above is a problem in conven¬ 
tional circuit theory. After determining 
each potential with respect to any con¬ 
venient reference, such as true ground, 
the potential differences are obtained for 
verifying or designing the insulation co- 
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Figure 5b. Three-winding neu¬ 
tralizing transformer neutraliz¬ 
ing longitudinally induced 
voltage 

Z— Impedance of ground re¬ 
turn circuit, a to b 
E= Longitudinal voltage in¬ 
duced equally in pilot and 
neutralizing wires 

m “Mutual impedance between exciting wire- 
ground return circuits, from a to b 

I v Z rp —Z T —M ri primary leakage 
impedances 
Total remnant voltage: 


PILOT WIRES 



ll/i st 

/NEUTRALIZING 
^WINDING 
i 0 0 0 0 r —vyvAA/— 



DISTRIBUTED 

CAPACITANCE 


AEXCITING 

“winding 

EXCITING WIRE 




e„-e r **E 


Zgp -}~ Zrp+z m 


Z s +Z T -z 


( 2 ) 


nient connected thereto, and their potential 
with respect to ground. 

4. The cable sheath, usually at true ground 
potential if insulated, or at station ground if 
connected thereto. 

5. Other wires in the cables, and their 
potential to ground. 

Some of these items span from one po¬ 
tential to the other. The neutralizing 
transformers span from (3) to (2); that 
is, from the pilot wires to the remnant 
voltage point. The grounding capacitors 
span from (2) to (1); that is, from rem¬ 
nant voltage point to station ground. 
The insulating transformers span from (2) 
to (1). 

Cable sheaths, if not connected to sta¬ 
tion ground, may usually be considered 
as at true ground throughout their 


ordination. Graphic examples of this are 
given after operation of the neutralizing 
transformers is explained. 

Three-Winding* Neutralizing 
Transformer 

When used to protect against a differ¬ 
ence in ground potential, the exciting 
winding of the three-winding neutralizing 
transformer is connected between true 
ground (remote pole ground) and the sta¬ 
tion ground as shown in Figure 5a. The 
pilot wires are connected in series with the 
secondary windings of the neutralizing 
transformer and thereby have a voltage 
almost equal and opposite to the station 
ground-potential rise impressed directly 
on. them. Thus, with the pilot wires at 
true ground potential (sheath potential 
usually), the terminal relay equipment 
will be held close to station ground poten¬ 
tial 

The connection from the exciting wind- 

* Three winding'is used to distinguish the type 
having a separate exciting winding. There may be 
any number of secondaries. Usually, there are two, 
through wnich a pair of pilot wires is carried. 
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(a) Actual and single-line representation of 
circuit with neutralizing transformers 



(b) Neutralizing station ground potential 

r —Resistance of pilot wires in parallel from 
a to b and c to d 

Z p = Impedance of pilot wires to ground 
(usually sheath) looking into terminal d-n, 
including distributed capacity and termi¬ 
nating impedances 

Z e — Parallel impedance of grounding capaci¬ 
tors from a to g 



(c) Gendtal case—neutralizing station 
ground potential and longitudinal induction 

£=Total longitudinal induced voltage 



(d) Equivalent circuit for pilot wires having 
induced voltage and distributed and lumped 
capacitance 


Figure 6. Two-winding neutralizing trans¬ 
former 


mg to ground may be a wire carried out a 
few hundred feet to a pole ground. Or the 
cable sheath may be insulated for the last 
few hundred feet into the station and the 
exciting winding of the neutralizing trans¬ 
former connected between it and station 
ground. 

Assuming the pilot wires to be at true 
ground potential as indicated schemata- 
caily by the dotted connection at d, Figure 
5a, the remnant or unneutralized volt¬ 
ages between the terminal relay equip¬ 
ment and station ground can be ex¬ 
pressed as a function of the statibn 
ground-potential rise, E s , and the circuit 
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constants shown. The voltage e„, is the 
difference between the voltage drops from 
f to d, and a to d, due to 7. Thus: 

e * =E w 

Z+r 

Commercial designs have been de¬ 
scribed 2 having 0.35 ampere exciting cur¬ 
rent with 4,000 volts applied to the pri¬ 
mary winding. This results in an im¬ 
pedance Z — 4,000/0.35 or 11,400 ohms. 
The primary leakage impedance, Z v , has 
been held to a value such that with a dis¬ 
turbing voltage, E g , of 4,000 volts, the 
remnant voltage e Sl is 70 volts for r— 0, 
and 81 volts for r =35 ohms, (r is the re¬ 
sistance of the exciting winding connec¬ 
tions.) 

The three-winding type of neutralizing 
transformer has also been used for neu¬ 
tralizing induced voltages. 3 In applica¬ 
tions of this kind an exciting wire is run 
the full length of the pilot wires and has 
induced in it the same voltage as the pilot 
wires. However, the cost of the exciting 
pilot wire, which must be held to a low 
value of resistance, usually eliminates 
this scheme from consideration. 

Two-Winding Neutralizing 
Transformer 

The two-winding neutralizing trans¬ 
former (or longitudinal choke) is a new 
form of neutralizing transformer in which 
the exciting current is conducted through 
the windings that are connected in series 
with the pilot wires and otherwise oper¬ 
ates in the same manner as the three- 
winding neutralizing transformer. This 
design was introduced in 1935. The first 
application was for protection of extensive 
pilot wires along an a-c railway electrifica¬ 
tion. 

The two-winding' neutralizing trans¬ 
former is designed to protect pilot wires 
and their terminal equipment from sta¬ 
tion ground potentials and longitudinally 
induced voltages. Its self-exciting feature 
is particularly valuable for applications 
which involve longitudinal induction, as 
it eliminates the need of a third pilot wire. 
Furthermore the device is more effective 
than the three-winding transformer, when 
used to counteract induced voltages, as 
the magnetizing currents flowing through 
the pilot circuit actually aid the neutral¬ 
izing action. 

By providing grounding capacitors as 
shown in Figure 6a, a complete excita¬ 
tion path is secured over the pilot wires. 
The resulting circuit which includes the 
induced voltage and the neutralizing 
transformers is termed a “self-exciting 
neutralizing-transformer circuit,” since 
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the exciting current is carried over the 
pilot wires which are also used for relay¬ 
ing. 

The two windings of the neutralizing 
transformer are wound in the same direc¬ 
tion on the core, so that currents which 
flow in the same direction in the pilot 
wires encounter exciting impedance,, 
whereas relay loop currents, in opposite 
directions in the two pilot wires, encoun¬ 
ter only the leakage impedance. The ex¬ 
citing impedance of such neutralizing 
transformers can readily be made as high 
as 100,000 ohms at GO cycles with only 
160 ohms added to the pilot-wire loop re¬ 
sistance. One-microfarad grounding ca¬ 
pacitors, connected one from each wire to 
ground, have a parallel impedance of 



Figure 7. Saturation curve of typical two- 
winding neutralizing transformer (longitudinal 
choke coil) 


1,325 ohms at 60 cycles and limit the 
remnant voltage to about 1.3 per cent of 
one half of the induced voltage. This 
assumes balanced conditions in which 
one half of the voltage is impressed across 
neutralizing transformers at each end 
of the pilot wires. 


Station Ground Potential 


The theory of the two-winding type of 
neutralizing transformer, as used for neu¬ 
tralization of station ground potentials, 
may be understood from a consideration 
of Figure 6. The two pilot wires are con¬ 
sidered paralleled, so that the parallel 
impedances are used. The remnant, 
voltage, e s , of the terminal relay equip¬ 
ment from station ground is given by 


e s — IZ C = —Ei 


Z c +Z+Zp 
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‘The voltage from the pilot wires to the 
•cable sheath is 
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In practice, the neutralizing-trans¬ 
former exciting impedance Z is very- 
large, compared with the other imped¬ 
ances in the circuit. Therefore, the neu¬ 
tralizing transformer has impressed on it 
approximately the full disturbing volt¬ 
age, Eg. The corresponding exciting cur¬ 
rent can be determined by reference to its 
saturation curve, see Figure 7. The rem¬ 
nant voltage, e s , is then numerically the 
product of the exciting current, /, and the 
impedance, Z c of the grounding capacitors 
(see equation 2). Similarly, the voltage 
from pilot wires to sheath is the exciting 
current I multiplied by Z v , defined in 
Figure 6b (see equation 3). If the dis¬ 
tributed capacitance is small, the voltage 
drop from the pilot wires to the sheath 
may be high. This can be reduced by 
adding lumped capacitance ground at d 
or terminating impedance to ground at 
the other end of the line. 

Figure 7 shows the excitation charac¬ 
teristics of a commercial design of a two- 
winding neutralizing transformer. At 
-3,000 volts the exciting current is 30 mils 
(15 mils in each winding), or the exciting 
impedance, Z is 100,000 ohms. At 4,000 
volts the exciting current is 0.062 ampere. 
The impedance inserted in the relay loop 
•circuit by this design is 160+j 130 ohms, 
per transformer, at 60-cycle frequency. 

Longitudinal Induction 

The theory of the two-winding neutral¬ 
izing transformer, used for protection 
against longitudinally induced voltages, 
is given in the appendix. This treat¬ 
ment covers the general case in which 
both longitudinal induction and station 
.ground-potentials are present. Remnant 


Figure 8. Actual connections 

Arrows show parts included in each symbol 
of the potential-gradient diagrams 


voltages for the simpler case of longi¬ 
tudinal induction only are obtained using 
the same equations with the station 
ground potentials set equal to zero. 

The potential distribution is influenced 
by the relative values of terminating im¬ 
pedances to ground and distributed im¬ 
pedances to ground as well as the locations 
and amounts of induced voltages. These 
factors are taken into account in the exact 
theoretical treatment of the appendix. 
The important case in which a station 
ground-potential rise and longitudinal in¬ 
duction are both caused by the same pri¬ 
mary fault current is fully developed, the 
voltage distribution being expressed by 
equations 5a to 9a of the appendix. 

Potential Distribution for Typical 
Conditions With and Without 
Neutralizing Transformers 

A reasonably accurate conception of 
the potentials existing in various parts of 
a pilot-wire circuit that is exposed to 
station ground potential or longitudinal 
induced voltage may be obtained from the 
typical diagrams in Figure 9. The poten¬ 
tials shown are based on 2,000 volts sta¬ 
tion ground potential or 4,000 volts longi¬ 
tudinal induction as indicated, but can be 
ratioed for other values of disturbing volt¬ 
age. Various parts of the circuit are rep¬ 
resented by symbols drawn in position to 
show the voltages to ground at which 
those parts operate under the abnormal 
conditions. In this discussion, operating 
• voltages between wires are taken as zero, 
and the two wires are represented as one 
for determining voltages to ground. The 
operating voltages are usually negligible 
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in comparison but can be superposed if 
appreciable. 

Figure 8 illustrates which parts of a 
typical pilot-wire relay are included in 
terminal apparatus at “station ground 
potential,” and which part operates at 
the “remnant voltage” to ground. The 
insulating transformer presents negligible 
impedance to pilot-wire currents in the 
same direction (two-winding neutralizing- 
transformer exciting currents) which flow 
to ground. It may, therefore, be con¬ 
sidered as operating at the remnant volt¬ 
age, although physically it is in the cir¬ 
cuit between the terminating capaci¬ 
tances and the neutralizing transformer. 

Parts (a) to (d) of Figure 9 show the 
distribution of 2,000 volts station ground 
potentials. Part (a) is without neutral¬ 
izing transformers; it illustrates the dis¬ 
tribution of voltage that is obtained when 
an insulating transformer is connected 
between the relay and pilot wires. Note 
that the relay is held at station ground 
potential, and the entire voltage differ¬ 
ence is impressed across the transformer 
insulation. If a supervisory relay were 
connected directly to the pilot wires, 
with its base connected to station ground, 
its insulation would be stressed with the 
full 2,000 volts rise in ground potential. 

If the cable sheath is tied to station 
ground, the rise in potential of the pilot 
wires depends on the relative lengths of 
pilot wires affected by sheath sections at 
true ground and higher potentials. For 
example, if one tenth of the length of cable 
sheath is elevated 2,000 volts and nine 
tenths is at true ground, the wires will' 
rise to ten per cent of 2,000 volts, or 200 
volts above true ground. If only one per 
cent of the sheath is elevated, the poten¬ 
tial rise will be a corresponding proportion 
of the rise in the short length of sheath. 
A wire-to-sheath potential approaching 
the full station ground potential must 
then be provided for in the cable insula¬ 
tion. This illustrates that voltage stress 
on the cable can be reduced by insulating 
the cable sheath from station ground. 

The use of two-winding neutralizing 
transformers is illustrated in parts (b) 
and (c). This transformer holds the relay 
parts that are metallically connected to 
the pilot wires at station ground poten¬ 
tial, except for the small remnant voltage, 
caused by the neutralizing transformer 
exciting current passing through the 
capacitance to ground. These remnant 
voltages are usually under 100 volts. The 
effects of predominant and negligible 
pilot-wire distributed capacity are also 
shown in (b) and (c). The rise in pilot- 
wire potential indicated in (c), can be re¬ 
duced by connecting small fixed capaci- 
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terminals provide adequate protection for 
the relay equipment. 

Part (i) illustrates the potential gradi¬ 
ent that is obtained when a combination 
of station ground potential and longitudi¬ 
nal induction exists. As one of these volt¬ 
ages is produced by resistance coupling 
and the other by mutual reactance cou¬ 
pling from the same current, the two are 
90 degrees out of phase with each other. 
(The voltage produced by mutual cou¬ 
pling is ahead, if the reference directions 
are used as indicated in Figure 6, and the 
pilot wires are more closely coupled to a 
power phase wire than to the ground re¬ 
turn.) As a result the voltage along the 
pilot wires varies not only in magnitude 
but also in phase position. Figure 9(i), 
shows the voltage magnitude to ground, of 
the principal parts of the circuit, but does 
not indicate the magnitude of voltage 
across the neutralizing transformers. The 
vectorial shift of the voltages along the 
pilot wires is illustrated in Figure 10. 

The distribution of voltages that are 
imposed on pilot-wire circuits and their 
terminal equipments, by induction and 
station ground potentials, can be deter¬ 
mined by use of the equations and dia¬ 
grams presented herein. It will be noted 
that in many instances this can readily be 
accomplished by first determining the 
distribution of induced voltages, per 
Figure (id, and then adding the rise in 
ground potential at right angles to it at 
the correct location in the circuit. The 
maximum stress on the pilot-wire insula¬ 
tion can be determined in this manner. 
If relay equipment is connected directly 
to the pilot-wire circuit, its insulation (and 
operating characteristics) must lie able 
to withstand such a voltage, or neutral¬ 
izing transformers must he installed to 
dissipate it and reduce the voltage stress 
at the relay to meet operating limitations. 
After the voltage distribution has been 
determined, as mentioned above, the 
effect of neutralizing transformers, or the 
use of grounding impedances, or of in¬ 
sulating transformers can lie determined 


by simply subtracting the impedance 
drops from the voltages that are impressed 
on the circuit. 

In general, all parallel wires that enter 
a cable at a given point should be pro¬ 
tected in a similar manner to make 
certain that all wires within the cable 
are held at the same potential. A cir¬ 
cuit of this kind should be studied, and 
the necessary protective measures must 
be taken to avoid the transfer of dis¬ 
turbing voltages from one set of wires to 
the other. 

The paper has reviewed the problem of 
protecting pilot-wire circuits with em¬ 
phasis on high-speed relay requirements 
and has presented mathematical and 
graphic aids to help the reader visualize 
it. It has also presented a mathematical 
analysis of a new tool, the two-winding 
neutralizing transformer, that is well 
suited to use in dissipating disturbing 
voltages that are frequently impressed on 
pilot-wire circuits. Use of this “tool” 
and the methods of analysis described 
should be of value to the users of pilot- 
wire circuits in avoiding difficulties that 
have been previously overlooked. The 
important points to be checked are the 
adequacy of insulation provided at differ¬ 
ent points in the ♦circuit, and the voltage 
that is impressed on the lightning arrest¬ 
ers. This latter point is of primary im¬ 
portance on leased circuits that are used 
with high-speed protective relays. The 
voltage distribution must be such that 
lightning protection is never operated by 
power-system disturbances. 

Appendix. General Case of 
Longitudinal Induction and 
Ground Potential 

In the general case where both station • 
ground potentials and longitudinal induced 
voltages are present, the voltage distribution 
can be determined in the following manner: 
First determine the distribution of the in¬ 
duced voltage in the pilot wires to obtain 
the value k; this is done with the terminal 



Figure 10. Vector 
voltage distribution 
along pilot wire ex¬ 
posed to both sta¬ 
tion ground poten¬ 
tial and longitudinal 
induction 
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equipment disconnected. Then complete 
the circuit to calculate the distribution of 
voltages in the entire circuit as will be ex¬ 
plained. 

As shown in Figure fid, the pilot-wire cir¬ 
cuit can usually be replaced by a T section 
composed of two parts of the induced volt¬ 
age, kE and ( I—k)E , and the total shunt 
capacitive impedance of the two Wires to 
ground, Z ep . This assumes that voltage 
drops in the series impedance of the pilot 
wires, caused by the shunt capacitive cur¬ 
rent, are negligible. The value of k can he 
determined by considering the voltage dis¬ 
tribution in the pilot wires with the neutral¬ 
ising transformers and terminal equipment 
disconnected. If shunt impedances are all 
capacitive, either distributed or lumped, the 
voltage distribution diagram can be con¬ 
structed as shown. The positive and nega¬ 
tive areas A are made equal, since they are 
proportional to the charging currents enter¬ 
ing and leaving the pilot wires, which must, 
be equal. This is most easily visualized by 
referring to Figure fid. Note that the 
abscissa is capacitance, rather than distance 
to allow for cable or open wire, and lumped 
capacitance effects. Thus the potential 
distribution diagram can be readily drawn 
from the known capacitances and induced 
voltages by making the areas equal. 

One of the most common cases is shown in 
Figure 11. Uniform induction, of total 
voltage E, occurs over a section having uni¬ 
formly distributed capacitance, totaling 
T' microfarads. The sum of remaining dis¬ 
tributed capacitance plus lumped capaci¬ 
tance at one end is S' and at the other end, 
2?'. For this case 

2R'+r 

2(2?'+r+50 (4) 

After" the potential distribution in the 
pilot wire above has been determined, that 
is, the value of k fixed, the equivalent dia¬ 
gram can be connected to the terminal 
equipment as in Figure 6c. A vector solu¬ 
tion of the resulting two-mesh network gives 
the various voltages and exciting currents. 


Sfptember 1942, Vop. 61 


Harder, Bostwick — Pilot-Wire Protection 


Transactions 651 








120-Kv Compression-Type Cable 


I. T. FAUCET! L. I. KOMIVES 
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HE oil-filled type of high-voltage 
paper-insulated cable has been used 
on all extra high-voltage underground in¬ 
stallations now in service in this country. 
While the major portion of these installa¬ 
tions operates at oil pressures under 30 
pounds per square inch, several of the 
shorter ones utilize oil pressures up to 
200 pounds per square inch (“oilostatic” 
type). Although an alternate system 1 in 
which a high gas pressure is applied ex¬ 
ternally to the lead sheath has been in 
commercial service abroad since 1932, it 
was not until recently that this type of 
cable, known as compression cable, re¬ 
ceived serious study here. In 1939 the 
Detroit Edison Company found that a 
system employing a welded steel pipe line 
offered a number of advantages over the 
conventional duct installation under the 
conditions existing over the route of a 


Paper 42-133, recommended by the AIEE com¬ 
mittee on power transmission and distribution for 
presentation at the AIEE summer convention, 
Chicago, Ill., June 22-26, 1942. Manuscript sub¬ 
mitted April 11, 1942; made available for printing 
May 20, 1942. 

I. T. Faucett is chief engineer, General Cable 
Corporation, New York, N. Y.; L. I. Komives is 
engineer, underground lines department, and 
H. W. Collins is assistant to the superintendent 
of the electrical system, both with Detroit Edison 
Company, Detroit, Mich.; and R. W. Atkinson is 
director of the high-voltage research department. 
General Cable Corporation, Bayonne, N. J. 

The authors are indebted to many of their engineer¬ 
ing associates who have contributed to this work. 
They wish especially to thank S. M. Dean, W. S 
Brown, F. G. Cox, R. C. Fellows, H. C. Frank, H. 
G. Hall, E. Johansson, L. Meyerhoff, E. Richman, 
C. B. Sharp, and G. J. Shurts. 


H. W. COLLINS R. W. ATKINSON 

ASSOCIATE AIEE FELLOW AIEE 

projected 120-kv underground circuit. 
For this reason the companies with which 
the authors are associated initiated an in¬ 
tensive laboratory and field investigation 
of the technical characteristics of several 
systems employing a steel pipe. The pres¬ 
ent paper describes some of the more in¬ 
teresting results of the technical investi¬ 
gation on the compression cable system. 

Essentially the compression-cable sys¬ 
tem comprises a cable that is in most 
respects an ordinary solid-type cable en¬ 
cased in a pressure chamber in which a 
gas pressure of approximately 200 pounds 
per square inch is applied externally to the 
lead sheath. In any high stress design it 
is necessary to eliminate entirely or nullify 
effectively the two important inherent de¬ 
fects of ordinary solid-type cable: 

1. The expansion and contraction of the 
impregnating compound with the load cycle 
must be provided for. 

2. The small but inevitable gas occlusions 
within the insulation must be rendered in¬ 
nocuous. 

In the low-pressure oil-filled cable the 
first requirement is taken care of by in¬ 
corporating an oil-flow channel or chan¬ 
nels within the cable and by locating along 
the route reservoirs having expansible 
cells and an external gas supply to main¬ 
tain positive pressure. The second pre¬ 
requisite is met by employing a design 
which allows more complete degassing of 
the oil and saturation of the paper than 


obtained in ordinary solid-type cable. 
Several investigators have patented de¬ 
signs in which impermeable expansible 
members and the associated gas supply 
are incorporated in the conductor or 
sheath of the cable itself. Because of 
economic considerations none of these 
latter designs has attained commercial 
recognition. In the compression cable 
system the cable is made noncircular so 
that the lead sheath by change of shape 
may serve as an impermeable expansible 
member, the action of which is made re¬ 
versible by external gas pressure. Thus 
the cable becomes self-compensating in 
that on increasing load the volumetric 
increase is accommodated by an increase 
in the cross-sectional area, while on de¬ 
creasing load the external gas pressure 
causes the reverse action to take place, 
thereby preventing void formation as a 
result of load changes. 

In actual practice the compression cable 
is made oval in cross section so that the 
shape is free to change in such a direction 
as to alter the minor axis at the expense 
of the major axis and hence alter the 
cross-sectional area without necessitating 
any large change in the periphery of the 
cable. A thin metal binder tape with 
paper tape over and under it is applied 
over the lead sheath in order to insure 
uniform diaphragm action along the 
sheath. The external gas pressure is 
secured by placing the cable in a welded 
steel pipe line filled with nitrogeii gas 
under pressure. By actual field and labo¬ 
ratory experience it has been found that 
a gas pressure of about 200 pounds per 
square inch is adequate to maintain a 
positive internal oil pressure sufficiently 
high to prevent ionization in those voids 



These are 

-*)£+• 
I,= 


(Zcr~hZ T -\-Z cp )(kE-\-E s ) 


(S) 
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E t and E s — station ground potentials at r 
and 5 

E =voltage induced in the pilot wires 

Frequently, the shunt capacitance to 
ground of the pilot wire will be so large that 
distribution of the phot wires 
wdl be relariveiy unaffected by the connec- 
neutralizing transformers and 
teitnumtmg capacitors, and Z er . Test 

this condition is whether the neutralizing 


transformer impedance (approximately 
100,000 ohms for a commercial design) is 
large compared with the capacitive reactance 
to ground (sheath) of the pilot wires. In this 
case corresponding to 2^ = 0, the disturb¬ 
ing voltages can be taken as E a +kE at the 
end and (l-k)E at the "r» end. The 
voltages e„ and e r can then be determined by 
multiplying Z es and Z cr respectively by the 
neutralizing transformer exciting current 
(Figure 7) corresponding to these disturb¬ 
ing voltages. 

A practical case of considerable impor¬ 
tance is that of station ground potential at 
only one end, combined with longitudinal 
induction from the same power current. For 
this case, represented in Figure 6c by jEV = 0, 
the longitudinally induced voltage E is 90 
degrees ahead of the station ground potential 
E s . Thus taking E a as reference, (E S = E S ) 
equations 5 to 9 reduce to 6a, to 9a as 
shown below: 

When £ r = 0 = reference =E S £=90° 

ahead =jE 
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Substituting these quantities in equations 
5 to 9. 
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E rp = E sp —jE (9a) 
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which are inherent in solid-type cable 
when operated in the usual manner. In 
consequence of the application of this 
principle of using high gas pressure in con¬ 
junction with an oval-shaped cable and 
the lead-sheath separator, it is possible to 
operate ordinary solid-type insulation at 
voltage stresses and conductor tempera¬ 
tures comparable with those used on the 
oil-filled type of cable. 

Experience Abroad 

The first commercial circuit of compres¬ 
sion cable was installed in England in 
10:i2. The cable used in this initial 66- 
kv installation was a three-conductor 
type IISO design, that is, a conventional 
three-conductor type II cable with round 
conductors and binder tape and a tri¬ 
angular-shaped sheath, the latter being 
obtained by omitting the major portion 
of the filler material. In order to dis¬ 
tribute the diaphragm action as uniformly 
as possible over the flat sides of the tri- 
angular-slmped sheath, a metal binder 
tape with an asphalted paper tape over 
and under it, was applied over the sheath. 
A rectangular steel wire armor applied 
with a long lay completed the makeup. 
The armor wires were considered neces¬ 
sary in order to permit the pulling in of a 
long length of cable without injury. It is 
the practice abroad to allow these armor 
wires to take the entire strain of the pull. 

While from an electrical point of view 
this installation has operated satisfac¬ 
torily siuee being placed in service, yet on 
the basis of subsequent experience and 
laboratory tests the use of the type IISO 
construction has been discontinued 
abroad and another construction known 
as type IISL has been adopted, because 
it is easier to manufacture and lends it¬ 
self better to diaphragm action of the 
lead sheath. In the latter design three 
oval-shaped conductors, each separately 
insulated, leaded and reinforced with 
several metal tapes, are cabled together 
with a short lay and armored with steel 
tape. 

In addition to the two designs men¬ 
tioned, both of which are installed in a 
steel pipe, a third type known as the self- 
cbntained compression cable has been 
developed abroad. In this design the 
function of the steel pipe is accomplished 
by an outer lead sheath which is separated 
from the diaphragm sheath by a spacer 
wire to provide a gas channel and is suita¬ 
bly reinforced to withstand high gas 
pressure. It was at first considered that 
this design might find some application 
for duct systems in this country. How¬ 
ever, to protect the metallic reinforcing 


tapes against mechanical damage and cor¬ 
rosion, a third lead sheath would be de¬ 
sirable. With the large conductor sizes 
commonly employed here, the resulting 
sheath losses, which cannot easily be pre¬ 
vented, would be excessive. In view of 
these facts, this type cannot be justified 
economically. ' 

At the end of 1940 there were over 55 
conductor miles of compression cable in 
service abroad operating at voltages 
ranging from 50 to 120 kv. Operating 
experience on these installations has been 
entirely satisfactory from an electrical 
standpoint. Electrolytic corrosion of the 
pipe was experienced on the first installa¬ 
tion in England as the result of poor pipe 
coating, and mechanical trouble near the 
joint wipes was encountered on a 50-kv 
installation in Copenhagen because of 
inadequate provisions for the differential 
longitudinal movement between cable and 
pipe. 

Because of the difficulty of. obtaining 
precise information on all phases of the 
foreign installations, and the hazard in¬ 
volved in extrapolating foreign experience 
to relatively large loads and consequently 
large conductor sizes normally used in 
this country, it seemed advisable to re¬ 
check fully the mechanical features of the 
system in the laboratory and in the fie ld 
by means of an experimental installation. 

Preliminary Studies 

Diaphragm Action 

It was first essential to determine 
whether the lead sheath could withstand 


indefinitely the diaphragm action result¬ 
ing from temperature changes occurring 
during normal operation of cable. Ac¬ 
cordingly extensive laboratory tests were 
made on pure lead sheath simulating the 
normal conditions of operation. 

It is reasonable to assume that the 
maximum daily temperature change 
would be approximately 20 degrees centi¬ 
grade, which would correspond to a vol¬ 
ume change of one-half of one per cent. 
This about equals the volume difference 
between an oval-shaped sheath in which 
the ratio of the minor to major axis is 0.9 
and a circular sheath of the same perime¬ 
ter. Assuming the maximum seasonal 
change to be 80 degrees centigrade, a vol¬ 
ume change of two per cent would occur. 
To obtain the desired information on the 
mechanical performance of the lead 
sheath it was necessary to subject the 
samples to changes in volume correspond¬ 
ing to both these daily and annual 
changes. The two per cent volume change 
Would occur once for every 365 of the 
one-half of one per cent volume change 
cycles. The test program adopted for 
most of the measurements consisted in 
subjecting the samples to one two per 
cent volume change and 300 one-half of 
one per cent volume changes in a 24-hour 
period. This accelerated laboratory test 
program subjected samples in a single 
day to the equivalent of approximately 
one year’s diaphram action under normal 
operation. 

Samples of compression cable 32 inches 
long were used for the tests. The dia¬ 
phragm action or change of volume was 


Table I. Test* of Diaphragm Action of Lead Sheath 


Sample 

Num¬ 

ber 

External 

Pressure 

Medium 

Internal 

Pressure 

Medium 

Type of Cycle 

Temp. 

Lead 

Thick. 

Mils 

Origin of 
Cracks 

No. of 
Cycles to 
Failure 

M-H . . 

...C. 




00 


a onn 

0-9 . . 

...C. 

...A... 

.. Vs-2% 4.8 min... 


00 


a ann 

0 - 10 .. 

...c. 

...A... 

.. 4.8 min*., 


90 


• « • 0 >Ov 0 

a Knn 

M-9 .. 

...c. 

...A... 

. .Vs-2% 4.8 min... 

.. .Room... 

.!.9o;:. 

.. Outside 

• • a ^ ,UUU 

... 5,000 

M-10 .. 

...c . 

...A... 

.. '/a— 2 % 4.8 min., . 


90 


a inn 

N-a .. 

...c. 

...A... 

.. V 2 —2% 4.8 min... 


90 


a Ann 

/Mo. . 

...c . 

...A... 

.. V*— 2 % 4.8 min... 


On 


• • a 

a inn 

0 - 11 .. 

...c _ 

...A... 

.. Vs-2% 4.8 min... 


90 


a Attn 

0 - 12 .. 

...c . 


.. l /a—2% 4.8 min... 

60 C 

90 


a inn 

AMI.. 

...c. 

...A... 

.. Vs-2% 4.8 min... 

...60 C !! 

. 90 


a inn 

.V-l . . 

...c . 

...A. . . 

.. 1/2-2% 4.8 min... 

. 60 C 

90 


ojsn 

P-2a . . 

...c. 

...A... 

;. l /s-2% 4.8 min.,. 

...60 C .. 

.. 90 


a Ron 

P -4 . . 

...c . 

...A... 

.. l /s- 2%20 min.... 


90 


a inn 

0-1 . . 

...c . 

...A... 

.. Vs-2% 4.8 min.... 

... Room... 

.. 80 


a nnn 

0-2 .. 

...c. 

...A..'. 

.. l /s-2% 4.8 min.... 

.. .Room... 

...80... 

.. Outside 

... 3,200 

0-3 .. 

...c . 

...A... 

.. Vs- 2 % 4.8 min.... 


, 80 


a 9 ftn 

0-13. . 

...B _ 


.. Vs- 2 % 4.8 min.,.. 

. ._ Room... 

90 


11 ftnn 

0-14. . 

...B.... 

...A... 

.. l /s-2% 4.8 min.... 

... Room... 

...90. 


11 800 

0-15.. 

... B _ 

...A... 

.. Vs-2% 4.8 min.... 

.. .Room. t . 

.. 90 


i a nnn 

0-18.. 

...B.... 

...B. .. 

. .Vs-2% 4.8 min..,. 

... Room... 

...90... 

. .Both sides.. 

.. . 24,000 

0-19.. 

...B.... 

...B... 

. A/t-2% 4.0 min_ 

.. .Room,.. 

...90... 

.. Both sides.. 

... 15,240 

PAa.. 

...D _ 

...B... 

..‘/s-2% 4.0 min.... 

.. .Room... 

...90... 

. .Bothsides., 

...17,000 


A—Oil initially degassed, but becoming slowly contaminated with air. 


B —Degassed oil protected by Sylphon diaphragms from air contamination. 

C —Compressed air. 

D —Nitrogen (water-pumped). 
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produced by causing pressure differentials 
between the inside and outside of the 
cable sheath. At the start of the tests 
oil, not highly degassed, was used as a 
pressure medium on the inside of the 
sheath and compressed air was used di- 
• rectly on the outside. The first eight 
samples tested on the cycle described 
gave a life ranging from 4,100 to 5,800 
cycles (number of one-half of one per cent 
volume cycles) at room temperature. 
Examination of these samples after failure 
showed evidence that the incipient cracks 
which occurred had originated on the out¬ 
side surface of the sheath. Since that 
surface was in direct contact with the 
compressed air it seemed likely that oxi¬ 
dation may have influenced the results. 
Subsequent tests were made in which 
carefully degassed oil was used as an ex¬ 
ternal pressure medium. This change 
immediately resulted in a life ranging 
from 11,500 to 13,000 cycles. Further 
precautions to insure carefully degassed 
oil on the inside as well as the outside of 
the sheath resulted in a life ranging from 
15,240 to 24,000 cycles, that is, a life ap¬ 
proximately four times as great as that 
obtained when no precautions against 
oxidation of the sheath had been taken. 

. Table I gives the results of laboratory 
tests on five different kinds of samples 
(M, N, O, P, Q) each representing some 
change in either sheath thickness, ten- 
sion of paper tapes during manufacture, 
or in degree of looseness of armor tapes. 
In general these structural differences had 
no significant effect on the life of the 
sheath. 

Samples tested with air as a pressure 
medium show that thinner sheaths and 
higher temperatures decrease the ability 
to withstand diaphragm action. This 
u'ieiy be attributed to the effect of oxida¬ 
tion. 

The test conditions differed from service 
conditions in two important respects, 
namely: 

(«). That each cycle is carried out in about 
/soo the time that would occur in practice. 

(6). That the volume ranges in the test 
cycles correspond to load conditions which 
are possible in service but are not normal 
for most installations. 

* u lsotl1 . of these respects, the test con- 
itions are the more severe. The stresses 
required to produce the same amount of 
deformation in the sheath are very much 
ess for slowly applied deformation. For 
a given deformation where the lead is not 
exposed to oxidation as under service con- 
tions, a greater number of cycles is re¬ 
quired to produce failure when the period 
is long than when it is short. In view of 


this and the fact that the number of full 
volume dailj- cycles per year will generally 
be less than 300, the approximate 50 
years represented by 15,000 cycles is a 
conservative estimate for the life of the 
lead sheath. 

Longitudinal Movement 

The usual practice for armored com¬ 
pression cable is to anchor the joints; 
however, it was felt that if the armor were 
eliminated, and the three conductors 
cabled with a comparatively short lay, 
the longitudinal movement would be re¬ 
strained without undue stress on the cable 
or joints. The following is a brief account 
of the tests designed to measure the mag¬ 
nitude of such restraining forces. 

The three conductors of a 50-foot sec¬ 
tion of 000,000-circular-mil unarmored 
compression cable were cabled to a six- 
foot lay, but not bound together, and then 
pulled into a six-inch inside diameter iron 
pipe of the same length. At one end the 
cable was anchored to the pipe, at the 
other end means were provided for apply¬ 
ing and measuring a restraining force of 
such magnitude as to prevent any move¬ 
ment of the cable with respect to the pipe 
end. The cable was heated by circulat¬ 
ing current in the conductors. Thermal 
equilibrium was reached with conductor, 
sheath, pipe, and ambient air tempera- 


then bound by hand with heavy cluck 
tape and tested. The maximum force 
reached was 4,500 pounds for a final 
conductor temperature rise of 59 degrees 
centigrade. 

These test results show that when the 
three conductors of a compression cable 
are cabled together in a lay of about six 
feet, but not bound, the longitudinal 
forces due to restrained thermal expansion 
are so low that no expansion bends are 
necessary. This was further verified by 
the field tests. On the other hand, if the 
conductors are bound together, either 
straight or twisted, or kept straight with¬ 
out binding, the forces developed are large 
enough to endanger joints of usual design. 

Outer Coverings 

A test was made to determine the abil¬ 
ity of duck tape, applied over the outer 
lead-sheath reinforcing tapes of an un¬ 
armored compression cable, to withstand 
the friction incident to pulling this type 
of cable into steel pipe. It was observed 
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A Unarmored compression 
cable 

tures of 83, 67, 43 and 23 degrees centi¬ 
grade, respectively. The maximum re¬ 
straining force required to prevent longi¬ 
tudinal movement during the thermal 
transition period was 475 pounds, which 
dropped to 350 pounds when the steady- 
state temperatures were reached. 

In view of the very small forces de¬ 
veloped by the cabled conductors, a simi¬ 
lar test was made on the same type of 
cable, in which the conductors 0 were not 
cabled or bound together in any manner. 
The final restraining , force was 3,000 
pounds, with a maximum of 3,500 
pounds reached during the transition 
period, for a final conductor temperature 
rise of 66 degrees centigrade. 

The cable Sample above described was 


_B—Armored compression cable 

Figure 1. Layout of experi¬ 
mental installation 

from laboratory tests that very thin tape 
was damaged in moving through the pipe 
even in a short distance of 50 feet. One 
of the samples used for test was covered 
with a 20-mil duck tape with salvage. 
This sample was pulled in and out of the 
pipe until parts of the sample had been 
subjected to the same amount of abrasion 
as would have been received if the cable 
had been pulled through a 2,000-foot sec¬ 
tion of pipe. Examination of the sample 
showed that the heavy duck tape was un¬ 
injured. 

Experimental Installation 

General Lavout 

The experimental circuit of the com¬ 


pression cable, shown in Figure 1, con- 
Fauiett, Electrical Engineering 





IFT-6INU- 


2FT-3IN.|— 2 FT 
4FT-6IN.-4* 


MANHOLE 12518 


1/33-4 

OBSERVATION 

CHAMBER 


^7-INC H PIPE 


I2y-IN. OUTSIDE DIAMETER PIPE 


Figure 2. Expansion 
bend for armored 
compression cable 


sisted of two cable sections each about 
700 feet long, one armored and one un¬ 
armored, installed in a welded steel pipe. 
The two sections were connected by 
means of a joint, and their free ends were 
provided with terminals for parallel 
connection with an existing 120-kv over- 
. head line. Suitable equipment was pro¬ 
vided for artificially loading the cable by 
circulating current through the two cable 
sections with the overhead line providing 
the return path. 

The Pipe Line 

Electrically welded steel pipe having 
an outside diameter of seven inches and 
shipped in double random lengths was 
used for this installation. The ends of 
each length were expanded and beveled 
for use with chill rings. In the field gas 
welding was used, and the welds were 
tested at 500 pounds per square inch air 
pressure. 

The terminal ends were housed in 3 B /s- 
inch outside diameter 0.120-inch wall 
copper pipes which were fitted and wiped 
into the trifurcating heads on the ends of 
the steel pipe line. 

The pipe -system was provided with 
nitrogen feeding equipment consisting of a 
standard cylinder of oil-pumped nitrogen 
and a gas-pressure regulator with pressure 
gauges. The line was equipped with a 
low gas-pressure alarm set for a pressure 
of 150 pounds per square inch. 

The Expansion Bend 

An expansion bend was installed near 
the end of the armored cable in order to 
protect the joint between the armored 
and unarmored compression cables from 
the longitudinal thrust exerted by the 
armored cable. Figure 2 shows the ex¬ 
pansion bend used in this installation, 
which was made of 12-inch steel pipe with 
reducers on both ends. The usual prac¬ 
tice abroad is to use an expansion bend 
on each side of the joint. 

Corrosion Protection Coverings 

The pipe on the unarmored compres¬ 
sion cable was given a coating of a ma¬ 
terial used extensively for pipe covering. 


This coating, designated as coating A , 
consisted of: a hot application of wax, a 
spiral wrapping of reinforced asbestos, a 
hot application of a service coat incor¬ 
porating natural asphalt, a spiral layer 
of a single membrane wrapper, and a 
spiral wrapping • of heavy kraft paper. 
The wax was an adherent coating, chemi¬ 
cally and mechanically fortified. 

On the armored section concrete was 
applied around the pipe in the trench to a 
minimum thickness of three inches. 

Cable Design 

The armored cable was of conven¬ 
tional design as used abroad. The three 
650,000-circular-mil Compack oval con¬ 
ductors were shielded and insulated with 
500 mils of impregnated paper. The in¬ 
sulation on each conductor was shielded 
and covered with 85 mils of lead. There 
was applied over each sheath three paper 
tapes, two reinforcing bronze tapes, and 
two saturated cotton tapes. This as¬ 
sembly was cabled with saturated jute 
fillers and covered with a heavy saturated 
duck tape, jute bedding and galvanized 
steel-wire armor. 

The individual legs of the unarmored 
cable were of the same construction as 
those in the armored cable, with the addi¬ 
tion of two 30-mil presaturated canvas 
tapes. These legs were cabled without 
fillers or further finish. Figure 3 shows 
a sectional view of the unarmored com¬ 
pression cable installed in a steel pipe 
having an outer protective covering. , 

Anchoring of the Cables 

The armored compression cable was 
anchored at two points: 

1. At the joint with the unarmored cable, 
to prevent the joint from being moved by 
the expansion of the cable. Due to proxim¬ 
ity of the expansion bend no large forces 
were involved. 

2. At a point approximately 40 feet from 
the terminal end the armor wires were so 
anchored as to withstand large longitudinal 
forces in either direction. The expansion 
occurring in the 40-foot section was calcu¬ 
lated to be negligible and would be taken up 
by the bend of the cables in the riser pipes. 
Therefore, at the joint between the terminal 


ends and the armored cable the armor 
wires were simply bound in place. 

With the above arrangement of anchor¬ 
age, a longitudinal movement roughly 
equal to that obtained in a 1,400-foot-long 
armored compression cable will take place 
in the direction of the expansion bend and 
joint between the armored and unarmored 
compression cables. To observe this 
movement a removable sight glass with 
reference mark was installed in the pipe 
near the end of the expansion bend as well 
as at other points in the line where such 
observation would be of use. The cable 
under each sight glass was equipped with 
a graduated scale which was fitted in 
proper position after the cable was placed 
in its final location. 

Normal Joints 

Figure 4 shows the normal joint used 
between the armored and unarmored sec¬ 
tions of cable. Figure 5 shows the de¬ 
tailed design for each phase. 

The design of the normal joint is of par¬ 
ticular interest, because it achieves the 
connecting of two sections of cable with¬ 
out any appreciable structural change at 
the point of joining. The design results 
in a joint that is simple, reliable, and of 
very small diameter, yet similar in con¬ 
struction to those used on high-voltage 
single-conductor solid-type cables. Very 
little schooling is therefore necessary for 
splicers well-versed in solid-type cable 
jointing to enable them to construct this 
joint. Diaphragm action takes place 
along the joint in a manner similar to that 
of the cable. 

Soldered-type countersunk copper con¬ 
nectors were used with an outside dimen¬ 
sion the same as that of the cable con¬ 
ductor. Semiconducting tapes were used 
to shield the connectors and applied so 
as to make good contact with the con¬ 
ductor shielding tapes. Long pencils 



Figure 3. Sectional view of unarmored com¬ 
pression cable installed in steel pipe having an 
outer protective covering 
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Figure 4. Normal joint between armored and 
unarmored sections of compression cable 

were made on the factory insulation by 
tearing each tape individually at points- 
one-eighth inch apart. Impregnated- 
paper tapes were tightly applied, butt- 
lapped, and wrapped in the same direc¬ 
tion, until the thickness of the hand- 
applied insulation exceeded that of the 
factory insulation by 20 per cent. Shidd- 
ing braid was applied over the insulation. 
The diameter was so made that it required 
considerable force to draw the oval sleeve 
over the joint core. The joint core was 
coated with cable oil before forcing the 
sleeve in place. This made the sleeve over 
the joint insulation fit as snugly as the 
regular sheath over the factory-applied 
insulation. The sleeve was then beaten 
down at the ends and wiped to the cable 
sheath. It was then reinforced with 
brass tapes similar to the reinforcing on 
the cable proper. After the individual 
joints were completed, they were tied 
together, the sted joint casing pulled over 
and welded in place. 

Laboratory tests had been made pre¬ 
viously on two joints of this design. The 
man making these joints had had no pre¬ 
vious experience in making paper-taped 
joints other than a single similar practice 
joint. The voltage program as spedfied 
in the Association of Edison Illuminating 
Companies Spedfication for Oil-Filled 
Cable was used with-the time reduced 
for the first step to P/a hours, and the 
20 per cent increase in voltage every 
three hours obtained in small steps every 
ten minutes instead of one large step at 
three-hour intervals. Breakdown volt¬ 
ages, expressed in volts per mil of cable in¬ 
sulation, of 436 and 445 were obtained. 
In both joints the breakdown was radial 
and over the connector; there were no 


other signs of stressing. These results 
compared favorably with values obtained 
on standard normal oil-filled cable joints 
of this voltage class. These laboratory 
values are probably very conservative as 
compared with what might be expected 
from the field jdnts where a more nearly 
circular connector was used, and where 
the tapes were applied with greater tight¬ 
ness by experienced splicers. 

Terminals 

Figure 6 shows the design of the ter¬ 
minals used on the experimental Hnp . 
These terminals have a brass-fitted bake- 
lite stop-tube assembly of sufficient 
strength to withstand the high internal 
operating pressure of the cable oil. This 
stop-tube assembly ends in a stem at the 
upper end and a flange at the lower end. 
The porcelain insulator, with a barrier 
assembly and stress cone, metal rings at 
top and bottom, and an insulator cap, is 
placed over the stop tube and bolted to 
the flange. The space between the stop 
tube and the porcelain is filled with oil. 
The terminal is essentially the same de¬ 
sign as that used for oil-filled cable with 
the addition of the stop tube. 

Compensators 

Compensators were used in order to 
allow for the expansion and contraction 
of the impregnating oil contained in the 
rigid stop tubes of the ter minal^ and 
thereby prevent overworking the sheath 
near the ends of the compression cable. 
The compensator may be described as a 
flexible membrane in a housing which is 
capable of withstanding 200 pounds per 
square inch pressure. The membrane 
separates the housing into two chambers; 
one containing oil is in direct communi¬ 
cation with the inside of the stop' tube, 
and the other containing nitrogen is con¬ 



figure 5. Detail for 
one conductor of the 
normal joint 


nected to the pipe line. Expansion of the 
oil in the stop tube and cable due to in¬ 
creasing temperature is accommodated by 
the movement of the membrane which is 
spring-loaded to provide a characteristic 
similar to that of the cable sheath. Dur¬ 
ing cooling the process is reversed, and 
thus complete impregnation of the ter¬ 
minal at all times without appreciable 
interchange of oil between the terminal 
and cable is insured. One compensator 
is connected to each terminal. 

Installation 

Methods usually employed for pulling 
cables into ducts were readily adapted to 
the installation of the compression cable 
in the steel pipe. At the start of the in¬ 
stallation of the armored compression 
cable, high pulling stresses (16,000 
pounds) were experienced on the pulling 
line when it passed around the expansion 
bend located at the pulling end of the sec¬ 
tion. As soon as the armored cable 
started to pass through the expansion 
bend, the pulling stresses on the line be¬ 
came normal. 

A maximum pull of 7,800 pounds was 
experienced during the installation of the 
unarmored cable. This corresponds to a 
coefficient of friction of about 0.54. For 
future installation of unarmored com¬ 
pression cable where an even lower pull¬ 
ing stress is desired, a half-round copper 
wire wound over the fabric tapes of the 
individual cables can be employed. 

In order to determine the effect on a 
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figure 6. Terminal for 120-kv compression 
cable 
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compression cable of nitrogen coining in 
contact with the insulation, the lead 
sheath of one phase of the unarmored 
cable was perforated with holes approxi¬ 
mately one-eighth inch in diameter at 
25-foot intervals throughout its length. 

Before the cables were pulled into their 
respective pipe sections, the piping was 
dried with hot air. After the cable was 
installed the pipe was evacuated and then 
filled with nitrogen at a low positive pres¬ 
sure. With the help of temporary seals, 
this nitrogen was kept in the pipes until 
the cable-splicing operations were com¬ 
pleted, at which time the pipe was filled 


in this installation withstood without 
failure impulse voltages up to 900 kv 
(the capacity of the generator). This is 
well above the 138-kv insulation level. 

Field Tests 

After the installation had been com¬ 
pleted the cable was subjected to repeated 
load cycles, and periodic measurements 
were made of the power factor and move¬ 
ment of the cable within the pipe. 

During the time that the cyclic load¬ 
ing tests were in. progress (a little over 
five months), the cable line was subjected 
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Figure 7. Curves of power factor versus 
voltage 
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with nitrogen gas at a pressure of approxi¬ 
mately 200 pounds per square inch. 
The nitrogen used was oil-pumped, guar¬ 
anteed to contain less than 0.3 per cent 
oxygen and 0.03 per cent water. 

Tests on the Cable Before 
Installation 

As the compression cable before in¬ 
stallation is essentially a standard solid- 
type cable, routine factory acceptance 
tests, usually performed on solid-type 
cable of similar insulation thickness, were 
considered adequate for detection of 
nonuniformities. The impulse strength 
of compression cables had been deter¬ 
mined by previous tests, 2 and calcula¬ 
tions showed that this cable would fail 
at a voltage in the neighborhood of 1,100 
kv. A sample of compression cable used 


to 54 load cycles with load on for 2 l / t 
hours and load off for 2Va hours, and 
249 load cycles with load on for 4 hours 
and load off for 4 hours. In addition, a 
number of cycles was used in which the 
load was applied for durations ranging 
from approximately 13 hours to 190 
hours. During the majority of the load 
cycles, the current ranged from 500 to 
550 amperes (or 10 to 20 per cent above 
the nominal 95,000-kva rating of the 
line ); during others, particularly those of 
the longer duration, the currents ranged 
from 460 to 510 amperes. 

The first few heating cycles produced a 
movement of seven-eighths inch in the 
armored cable at the entrance to the ex¬ 
pansion bend over 613 feet of cable and a 
slight initial adjustment of position of the 
unarmored cable. Subsequent heating 
and cooling cycles produced a cumulative 
3®/4-inch movement of the armored cable 
and no appreciable movement (one- 
eighth inch) of the unarmored section. 
This indicated that without armoring, the 
cables would absorb the longitudinal 
movement, thus making expansion bends 
unnecessary. During the recent cold 
season and without load, the armored 
cable has returned to its original position. 

Power-factor measurements were made 
on each conductor of the two connected 
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sections at voltages from 20 kv to 100 
kv to ground. An initial set of measure¬ 
ments was made before startin g the load 
cycles, and subsequent measurements 
made at intervals during the period that 
the cable was under test. It was not prac¬ 
tical to obtain the power factor of the test 
cable at elevated temperatures due to the 
relatively long time necessary to switch 
the test cable out of the circuit and con¬ 
nect up the power-factor measuring 
equipment. The measurements were 
made after the cable had been de-ener¬ 
gized for a period of 15 hours or more. 

These power-factor measurements as 
obtained on one of the conductors are 
shown in Figure 7. There was no signifi¬ 
cant difference in the measured values 
for the different conductors. It will be 
seen that there is a slight decrease in 
power factor in the later readings which 
were at slightly higher temperatures than 
the initial set. 

No noticeable difference in power fac¬ 
tor was apparent in the phase with holes 
in the sheath as compared to the other 
two phases. However, this cable has not 
been operating long enough to prove this 
point definitely. 

Summary 

1. Methods normally used for pulling 
cables into ducts can readily be adapted to 
the installation of compression cable in steel 
pipe. 

2. Conditions in this country make it pos¬ 
sible to eliminate the armor which is used 
on compression cable abroad. 

3. By cabling the individual lead-covered 
and reinforced conductors with a suitable 
lay, longitudinal expansion becomes of no 
practical importance, and expansion bends 
as used abroad can be eliminated. 

4. Diaphragm action of the lead sheath 
when in nitrogen shows indefinite life under 
simulated operating conditions. 

5. Compression cable is well suited for 
handling loads in the range of 100,000 kva. 

6. The experimental installation which has 
been installed for approximately one year 
shows no deterioration of the insulation even 
on the phase with the lead sheath perforated 
every 25 feet. 
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T HIS paper deals with the theory, 
manufacture, and testing of high-pres¬ 
sure gas-filled cable and describes an ex¬ 
perimental installation by the Detroit 
Edison Company in co-operation with the 
General Cable Corporation and a subse¬ 
quent commercial installation on the 
Detroit Edison system. 

While high-pressure gas-filled cable has 
been in successful operation in England, 
these are the first experimental and com¬ 
mercial installations in the world of this 
type cable in a steel pipe. The installa¬ 
tion of such cable in a steel pipe involves 
the removal of the lead sheath in the field, 
thus exposing the insulation to the at¬ 
mosphere and to the possibility of me¬ 
chanical injury during installation. Since 
the effect of such conditions is difficult to 
determine in the laboratory, the experi¬ 
mental installation was. made. 

The commercial line was subsequently 
installed on the Detroit Edison System 
and put in operation on December 31, 
1941. This line is seven miles long and 
designed to transmit 95,000 kva continu¬ 
ously at 120 kv. 

Experience Abroad 

High-pressure gas-filled cable has been 
in successful operation in England since 
1937 at which time installations of cable 
of this type were made for operation at 
33 kv and 132 kv. Today there are ap¬ 
proximately 25 conductor miles in suc¬ 
cessful operation at voltages ranging from 
33 kv to 132 kv and at pressures from 50 
to 225 pounds per square inch. These 
cables 1 are equipped with lead sheaths 
reinforced so as to withstand the operat¬ 
ing gas pressure. 

The high-pressure gas-filled cable makes 
effective use of the well-known fact that 
the dielectric strength of gas increases 
very greatly with pressure. The great 
gain possible by the use of high gas 
pressure in cable insulation has long been 
recognized. However, it was not until a 
more complete knowledge of other facts 
became available that effective use could 
be made of this principle. 

The low permittivity and dielectric loss 
of unsaturated paper made the use of this 
dielectric seem most promising. Many 
of the expected results were realized in 
cables made in this way; dielectric losses 
were very low, and there was no ioniza¬ 


tion at voltages well above operating 
voltage. However, the short-time and 
impulse breakdown voltages were very 
low. Since there was no measurable 
ionization at voltages just below failure 
it seems that complete breakdown in such 
a cable follows promptly after the small¬ 
est amount of ionization. 

An entirely satisfactory solution of the 
problem has been found by combining 
several features. The use of high- 
density low-porosity paper presaturated 
with a high-viscosity compound has 
eliminated the quickly destructive effect 
of ionization produced by overvoltage. 
These features, together with shielding of 
the conductors as advocated by two of 
the authors for all very high-voltage 
cable, 2 and with the use of very thin tapes 
near the conductors, have resulted in ob¬ 
taining an insulation entirely free from 
ionization up to about twice operating 
voltage and a dielectric strength (short- 
time or long-time) in the same range as 
for oil-filled insulation. Perfection of 
methods of drying and saturation, the use 
of a saturant of very low less, and the pre¬ 
vention of moisture absorption during 
taping have also resulted in extremely 
low dielectric loss and a high degree of 
Uniformity throughout the thickness of 
the insulation. 

Two different types of saturant have 
been used abroad. In the earlier ones, 
the saturant contained a very large per¬ 
centage of rosin and had a very high vis¬ 
cosity. However, it also had a high power 
factor and for this reason was not con¬ 
sidered entirely satisfactory. In later 
cables the saturant has been petrolatum. 
This has a low loss and does not migrate 
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at a temperature below its me^ 
of 50 or 55 degrees centigrad^ *** 
become very fluid at tempe* 
which cables may operate in 
try. Thus neither of these sat\^*’ 
entirely satisfactory particul^. ^ 
pipe cable installation. Th^ ^ 




used in the Detroit cables has 
viscosity, possesses extraordin^/J^ 
stability, and gives a cable of ^ 
electric loss as for the best c>£ 
power cables. The good result^ ^ 
on these cables are attributa^ 
small part to the development ^ ^ 
this saturant. 

The value of the very thin 
the conductor shielding lies 
the increase of specific dielectric 
of gas in very thin films. Beca llsc 
lower dielectric stress farther 
conductor, the thin tapes arc 
only near the conductor. Thus ^ 
ing the paper-tape thickness, the 
electric strength is secured for tlii 
as if all the paper were thin; at tla 
time there is secured greater free< 
the penetration of gas and more 
equalization of the pressure throu 
insulation wall. Moreover, the re 
cable withstands without damage -fc 
mal bending in manufacture and ii 
tion, as it could not do so fully if mi 
tirely of the thinnest paper. 

Nitrogen has been selected as tin 
sure medium, because of its good 
trie properties, its complete inertixe 
respect to the materials used in the 
and its commercial availability wi 
moisture and oxygen content. 


The SMD Type Cable 

The previous paragraphs dealt 
basic principles behind the high-P : 
gas-filled cable and apply to thi 
cable as manufactured in England 
the pipe type of cable manufa c ' tl: 
this country and hereafter desi#** 5 
SMD type. The difference in c03 
tion is in the outer enclosure. •A* 
reinforced lead sheath is used oV e;r 
sulated conductors to provide 
tight enclosure. An additio**^ 
sheath is usually employed to 
reinforcements. The SMD typ e ° 
pressure gas-filled cable retains 
tial insulation of the reinfor c ^fr 

-f* J. 

sheath type but does away with 
manent lead sheaths as used ab^' ^:3 f^ , 
three phases of even the 1^^ 
cables are installed in one corn*** 
sure chamber. This pressure 
a steel pipe which is in itself & ^ 
and which is designed to with^^ 
required pressure. A lead she^ 
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serves as a protective covering during 
shipment and storage is removed as the 
cables are installed. 

While the insulation of the SMD type 
cable is the same as for the reinforced 
sheath type, the removal of the lead 
sheath requires that a covering be placed 
over the insulation for protection during 
installation. In the cable used in the ex¬ 
perimental line this was accomplished by 
the application of a strong canvas tape 
over the insulation shielding tapes. The 
cable for the commercial line was manu¬ 
factured with a half-round copper wire 
over the canvas tape to increase the me¬ 
chanical protection and reduce the coeffi¬ 
cient of friction between the cable arid 
pipe. 

Since the installation of this type of 
cable requires the removal of the lead 
sheath in the field, the exposure of the in¬ 
sulation to the atmosphere, and the pos¬ 
sibility of mechanical injury during in¬ 
stallation, it was felt that an experimental 
installation was essential to demonstrate 
the practicability of installing this type 
of cable in a commercial line. 

While the superiority of insulation 
made with graded tapes of five mils and 
less was recognized, the question of 
whether or not an insulation built from 
papers of standard thickness, five mils or 
over, would be satisfactory was raised, 
To obtain an answer to this question, it 
was decided to employ all five-mil tapes 
in the SMD type cable used in the experi¬ 
mental line. The five-mil thickness was 
used to facilitate taping and to depart as 
little as possible from the standard practice 
used in the manufacture of power cables. 
In the cables built subsequently for the 
commercial SMD line, grading of paper 
thickness was employed, thus conforming 
to the practice abroad. 

Manufacture 

The cable in the commercial installa¬ 
tion was of the following construction: 
single conductor 600,000 circular mils con¬ 
centric round strand, 600 mils preimpreg¬ 
nated wood-pulp paper of graded thick¬ 
ness from 2 V 2 to 6 mils, two metal-faced 
paper tapes applied next to the conductor, 
and two metal-faced tapes over the in¬ 
sulation (all metal-faced tapes included 
in the 600-mil wall thickness), bronze 
shielding tape intercalated with a satu¬ 
rated muslin tape, one 20-mil paraffin 
saturated tape, one half-round 200- by 
100-mil copper wire applied in open spiral, 
and a 94-mil temporary lead sheath. 
Figure 1 shows a sectional view of this 
cable installed in the steel pipe having 
an outer protective covering. 


Before being applied to the cable, the 
paper tapes were dried and saturated with 
an oil having a viscosity of 3,000 seconds 
Say bolt Universal (50 centipoises) at 100 
degrees centigrade. The preimpregnated- 
paper tapes were wrapped on the conduc¬ 
tor in a standard taping machine and in 
the usual manner, except that the entire 
machine was enclosed in a room where in 
the relative humidity was maintained 
below 20 per cent regardless of outside at¬ 
mospheric conditions. This humidity 
control, together with precautions taken 
during impregnating, handling, and stor¬ 
ing, greatly reduced the moisture content 
in the finished cable. 

The cable for the experimental installa¬ 
tion differed from the above only in the 
omission of the half-round copper wire, 
the use of five-mil paper tapes through¬ 
out, and the application of paper tapes 
without humidity control. 

Specification 

SMD type cable may be tested in ac¬ 
cordance with the Association of Edison 
Illuminating Companies Specification for 
Oil-Filled Cable, provided that during the 
electrical tests an internal nitrogen pres¬ 
sure of 30 pounds per square inch is 
maintained on commercial lengths and 
225 pounds per square inch on samples. 
The temporary lead sheath on the com¬ 
mercial lengths should, of course, be of 
sufficient strength to withstand this pres¬ 
sure. 

* 

Experimental Installation 

The experimental circuit of SMD type 
cable consisted of one section of cable of 
approximately 700 feet in length with 
normal joints at each end connecting to 
the terminal end cables. Terminals were 
provided at each end for connection with 



Figure 1. Sectional view of SMD type cable 
installed in a protective-coated steel pipe 


an existing 120-kv overhead line. The 
cable was installed inaseven-inch-outside- 
diameter welded steel pipe having a wall 
of 0.231 inch and filled with nitrogen gas 
at a pressure of approximately 200 pounds 
per square inch. The pipe section housing 
the cable was provided with manholes at 
each end at which points sight boxes 
were provided for observing cable move¬ 
ment. 

Two different types of protective cover¬ 
ings were applied to the pipe. About half 
of this 700-foot section was covered with a 
coating of plasticized coal-tar enamel. 
Joints in the pipe were hand-coated with 
the same material. The balance of this 
section of pipe was covered with Somas- 
tic. This material consists of a primer 
coat over which was extruded, hot, a half 
inch of asphalt mastic material. 

The joints and terminals were of the 
same general design as used on the com¬ 
mercial line and are described hereafter. 

Since it was desirable not to expose the 
insulation to the atmosphere any longer 
than necessary, a mechanical stripping 
device was designed which folded the lead 
sheath back as the cable : was pulled into 
the pipe. V-shaped grooves were made 
in the lead sheath during the lead cover¬ 
ing process in order to facilitate stripping. 
It was found, however, that scoring of the 
lead sheath by hand in the field was still 
necessary, and that mechanical stripping 
increased the pulling stresses consider¬ 
ably. It was thus unnecessary to score 
the lead at the factory, as scoring in the 
field was all that was required to facilitate 
this operation. 

Field Tests 

Measurements were made after the in¬ 
stallation had' been completed in order to 
determine what effect cyclic loading of 
the cable would have on the power factor 
of the insulation and what movement of 
the conductors would take place. 

The cable which was connected to the 
120-kv overhead line was subjected to 
load cycles by the circulation of current 
through the conductor with the overhead 
line acting as the return path. During the 
first 54 cycles the load was on for 2 1 /* 
hours and off for 2 V 2 hours. This was 
followed by 249 cycles of longer duration 
with the load on for 4 hours and off for 4 
hours. In addition there were a number 
of cycles in which the load was applied for 
durations ranging from 13 to 190 hours. 
For the majority of the load cycles the 
current ranged from 500 to 550 amperes 
(or 10 to 20 per cent above the nominal 
95,000-kva rating of the line). The 
maximum change in copper temperature 
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VOLTAGE- KILOVOLTS 


Figure 2. Curves of power factor versus voltage 
for experimental installation 


Curve 

Date (1941) 

Cable Temperature 
(Degrees Centigrade) 

A . 


.......... 2.6 

B . 

.May 17.... 

.19.6 . 

C . 



D. 



£. 

.August 6.... 



that occurred during this period of load¬ 
ing was 58 degrees centigrade. 

The above load cycles produced only a 
slight initial adjustment in the position of 
the cable, and no further movement of 
the cable occurred thereafter. This indi¬ 
cates that there is sufficient space in the 
pipe to absorb the longitudinal thermal 
expansion. 

Power-factor measurements were trmdp 
on each of the three conductors at volt¬ 
ages from 20 kv to 100 kv to ground. An 
initial set of measurements was made be¬ 
fore loading and repeated at intervals 
during the period that the cable was being 
subjected to the loading cycles. The 
measurements were made after the load 
had been removed from the cable for a 
period of 15 hours or more. It was not 
feasible to obtain power-factor measure¬ 
ments at elevated temperatures, since it 
required a relatively long time to switch 
the experimental cable out of the circuit 
and connect up the power-factor meas¬ 
uring equipment. 

The power-factor data as obtained on 

Figure 3. Cell for measuring thermal resistivity 
of soil 

Ceramic tube wound with Chromel wire to 
dissipate 200 watts at 120 volts 


one of the conductors are shown in Fig¬ 
ure 2. There was no significant difference 
in the measured values for the different 
conductors. It will be noted that the 
later power-factor values are noticeably 
lower than the earlier ones. The first tests 
were made at 2.6 degrees centigrade, and 
the last one at 27.7 degrees centigrade. 
This is entirely consistent with laboratory 
data, which show that in the lower range 
of temperatures the power factor of the 
insulation decreases as the temperature 
increases. These measurements show no 
evidence of deterioration of the insulation. 

Soil-Resistivity Measurements 

During the period that tests were being 
conducted on the experimental installa¬ 
tion, soil-resistivity measurements were 
made for use in designing the commercial 
line. Measurements were made to deter¬ 
mine the thermal resistivity of the earth 
under varying seasonal conditions and 
for different types and conditions of soil. 
A cell was used consisting of a copper 
cylinder twelve inches long and three 
inches in outside diameter, with a one- 
eighth-inch wall, and equipped with an 
internal electric-heating element. This 
heater was capable of dissipating 200 
watts at 120 volts, uniformly over the 
walls. A copper-constantan thermo¬ 
couple was embedded in the mid-point of 
the cylinder wall. The general construc¬ 
tion of this cell is shown in Figure 3. 

This cell was buried vertically in the 
ground; the heater supply and thermo¬ 
couple leads were brought out to a con¬ 
venient point. Means were also provided 
for measuring the ambient earth tempera¬ 



ture nearby. Sufficient energy was sup¬ 
plied to the heater element to cause a 40- 
to 50-degree-centigrade rise between 
cylinder wall and ambient earth. For the 
soils so far tested an input of 50 watts has 
been necessary. 

The earth thermal resistivity (in de¬ 
grees centigrade per watt per centimeter 
cube) may be computed from the formula 
g— (l2'S>/W)(Ti~T^\ when W = watts 
input, T i=temperature of cylinder wall, 
and r 2 =temperature of ambient earth. 
This formula is empirical and was derived 
by comparison with the results obtained 
from such a cylinder with those obtained 
with a sphere. 8 

Figure 4 shows values of resistivity for 
three types of soil encountered along the 
route of the commercial line, as well as 
the variations in resistivity that are 
caused by the changes in moisture con¬ 
tent during the different seasons of the 
year. 

Tests with the thermal resistivity cell 
at what will probably be the locality 
where the soil has the highest thermal 
resistivity along the commercial line (in 
fine sand) show maximum average values 
of 120 during the dry season. In other 
areas where loam prevails, maxim um av¬ 
erage values of 95 and 75 were measured 
during the dry and wet seasons, respec¬ 
tively. Corresponding measurements 
where heavy clay prevails show resistivi¬ 
ties of 105 and 95, respectively. 

Commercial Line 

General Layout 

The commercial line consists of a seven- 
mile circuit installed under paved city 
streets. The cable used has previously 
been described under “Manufacture” 
and was shipped and installed in lengths 
of approximately 1,500 feet. The pipe 
line consisted of seven-inch steel pipe 
protected from corrosion by means of 
Somastic pipe covering. The line is sec- 
tionalized by stop joints, one near each 
termination and four at intermediate 
points, thus dividing the line into five ap¬ 
proximately equal sections. These stop 


150 


dec 

13 LI, 


£uS 
willO 

Ss 

§g90| 

So 

*X 70 

pui 
| a 50 




■■ 


—— 

—— 

— 

— 

r 

-— 


ns- 

f 









r 












E2 

23 










m 


m 

m 









- 

■SSSJBI 

M 

m 




z 






1 

Al 

m 

a 

sa 

S 

m 




■ 

m 

m 

a 

m 

WA 

m 

n 

m 





m 

■ 



m 

m 

m 

n 





_i 


— 1 

n 


Z 

u 

m 

a: 

nc 


□ 

111 

□ 

•s. 

□ 

<3 

__L 

1— Urn 

zl 

□ 

zt 

□ 

■ 


< Q. < z U 2 

2 < 5 => =» < 

-> 


gj « Q £ * 


a 


10 


O Z o T u. 


2 


19.41 I94 2 

Figure 4. Seasonal soil-resistivity curves 


660 


Transactions 


Faucett, Komives, Collins, Atkinson—High-Pressure Cable Electrical Engineering 














HAND APPLIED INSULATION 



CRADLE 


Figure 5. Normal joint for SMD type cable 

joints are provided so that if repairs to the 
steel pipe are required, because of cor¬ 
rosion or for other reasons, it will be neces¬ 
sary only to discharge the nitrogen from 
the section involved. Sectionalizing the 
line also facilitates the location of a gas 
leak in the steel pipe if a leak should occur. 
In normal operation the stop joints are 
by-passed by a pipe containing a valve 
which may be closed for sectionalization. 
Nitrogen tanks were connected through 
pressure regulators to the ends of the pipe 
to take care of any leakage. A low pres¬ 
sure alarm was installed to operate when 
the gas pressure drops to 150 pounds per 
square inch. 

Installation 

The temporary lead sheath was scored 
and stripped by hand, as the three cables 
were pulled as a unit into the steel pipe. 
No difficulty was encountered in pulling 
these 1,500-foot lengths. The maximum 
pulling stress that occurred on any of the 
sections was 7,200 pounds which cor¬ 
responds to a maximum coefficient of fric¬ 
tion of 0.37. 

* For a distance of approximately 15 feet 
on each end of the cable sections, the 
lead sheaths were allowed to remain to 
facilitate making the joints, and to permit 
sealing the cables in the steel pipe during 
installation. The cables were sealed in 
the pipe by means of trifurcating heads, 
which consisted of a flange and gasket 
bolted to the pipe ends and three lead 
nipples wiped to the cable sheaths. 

Previous to pulling in the cable, each 
section of pipe line between manholes was 
tested for leaks with 500 pounds per 
square inch air pressure for 24 hours. 
The pressure was then released, and the 
pipe filled with dry nitrogen gas at a pres¬ 
sure of 5 to 10 pounds per square inch. 
This pressure was maintained until the 
cable was pulled. After the cable was 
pulled, the ends of each section were • 


sealed by means of the trifurcating heads, 
and dry nitrogen gas admitted at a pres¬ 
sure of 5 to 10 pounds per square inch. 
After each section between stop joints 
was completed, it was evacuated. When 
all sections of the line were completed, the 
line as a unit was filled with dry nitrogen 
gas at 200 pounds per square inch. 

Normal Joints 

The normal joints, shown in Figure 5, 
are essentially the same in the experi¬ 
mental and commercial lines and were 
hand-taped with presaturated paper. 
Soldered-type countersunk copper con¬ 
nectors having a diameter the same as 
that of the cable conductor were used. 
These avoid the regions of high stress 
that occur near the ends of standard con¬ 
nectors. Stress control was further im¬ 
proved by the use of semiconducting 
tapes for shielding the connectors. These 
tapes were applied so as to make good 
contact with the conductor shielding 
tapes. Long pencils were made on the 
factory insulation by tearing each tape 
individually at points approximately one- 
eighth inch apart. The paper tapes were 
applied butt lap to a thickness 20 per cent 
greater than that of the factory-applied 
insulation. 

The hand-applied insulation was 
tapered at the ends of the joint by tearing 
the successive tapes at points 9 /w inch 
apart. The joint was completely shielded 
with tinsel copper braid. Special rubber 
sleeves were temporarily pulled over the 
completely insulated and shielded joints 
to protect them against dirt and moisture 
and to permit maintaining low gas pressure 
on the insulation. The ends of these rub¬ 
ber sleeves were sealed with rubber tape 
to the short sections of lead sheath left on 
the cable ends. After all three joints were 
completed, the rubber sleeves were re¬ 
moved, the wipes at the trifurcating 
heads melted off, the trifurcating heads 
moved two inches from the pipe ends and 
the wipes remade. This procedure per- 



Figure 6. Stop joint 
for SMD type cable 


mitted entrance of gas into the joint 
casing and anchored the cables at the 
joint. The enlarged section of pipe form- 
ing the joint casing was then pulled over 
the joint and welded in place. 

Stop Joints 

The stop joint, shown in Figure 6, is 
essentially the same as those used for 
oil-filled cable. The stop tubes have 
somewhat greater wall thirlmp ss to give 
strength to withstand safely a differential 
pressure of 225 pounds per square inch. 
At one end the three stop tubes are sealed 
to a diaphragm through which the cables 
pass. This diaphragm is sealed to the 
outer joint casing. The condenser unit 
for each of the three individual joints is 
similar to the condenser for oil-filled cable 
except that it is wound with preimpreg¬ 



nated paper, and no individual oil-tight 
outer sleeves are used. This allows the 
gas to come into direct contact with the 
insulation of the condenser, thus improv¬ 
ing its dielectric strength in the same 
manner as for the cable proper. 

Terminals 

The terminals used on both the experi¬ 
mental and commercial lines have a brass- 
fitted bakelite stop-tube assembly similar 
to those used in the stop joints but of 
greater length. This stop tube assembly 
ends in a stem at the upper end and a 
flange at the lower end. „ The porcelain 
insulator, with a barrier assembly and 
stress cone, metal rings at top and bot¬ 
tom, and an insulator cap, is placed over 
the stop tube and bolted to the flange. 
The space between the stop tube and the 
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Figure 8. ionization tests at different gas 
pressures on 600,000-circular-mil cable with 
600-mil insulation 


Curve Pounds Per Square Inch 


A . 0 

B . 50 

C.100 

D.150 

£.200 and 225 


porcelain is filled with oil. Thus the ter¬ 
minal is essentially that used for oil- 
filled cable with the addition of the stop 
tube. The terminals are installed in a 
manner similar to single-conductor ter¬ 
minals on oil-filled or solid-type cables. 
Figure 7 shows the design of these ter¬ 
minals. 

Manholes 

The 24 normal and 6 stop joints were 
housed in manholes having brick walls, 
concrete floors, rail-supported brick ceil¬ 
ings, two chimneys, and built-in pulling 
eyes. The normal joint manholes were 
12 feet long, 4 feet 9 inches wide, 6 feet 
high, and those housing the stop joints 
were 17 feet 10 inches long, 5 feet 6 inches 
wide and 5 feet high. Corrugated gal- 
vanized-iron culverts, concentric with the 
pipe, were used for storing the steel-joint 
casings out of the way of the splicers dur¬ 
ing construction. One such culvert was 
provided in the normal-joint manholes 
and two in the stop-joint manholes. 

Laboratory Tests 


sure of 225 pounds per square inch. In 
general, there was no appreciable ioniza¬ 
tion at 140,000 volts and 200 pounds per 
square inch. It is apparent also that at 
approximately 80,000 volts and 100 
pounds per square inch, no appreciable 
ionization occurs. Thus the minimum 
safe operating gas pressure for this cable 
is approximately 100 pounds per square 
inch. Ionization data on this lot of cable 
may be summarized as indicated in 
Table A. 

Compound Migration 

The fact that this cable was to be in¬ 
stalled in a steel pipe without a lead 
sheath made it necessary to determine 
whether at high temperatures the im- 
pregnant would flow out of the paper into 
the pipe, or when installed vertically, 
the compound would flow longitudinally 
of the cable. If such migration would be 
harmful, the effect would become ap¬ 
parent from ionization tests. In Figure 9 
are curves showing ionization tests on a 
sample of cable after heating for 65 days 
at 100 degrees centigrade in an inverted 
U position. The sample in the bent posi¬ 
tion had an over-all height of 15 feet of 
which only a very small part was con¬ 
sumed by the storage of the small amount 
of drained compound at the lower ends 
in the space between the lead sheath and 
insulation. This offered as complete an 
opportunity for drainage as for a cable of 
any height. The cable was allowed to cool 
for eight hours each day for 38 of the 65 
days. Initially and also after 43 days’ 
heating there was no ionization at 140 kv 
and 225 pounds per square inch, but after 
65 days’ heating ionization started at 
130 kv. Thus it is safe to assume, since 
there was no change after 43 days’ heating 
at 100 degrees centigrade, and only a 


Power Factor Versus Pressure and 
Voltage 

The effect of different gas pressures on 
the power factor at different voltages is 
shown in Figure 8. This cable operates 
at approximately 70,000 volts to ground 
and was designed to show no measurable 
ionization at double working voltage, or 
140,000 volts, when under a nitrogen pres¬ 

Table A 
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Figure 9. Ionization tests at different gas 
pressures on 600,000-circular-mil cable with 
600-mil insulation, after being heated for 65 
days at 100 degrees centigrade in an inyerted- 
U position 


Gas Pressure 

Voltage at Which 
Ionization Begins 



(Lb, Per Sq. In.) 

Curve 

Pounds Per Square Inch 

Atmospheric 

60 

100 . 

iso 

200 . 

.......Approximately23 kv 

....... Approximately 50 kv 

...-100-120 kv 

.... . lon-ian t.. 

A . 
fi....... 

C... 

D.. 


225 . 


. ,£ . 

F « • a • • « t 



slight change after 65 days’ heating, that 
migration is not a problem at normal op¬ 
erating temperatures even in vertical runs. 

Radial Power Factor 

It has been customary in the industry to 
measure radial power factor at 60 degrees 
centigrade. In order to exaggerate effects 
on power factor of small quantities of 
contaminants, notably moisture, radial 
power factor tests on SMD type cable 
were made at 80 degrees centigrade. The 
greater sensitivity of measurements at 
80 degrees centigrade, as compared with 
60 degrees centigrade, is markedly shown 
in Figure 10 where curves C and D show 
radial power factor at these respective 
temperatures. The sample of cable used 
for these measurements was an experi¬ 
mental section made before the procedure 
used in the construction of this type of 
cable had been perfected. 

Figure 11 shows the very high degree of 
correlation that exists between the power 
factor and moisture content. The radial 
moisture-content curve has been super¬ 
imposed on the radial power-factor curve, 
and the variations in the moisture con¬ 
tent are closely followed by variations in 
the power factor. These measurements 
were made on samples taken from the sec¬ 
tion of experimental cable mentioned as 
having been made before the manufac¬ 
turing technique was perfected. To ob¬ 
tain an accurate measure of moisture con¬ 
tent, groups of tapes were used instead 
of single tapes. Tests made on a number 



Figure 10. Radial power factor on experi¬ 
mental and commercial cables 


A — New cable, "commercial," measured at 
80 degrees centigrade 

B— Same cable as A after 113 days at 100 de¬ 
grees centigrade 

C— New cable, "experimental," measured at 
80 degrees centigrade 

D —Same cable as C measured at 60 degrees 
centigrade 

E —Same cable as G after 99 days at 100 de¬ 
grees centigrade, measured at 80 degrees 
■ centigrade 
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Figure 11. Radial power factor and moisture 
content of experimental cable 

A —Radial power factor on '‘experimental'* 
cable, measured at 80 degrees centigrade 

B —Radial moisture content on "experimental" 
cable 

O—Radial power factor on "commercial” 
cable, measured at 80 degrees centigrade 


C and E show a similar radial’power- 
factor^ comparison of "experimental 
cable,” which was manufactured before 
moisture control was perfected. 

Dielectric Strength 

The results of dielectric-strength tests 
on thirteen 30-foot samples taken from 
the cable made for installation in the com¬ 
mercial line are shown in Figure 13. 
These samples were tested at a gas pres¬ 
sure of 225 pounds per square inch. There 
are shown, also, two tests on cable tested 
at 30 pounds per square inch pressure, one 
test on cable drained before voltage ap¬ 
plication, and one test on cable at high 
temperature. It will be observed that,, for 
tests of a duration between about 1 hour 
and 100 hours, the approximate life to 
failure varies inversely as 7.5 power of the 


of samples show that when the moisture 
content is below one half of one per cent, 
it has no significant effect on power factor. 

A very noticeable improvement in the 
80-degree-centigrade radial power factor 
took place after the room humidity was 
maintained below 20 per cent during the 
taping operations. This improvement 
is demonstrated by the comparison of the 
radial power factor curves A and C shown 
in Figure 11 for cable made before and 
after the adoption of humidity control. 
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TEMPERATURE - DEG. C 

Figure 12. Curves of power factor versus 
temperature 


A—SMD type cable "commercial” 
B Typical for oil-filled cable 


Power Factor—Temperature Char¬ 
acteristic 

Figure 12 shows a typical power factor 
versus temperature curve for SMD type 
cable made by the latest practice. This 
compares very favorably with the best of 
other types of cable insulation, including 
that used on oil-filled cable. 

Temperature Stability 

The temperature stability of the in¬ 
sulation is as important for SMD type 
cable as for other types. The excellent 
temperature stability of the cable made 
for commercial use is shown by curves A 
and B of Figure 10. Curve A shows the 
radial power factor at 80 degrees centi¬ 
grade for the new cable, and curve B 
shows the same characteristic on another 
sample of the same cable after 113 days at 
100 degrees centigrade. In both cases 
the power-factor curve is essentially flat 
for the full section of the insulation. The 
aged sample shows no indication of an in¬ 
crease in power factor; in fact, this sample 
shows a somewhat lower average power 
factor than the unaged sample. Other 
samples show no appreciable change in 
over-all power factor after aging for 162 
days at 100 degrees centigrade. Curves 


voltage. There is little or no decrease of 
strength for periods aboye 100 hours. For 
periods less than on? hour the strength in¬ 
creases much less rapidly with decreasing 
time than in the range between 1 and 100 
hours. The ' fact that the dielectric 
strength for a period of a few hours is re¬ 
duced no more than about 10 to 20 per 
cent when tested at 30 pounds per square 
inch instead of 225 pounds per square inch 
is rather remarkable. Drainage under 
very severe conditions, that is, with the 
cable supported in an inverted U position 
and maintained at a temperature of 100 
degrees centigrade throughout the cross 
section for a period of 44 days, reduced 
the strength 10 per cent when tested at a 
voltage which produced failure in 125 
hours. The sample tested hot was held 
at 75 degrees centigrade by circulating cur¬ 
rent in the sheath of the cable for about 
1,250 hours. Voltage was maintained on 
it, while hot, for about 530 hours at values 
increasing from 120 kv to 165 kv. The 
result of this test was plotted as the 
equivalent of 108 hours at 160 kv. Even 
on this basis the test was rather better, 
than the average of the cables tested with¬ 
out heating. It is also to be noted that 
the power factor at 75 degrees centigrade 


remained at about 0.3 per cent throughout 
the test with no tendency to increase. 

Figure 8, which shows the power fac¬ 
tor versus voltage characteristic, gives a 
basis for understanding the high long¬ 
time strength of this insulation. For a 
given over-all average stress in the insula¬ 
tion, the actual stresses in the paper and 
in the oil are lower than in other types of 
insulation, because of low specific induc¬ 
tive capacity caused by the gas spaces. 
Thus, as long as there is no break¬ 
down in the gas spaces, it is clear that 
long-time dielectric strength should be 
at least as great as for the best of other 
types of insulation—namely oil-filled in¬ 
sulation. The "ionization” test is one of 
the best 1 criteria of the beginning of ioni¬ 
zation in the gas spaces. It is recognized 
from extensive tests and engin eering ex¬ 
perience that the effect of electrical stress 
in a gas changes sharply and completely 
at the beginning of ionization (ionization 
by collision). Above that stress the gas 
becomes a partial conductor. Even more 
serious than this is the effect of the bom¬ 
bardment of the solid and liquid insula¬ 
tion at the boundaries of the gas spaces 
in the gas. This bombardment produces 
"wax formation,” charring of the paper, 
"coring,” and ultimate breakdown. Be¬ 
low the ionization voltage, however, th e 
stress has substantially no effect on the 
insulation, and, so far as the stress is con¬ 
cerned, the cable should last indefinitely. 

A great deal of information has been 
obtained by dissecting completely (un¬ 
winding) the entire length of these many 
test specimens. In the tests in which 
complete failure took place after more 



Figure 13. Voltage-time curve 

x—Test made at room temperature and 225 
pounds per square inch pressure 

o Test made at room temperature and 225 
pounds per square inch pressure after the 
cable had been heated to 100 degrees centi- 
srade in an inverted-U position for 44 days 

•—Test made at 75 degrees centigrade and 
225 pounds per square inch pressure after 
1,250 hours at 75 degrees centigrade 

A Tests made at room temperature and 30 
pounds per square inch pressure 
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than 24 hours, there were frequently 
found one or more partial failures. Be¬ 
cause of the small extent of the burning, it 
was possible to obtain from these partial 
failures very complete information as to 
their course. The different partial fail¬ 
ures were evidently of similar character 
but in different stages of development. 
They originated in the butt space of the 
tape next to the conductor, usually so 
dose to an edge of the tape as to burn it 
slightly. When several of these partial 
failures in different stages were examined, 
some were found with only a few layers of 
paper punctured, the size of the hole in¬ 
creasing outwardly from the conductor. 
In the more advanced stages, the outer¬ 
most tapes were discolored (brown), 
usually to a diameter of 1 / S2 inch to Via 
inch, but sometimes to a diameter up to 
V8 inch. In still later stages, “tree de¬ 
sign” or “dandrites” appeared at the tip 
of the advancing puncture. In later 
stages, these spread radially and out¬ 
wardly toward final failure. The brown 
spots were evidently an immediate fore¬ 
runner of the “tree design,” since the 
first appearance of both occurred when 


the penetration had reached about five 
per cent or ten per cent of the total in¬ 
sulation thickness. 

Elsewhere than at the complete <gnd 
partial failures, the insulation seemed only 
slightly affected by the test. The odor 
(“mouse-nest odor”) which characteristi¬ 
cally accompanies insulation tested at high 
stress was prominent; but no other ef¬ 
fects were observed except that on rare oc¬ 
casions traces of wax were found. Several 
samples were tested after repeated bend¬ 
ing produced by rereeling 10 to 15 times 
around a drum having a diameter of 
about 16 times the cable diameter. These 
broke down at 140 kv after durations of 
31 to 70 hours. Examination showed that 
the insulation had been displaced by the 
handling. This displacement had resulted 
in regions of wide intertum gaps or val¬ 
leys between tapes (up to about 0.2 inch 
as compared with about 0.06 inch before 
bending) alternating with cross sections 
where these valleys were practically 
closed. This characteristic was sub¬ 
stantially uniform throughout any cross 
section. In most of these samples there 
were several partial failures. All failures 


and partial failures were in the regions of 
wide valleys. Most of the cable made for 
the commercial line was made with 
slightly smaller valleys and was more re- 
sistent to the effect of repeated bending. 

Cable handled as severely as required 
in installation was not affected by the 
handling. A sample from a length (the 
leading end of a 1,500-foot length) which 
had been subjected to excessive pulling 
strain during installation and had been 
pulled through about 3,000 feet of pipe, 
was tested and broke down at about 93 
per cent of the voltage of the average new 
cable. 

Impulse; Tests 

One of the main questions in connec¬ 
tion with the SMD type cable was 
whether or not this cable would have a 
sufficiently high impulse strength if con¬ 
nected to overhead lines or outdoor sub¬ 
stations; therefore, impulse tests were 
performed on samples of this cable. In 
this paper samples of cable from the ex¬ 
perimental line shall be designated as A, 
and samples of cable subsequently pro¬ 
duced, each of different construction, as 
B, C, and D. The D construction was 
used for the commercial installation. 

The results of imputse tests on two A 
samples indicated impulse strengths of 
680 and 580 kv. These values were not 
adequate, because a minimum impulse 
strength of 750 kv was considered neces¬ 
sary to co-ordinate with the 138-kv-class 
insulation used for the terminals and other 
apparatus on the system. 

Samples designated as B and C repre¬ 
sent two short experimental lengths on 
which a limited number of 60-cyde and 
impulse tests were made. On the first 
of these, satisfactory values of impulse 
strength were obtained, but the 60-cyde 
values were too low, whereas on the 
second type of construction the 60-cyde 
values were satisfactory, but the impulse 
strength was too low. Owing to the 
limited number of tests, the causes of this 
could not be determined. This became 
unimportant, however, as tests on cable 
with the D construction indicated satis¬ 
factory values both for 60-cyde and im¬ 
pulse tests. Table I shows the results of 
these impulse tests. 

As the maximum potentials produced 1 
by the impulse generator did not cause 
failure in the cable with the improved 
construction (D samples), the actual im¬ 
pulse strength of such cables could not be 
determined. Breakdowns were obtained, 
however, on samples on which insulation 
thickness was reduced by removing a 
number of tapes from the outside of the 
insulation. The results of these tests 


Table I. Impulse Strength of SAID Type Cable for Various Constructions 







Construction 


Insu¬ 

lation 

Thick- 

Sample ness No. of 

No.** (hills) Surges 

Break¬ 

down 

Voltage 

(Kv) 

Average 
Gradient 
(Volts 
Per MU) 

Maximum 

Gradient 

(Volts 

Per MU) 


Paper Tapes 


No. 

Thick¬ 
ness Den- 

(MUs) sity* 

Saturant 
Viscosity f 
or Type 

A-1 -600.1.!. 

A-2** -600.1.... 

..680 .. 
..580 .. 

..1,130 .. 

.. 965 

..1,800 ) 
..1,535 r* 

.. 120 

• •••0 •••••0 .85 • • • 

.3,000 


B-l 

B- 2 

C-l . 

C- 2 . 

C-3* . 

0-1 . 
0-2 . 
0-9 . 

0-11 . 
0-12 . 
0-13 . 
0-14® 
0-15® 

0-16 . 
0-17© 
0-18 . 
0-19 . 


-600.3.800+.... 1,500+..; .2,380+i 

• • -600.3.905+.... 1,510+_2,390+ ) 

-600.1.610 ....1,030 _1,615 

■•••600.1.715 ....1,190 ....1.880 

-600.1.520 .... 865 _1,375 

• --600.5.900+.... 1,500+....2,355+ 

-600.6 .940+.... 1,565+_2,460 + 

-600.3.980+-1,630+_2,560+ 

• • • 600.4.925+... .1,540+... .2,420 + 

-600-3.920+.... 1,530+_2,400+ 

• -600.3.900+... .1,500+... .2,355+ 

..450.-1.820 ....1,820 ....2,620 

• -450.1.900+... .2,000+_2,870+ 


40 

24 

Bal¬ 

ance. 


...3 .1.20.... 1,000 

...5 .....0.85. ...1,000 

...5 .0.85....3,000 

....2 . 1 . 00 .. 


. .450. 
■ .385. 
. .385. 
.385. 


•3.925+....2,055+.... 2,950+ 

•1.580 ....1,505 2,085 

•1.720 ....1,870 2,590 

•1.775 ....2,010 2,790 


30 ....2 .1.00..,. Petro¬ 

latum 

16 ...,3 l /i.1.00... .Petro¬ 

latum 

Bal¬ 
ance-5 .0.85_3,000 


-2 l /a.1.20....3,000 

-3 .1.20....3,000 


.0.85_3,000 


19 
24 
Bal 
ance....5 


bSkdow oS^^^thToIble 4 * 6 iadiCatC that no failure o«urred on these samples; on all other sample: 
Terminal failures occurred in seven additional D samples. 

A-2 and n J 3 Per SqUarC iaCh nitrogen pressure was applied to each sample for one hour except sample* 

** Press ure was applied for 60 hours. 

^ Test *d at atmospheric pressure. 

© Th** 6 SamplCS Were sub i ected to abnormal pulling stresses in field before test, 
a D lSSample was subjected to abnormal pulling stresses in field before test and visibly damaged 

wounTrJuof^rSdVy ISgT'EF* Volu “ e in ~ bic « of a tightly 

+ Viscosity of saturant is given in Saybolt seconds at 100 degrees po^gi-ade. 
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are shown in Table I, samples Z)-14 to 19 
inclusive. Two reduced insulation thick¬ 
nesses were selected, so that breakdown 
voltage values could be conveniently 
compared with those obtained on other 
types of cables previously tested. 

Figures 14 and 15 graphically illustrate 
the breakdown voltage values and maxi¬ 
mum voltage gradients, respectively, of 
the samples tabulated in Table I, and 
compared with the results of previous 
tests by one of the authors 4 and others, 8 . 6 
on the basis of equal insulation thick¬ 
nesses. The slanting line on Figure 14 
connects minimum breakdown values ob¬ 
tained by the authors and others on oil- 





Figure 14. Impulse strength of SMD type 
cable 


o—Oil-filled 

□—Compression and Oilostatic 
X—Solid 
+—SMD 

filled, compression, Oilostatic, solid, and 
SMD cables, having insulation thick¬ 
nesses of 385, 450, and 500 mils, respec¬ 
tively. These lines were extended to the 
full insulation thickness range for the D 
samples, in order to obtain an indication 
of the impulse strength which otherwise 
was not obtainable, because of the 1,000- 
kv limitation of the impulse generator. 

From Figures 14 and 15 it is evident 
that on the basis of average stress the SMD 
type cable in the commercial line has an 
impulse strength as high as has been ob¬ 
tained by various observers for well-made 
oil-filled cable of standard construction 
and equal insulation thickness. On the 
basis of maximum stress as customarily 


calculated, without taking into account 
the effect of stranding, the impulse 
strength of the conductor-shielded SMD 
type cable is higher than that of un¬ 
shielded oil-filled cable. It is thought 
that the conductor shielding of the SMD 
type cable is responsible for this differ¬ 
ence, although the extent of the benefit 
from this shielding has not been directly 
determined. 

With 600 mils of insulation the impulse 
strength of the SMD cable is in excess of 
1,000 kv. These tests indicate that 400 
to 425 mils of insulation should be ade¬ 
quate for the desired impulse strength of 
750 kv. ’ 


Summary 

1. Nonleaded high-pressure gas-filled cable 
can be installed in a steel pipe without the 
insulation being adversely affected due to at¬ 
mospheric exposure or mechanical handling. 

2. No difficulty was encountered in the 
installation of 1,500-foot section lengths of 
cable on the commercial line. Based on the 
relatively low pulling stresses (7,200 pounds 
maximum), it appears perfectly feasible to 
install this type cable in lengths up to 2,000 
feet. 

3. The use of paper, preimpregnated with 
viscous compound, prevents migration at 
normal operating temperatures and allows 
installation on steep grades or in vertical 
runs without stop joints or other devices. 

4. The satisfactory results on this type of 
cable are due in part to the development and 
use of a saturant of high viscosity and of 
excellent electrical properties. 

5. The 60-cycle dielectric strength, both 
short- and long-time, is equivalent to that of 
oil-filled cable. 


tial failures, in addition to the completed 
failure. 

11. The same insulation thicknesses as 
used on oil-filled cable can be used on high- 
pressure gas-filled cable, and all oil-fill 
cable tests met with a gas pressure of 30 
pounds per square inch on reel lengths and 
225 pounds per square inch on samples. 

12. High-pressure gas-filled cable is prac¬ 
tical for handling loads of the order of 
100,000 kva and above. 
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Figure 15. Maximum stress values for the im¬ 
pulse measurements shown on Figure 14 


No correction made for the effect of stranding 
on maximum stress 
o—Oil-filled 

□—Compression and Oilostatic 

X—Solid 

+—SMD 


13. Measured values of thermal resistivity 
are given for several kinds of soil. 

14. High-pressure gas-filled cable with pre¬ 
impregnated paper can be manufactured on 
standard equipment, with only minor 
changes, provided humidity is maintained 
below 20 per cent. 
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6. The impulse strength is at least the 
equal of oil-filled cable. 
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9. The radial power-factor curve is flat 
even at 80 degrees centigrade, where im¬ 
purities often cause erratic results. 

10. Great uniformity of the insulation is 
indicated by the fact that on long-time volt¬ 
age tests there are normally numerous par- 


1. The Gas-Fillbd Cable, C. J. Beaver, E. L. 
Davey. International Conference, on Large High- 
Voltage Systems, Paris, June 1937. 

2. Conductor Shielding Improves Paper 
Cable, I. T. Faucett, R. W. Atkinson. Electric 
Light and Power, July 1940. 

3. Technical Report F/S5, British Electrical and 
Allied Industries Research As.w iqtion. 

4. Impulse Strength as a Measure op Cable 
Quality, L. I. Komives. AIEE Transactions, 
volume 60, 1941, October section, pages 929-34. 

5. Some Impulse Voltage Breakdown Tests 
on Oil-Treated Paper-Insulated Cables, C. 
M. Foust, J. A. Scott. AIEE Transactions, 
volume 59, 1940, July section, pages 389, 391. 

6. The Impulse Strength op Hioh-Tbnsion 
Cable Installations, C. Held, H. W. Leichsen- 
ring. International Conference on Large High- 
Voltage Systems, Paris, June 1939. 


September 1942, Vol. 61 Faucett, Komives, Collins, Atkinson—High-Pressure Cable 


Transactions 665 



Transient Recovery-Voltage Character¬ 
istics of Electric-Power Systems 
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Introduction 


T HE existence of transient recovery- 
voltage phenomena in connection with 
the interruption of short circuits by cir¬ 
cuit breakers has been recognized for a 
number of years, and from time to time 
measurements and calculations have been 
made on actual field circuits. 2 ' 8 How¬ 
ever, while these more or less isolated and 
scattered instances have provided some 
valuable information, they have not af¬ 
forded a comprehensive picture of tran¬ 
sient-recovery voltage conditions existing 
in the field. 

In order to provide the electric-power 
industry with a better understanding of 
and more complete data on transient re¬ 
covery-voltage conditions, and, perhaps 
more particularly, to provide such data as 
a guide to the circuit-breaker designers, 
a field survey of several representative 
electric-power systems was recently car¬ 
ried out under the sponsorship of the 
committee on electric switching and 
switchgear of the Association of Edison 
Illuminating Companies. By permission 
of that organization and the participating 
electric power companies, some of the out¬ 
standing results and conclusions from 
this survey were made available to the 
AIEE committee on protective devices 
for presentation in this paper. 

2. Transient Recovery Voltage— 
Theory and Definitions 

"While a number of excellent papers 
covering this phenomenon have been pub¬ 
lished in the literature, 1-8 a brief review 
is believed to be in order here. 

The term recovery voltage applied to 
a circuit breaker refers to the voltage es¬ 
tablished across the open contacts after 
the arc is extinguished. The initial or 
transient recovery voltage is produced by 
a sudden change in circuit conditions, and 
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its characteristics are determined by cir¬ 
cuit constants. The normal-frequency 
recovery voltage is the generated system 
voltage finally maintained across the 
open contacts after the transient voltages 
have disappeared. 

Since short-circuit currents are gener¬ 
ally limited principally by reactance, it 
follows that the current is nearly 90 de¬ 
grees out of phase with the voltage. Con¬ 
sequently, at the point pf arc interruption, 
normally on or near the zero point of the 
current wave, the generated voltage is 
dose to its maximum peak value. The 
voltage at the breaker, of course, prior 
to interruption, is held down to zero or 
nearly zero by the short circuit, but upon 
arc interruption attempts to recover im¬ 
mediately to the peak value of the wave. 
It is prevented from doing so instantane¬ 
ously, however, by the effective capaci¬ 
tance across the breaker contacts, and 
there results instead a transient recovery- 
voltage oscillation. The frequency of this 
oscillation is determined by the induct¬ 
ance and capadtance of the circuit; the 
amplitude may reach double the normal- 
frequency crest voltage. In general, the 
combination of lumped reactance in the 
circuit between breaker and poWer source, 
with low capacitance-to-ground in the 
circuit between breaker and reactance, 
gives rise to the highest osdllating fre- 
quenties. 

The severity of a given circuit is com¬ 
monly characterized by the rate of rise of 
transient recovery voltage, which is deter¬ 
mined by drawing a line from the zero 
point of the oscillating voltage wave, 
either to the peak of the first loop of the 
transient voltage osdllation, or as a 
tangent to the first voltage loop. This ' 
simple procedure, however, is not always 
adequate. The circuits involved are gen¬ 
erally somewhat complex, so that the 
transient recovery-voltage characteristics are 
usually compounded of two or more 
superimposed oscillating frequendes. If,, 
as occasionally happens, the first high- 
frequency loop has a smaller amplitude 
than a succeeding lower-frequency crest, 
the significance of, rate of rise based upon 
the higher frequency but lower amplitude 
osdllation, may be decidedly question¬ 
able and subject to arbitrary judgment. 


To avoid this difficulty, the complete 
transient recovery-voltage characteristic 
of a circuit should be determined. This 
characteristic, modified by drcuit-breaker 
and test factors as described below, may 
be obtained directly from oscillograms 
taken in short-drcuit tests, or it may be 
calculated from the constants of the cir¬ 
cuit. In the AEIC survey of electric- 
power systems mentioned above, circuit 
characteristics were calculated in this 
manner, and the results were obtained in 
terms of an envelope of the transient re¬ 
covery-voltage characteristics, composed 
of two and sometimes three major fre¬ 
quency components. In order to bring 
the task of calculating such characteristics 
within feasible limits in.terms of man¬ 
hours of work required, certain approxi¬ 
mations and simplifying assumptions were 
necessarily employed. A complete de¬ 
scription of this simplified method of cal¬ 
culation, including the limits of accuracy 
obtained, is given in a companion paper. 7 

3. Results of Survey of Power- 
System Transient Recovery- 
Voltage Characteristics 

The survey, which was made entirely 
by calculations except for direct measure¬ 
ments of a few circuit capacitances, was 
carried out on the systems of six*power 
companies, selected as representing both 
concentrated urban types and distributed 
types of systems. Practically all of the 
circuit-breaker locations on these six sys¬ 
tems were covered either by actual cal¬ 
culations or by a comparative estimating 
procedure. Where the system connec¬ 
tions varied somewhat with different op¬ 
erating setups, and also where the as¬ 
sumed location of the fault affected the' 
severity of the recovery-voltage charac¬ 
teristics, the calculations were made on 
the basis of the conditions which would 
give the most severe characteristics. With 
these results on the six systems covered 
by the survey, it was felt that a sufficient 
cross section had been obtained to draw 
general conclusions as to the transient 
recovery-voltage conditions existing 
throughout the industry. 
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Figure 1, Typical recovery-voltage envelope 
and oscillating characteristic 
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Figure 2. Representative envelopes of tran¬ 
sient recovery voltage for 120,000- to 
132,000-volt systems 



Figure 3. Representative envelopes of tran¬ 
sient recovery voltage for 69,000-volt systems 


As stated above, the survey was carried 
out on the basis of determining the enve¬ 
lope of the recovery-voltage character¬ 
istic, rather than on the basis of a simple 
rate of rise of transient recovery voltage. 
A typical recovery-voltage envelope, to¬ 
gether with the complete oscillating char¬ 
acteristic from which it was drawn, is 
shown in Figure 1. Also groups of typical 
recovery-voltage envelopes, shown in 
Figures 2 to 6 inclusive, were chosen as 
illustrations from each of the following 
voltage classifications: 

120,000- to 132,000-volt systems 
69,000-volt systems 
22,000- to 34,600-volt systems 
11,000- to 13,800-volt systems 
4,000- to 4,800-volt systems 

For practical purposes, the envelope is 


curves shown in Figure 2 indicates a wide 
range of rates of rise for the various curves. 
Based on the first peak, curve 1 shows a 
rate of 8,300 volts per microsecond, while 
curve 5 shows only 210 volts per micro¬ 
second. The higher rates shown in curves 
1 to 3 were obtained in connection with 
breaker locations where the fault was 
limited by a transformer fairly near the 
breaker, whereas the lower rates of curves 
4 and 5 resulted from locations where 
there was no large lumped reactance in 
the circuit close to the breaker. Further 
examination of curve 1 shows that the 
first peak, which is 71 per cent of the final 
peak, occurs in 16 microseconds, the sec¬ 
ond peak in 80 microseconds, while the 
final and maximum peak is reached at 110 
microseconds. Curves 2 and 4 show only 



Figure 4. Representative envelopes of tran¬ 
sient recovery voltage for 22,000- to 34,500- 
volt systems 


two peaks, while curves 3 and 5 reach 
maximum values without any significant 
intermediate peaks. Figures 3, 4, and 6 
in like manner show various typical charac¬ 
teristics for their respective voltage classes. 

The envelopes shown, in Figure 6 have 
been drawn in two ways: 

1. With a scale going to 1,000 microseconds 
in order to include the complete character¬ 
istic. 


sufficient to define the transient recovery- 
voltage characteristic, since it gives the 
magnitude of the first peak and the maxi¬ 
mum peak, as well as any intermediate 
peaks found to be significant. Only the 
first peak and the maximum peak were 
recorded when the intermediate peaks 
were found to be less in amplitude than a 
corresponding point in time on the enve¬ 
lope connecting the first peak and the 
maximum peak. In other words, an inter¬ 
mediate peak was included if it raised the 
envelope, but not if it caused the envelope 
to drop below a straight line drawn be¬ 
tween the first and maximum peaks. Also 
the envelopes were not extended beyond 
the point of maximum peak. 

An analysis of the recovery-voltage 


2. With a scale of only ten microseconds in 
order to show the relatively high-speed 
transients in greater detail. 

Complete numerical results of the sur¬ 
vey were tabulated in terms of the in¬ 
formation given on the envelope, that is, 
in terms of two or three significant peaks, 
and the time in microseconds required to 
reach each of these peaks. While these 
tabulations are not reproduced in this 
paper, the net results of the survey, in 
terms of rate of rise of transient recovery 
voltage, are given graphically in the form 
of cumulative percentage curves* shown 
in Figures 7 to 11 inclusive. The rate 
of rise used in these curves is based 
upon the first peak of the recovery 
characteristic, except in cases where this 


peak was found to be of abnormally low 
magnitude compared with later peaks. 

The abscissae of these curves show the 
percentage of breaker locations where 
the rate of rise exceeds the value given by 
the ordinate. For example, referring to 
Figure 7, only 15 per cent of the breaker 
locations may be subjected to rates of rise 
of 5,000 volts per microsecond or higher. 
Also, it will be noted that 53 per cent of 
the breakers are located where the rate of 
rise does not exceed 1,000 volts per micro¬ 
second; the remainder of the breaker lo¬ 
cations, or 32 per cent being subjected to 
rates of rise between 1,000 and 5,000 volts 
per microsecond. 

All of these results, of course, are given 
in terms of the characteristic of the cir¬ 
cuits themselves and do not take into 
account the various factors which tend to 
modify the severity of the recovery- 
voltage characteristics actually obtained 
on a breaker. These factors include: 

(a). Asymmetry of the current wave. 

(5). Decay of flux in generators during 
short circuit. 
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5A—Envelopes to maximum peak 
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Figure 5. Representative envelopes of tran¬ 
sient recovery voltage for 11,000- to 13,800- 
volt systems 
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sient recovery voltage for 4,000- to 4,800-volt 
systems 
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CUMULATIVE PERCENTAGE OF TOTAL NUMBER 
OF BREAKERS 

Figure 7. Cumulative percentage curves of 
rates of rise of recovery voltage for 120,000- 
to 132,000-volt systems 

(Based on 345 breakers) 


is brought about in actual circuit-breaker 
operation. The data presented in a com¬ 
panion paper indicate the possibility that, 
for certain types of breakers at least, the 
effect of the breaker in reducing the se¬ 
verity of these transients increases as the 
calculated circuit values increase. There¬ 
fore, this may limit the actual rate of rise 
which a circuit can impress across the 
contacts of a breaker, regardless of the 
constants of the circuit. If this effect is 
rather general for breakers now in service, 
it may constitute one of the reasons why 
few outstanding instances of extreme 
rates of rise causing difficulty in the opera¬ 
tion of circuit breakers have been re¬ 
corded. 

As to the significance of these results to 


the results of the survey will be of major 
significance and importance in connection 
with the design and manufacture of cir¬ 
cuit breakers. Important elements in the 
design, such as length of stroke and simi¬ 
lar considerations, are determined to a 
large extent by rate of rise of recovery 
voltage. Therefore, while it may fortu¬ 
nately be true that liberal design allow¬ 
ances, combined with circuit-breaker 
modifying effects, have in the past pro¬ 
duced breakers capable of withstanding 
the severe transient recovery-voltage 
conditions that are now known to exist, 
it may be more important in the future, 
particularly in connection with the de¬ 
velopment of radically new designs of 
circuit breakers, to have available a true 



CUMULATIVE PERCENTAGE OF TOTAL NUMBER 
OF BREAKERS 


Figure 8. Cumulative percentage curves of 
rates of rise of recovery voltage for 69,000- 
volt systems 

(Based on 342 breakers) 

(c) . Arc-voltage drop in the fault. 

(d) . Arc-voltage drop in the breaker. 

(«)• Conduction of current in the breaker 
after current zero. 

In general, the above factors tend to re¬ 
duce the severity of the recovery-voltage 
characteristic. On an actual circuit- 
breaker test, it is usually possible to ac¬ 
count for the effect of these various fac- 


dreuit-breaker users, particularly in the 
operation of the great number of breakers 
already in service, and in view of the 
greater prevalence of fairly high rates of 
rise of recovery voltage than previously 
suspected, it may be said that there have 
been some but only a few instances re¬ 
corded where circuit breakers were sub¬ 
jected to greater distress while interrupt¬ 
ing short circuits under high rates of rise 
than under low rate conditions. In the 
group of systems covered by this survey, 
a study of operating records failed to dis¬ 
close a systematic correlation between re¬ 
covery rates and breaker distress or fail¬ 
ures. Such effects as undoubtedly do pvis t 
would be evidenced in increased arc 
lengths and some additional Tnaintpnqtice 
due to increased burning and other phe¬ 
nomena. Experience seems to show in 
general, however, that circuit breakers 
have been designed with sufficient stroke 
to take care of even the highest rates of 


picture of recovery-voltage requirements. 
It is believed that the results of the survey 



tors by analyzing oscillograms of recovery 
voltage taken on the test and thereby 
to obtain a check on the calculated 
values. 

The results of the survey, as summa¬ 
rized in Figures 7 to 11 inclusive, have 
shown that some of the calculated circuit 
recovery-voltage rates are substantially 
higher than the maximum rates disclosed 
by previous scattered information on this 
subject. Also the results show that the 
occurrence of high values of circuit re¬ 
covery-voltage rates (on the order of 5,000 
to 8,000 volts per microsecond) is con¬ 
siderably more widespread than had pre¬ 
viously been suspected. 

4. Significance of Results 
aud Conclusions 

In appraising the significance of these 
results, it is necessary first of all to take 
“to account the modification of the maxi- 
mumrate of rise of recovery voltage which 
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rise of recovery voltage, so that cases of 
breaker trouble directly attributable to 
recovery rates have been very rare. 

On the other hand, it is believed that 
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Figure 9. Cumulative percentage curves of 
rates of rise of recovery voltage for 22,000- 
to 34,500-volt systems 

(Based on 1,975 breakers) 


Figure 10. Cumulative percentage curves of 
rates of rise of recovery voltage for 11,000- 
to 13,800-volt systems 

(Based on 2,250 breakers) 
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Figure 11, Cumulative percentage curves of 
rates of rise of recovery voltage for 4,000- to 
4,800-volt systems 

(Based on 3,975 breakers) 
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Emergency Overloads for Oil-Insulated 

Transformers 


F. J. VOGEL 

MEMBER AIEE 

I N periods of high industrial activity 
transformer loads are generally high, 
and it is essential that operators know 
what overloads they can carry safely in 
emergencies. In order to do this effec¬ 
tively, it is necessary to know what tem¬ 
peratures will be reached after various 
overloads for different durations of time 
and the effects of temperature and timo 
on the dielectric and mechanical strength 
of the insulation. If limitations between 
these things and the degree of insulation 
deterioration can be established, it is pos¬ 
sible to make recommendations for safe 
overload times and temperatures. 

In Part I of this paper some new data 
are presented on the effect of tempera¬ 
tures and oil acidity on the insulation, and 
some recommendations for 
temperatures and their duration are 
made. This paper differs from previous 
studies on this subject in that definite 
evaluation of the effect, of acidity on the 
insulation strength is given. Adds are 
formed in service by contact between 
oxygen and transformer oil. Excluding 
this contact by blanketing the trans¬ 
former with inert gas results in a high 
mechanical strength of the insulation at a 
given temperature and time, or, con¬ 
versely, permits a high operating tempera¬ 
ture for a given loss in life. In consider¬ 
ing this paper, it should be borne in mind 
that the data refer to the me chanica l 
strength of the insulation only. Neither 
the 60-cycle nor the impulse dielectric 
strength are affected to any extent by the 

Paper 42-101, recommended by the AIEE com¬ 
mittee on electrical machinery for presentation at 
the AIEE summer convention, Chicago, Ill., June 
a^-23, 1942. Manuscript submitted April 10, 
1042; made available for printing May 14, 1942. 
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conditions of test. The true criterion of 
insulation deterioration therefore is not 
mechanical strength alone, but the di¬ 
electric strength must be given due con¬ 
sideration. Experience has shown that 
satisfactory operation can be obtained 
with much reduced mechanical strength. 

Even after the recommendations for 
temperatures and time duration for insu¬ 
lation are made, it is necessary to know 
the overloads and times which will give 
corresponding temperatures. Various 
sizes and types of transformers vary 
widely in this respect. Some transform¬ 
ers which are well ventilated may have 
low gradients and correspondingly high 
overload capacities; most of the larger 
power transformers come within this 
class. Smaller transformers are wound 
with small wire with many turns in a 
single coil. They will normally have 
much higher gradients between copper 
and oil and correspondingly lower over¬ 
load capacities. In Part II the character¬ 
istics of these various types of transform¬ 
ers are given along with recommendations 
for safe emergency overloads for given 
time and temperature limits. 

Part I. Effect of Temperature on 
Cellulose Insulation 

The life of cellulose insulation is de¬ 
cidedly influenced by three factors, 
namely, temperature, contact with oxy¬ 
gen, and exposure to acidity. Doctor C. 

F. Hill 1 has shown that cellulose insula¬ 
tion is stable for long periods of time be¬ 
low 90 to 95 degrees centigrade, when 
protected by an inert atmosphere. Doc¬ 
tor F. M. Clark 2 has classified the me¬ 
chanical deterioration of cellulose as being 


caused by oxidation, pyrochemical 
changes, or both. 

• The object of this paper is to give ad¬ 
ditional evidence in regard to the rate of 
deterioration of cellulose insulation and 
to show that transformers can be ex¬ 
posed to short-time overloads even at 
high temperatures without damaging the 
mechanical strength of the insulation to a 
great extent. 

Figure 1 shows the decrease in tensile 
strength of Manila paper when sealed at 
atmospheric pressure in an oxygen-free 
atmosphere. It is interesting to note the 
•rapid, decrease in tensile strength which 
takes place at 135 degrees centigrade. 
This occurs when temperatures are main¬ 
tained at which thermal decomposition 
takes place. At 120 degrees centigrade, 
the tensile strength drops to approxi¬ 
mately 50 per cent and levels off. It 
would appear that this 50 per cent 
strength would be maintained for long 
periods of time. Figure 2 shows the 
change in acidity of oil with Manila paper 
in oxygen-free oil protected by a nitrogen 
atmosphere. One of the main products of 
thermal decomposition is the formation of 
acid which forms a catalyst for further 
decomposition. The inert atmosphere 
prevents the formation of acid product at 
120 degrees centigrade and below, showing 
the decided advantage of protecting the 
oil of a transformer against exposure to 
air. 

The same data for Figure 1 are used to 
produce Figure 3. The remaining tensile 
strength of Manila paper after exposure 
to different temperatures in oxygen-free 
oil for different periods of time is plotted 
in this figure with temperature and timp 
as ordinate + abscissae. These curves 
are of special interest to both the de¬ 
signer and the operator of transformers, 
because they can be used to predict the 
amount of mechanical damage done to 
transformer insulation after it has been 
operated at given temperatures for speci¬ 
fied lengths of time. For example, if not 
less than 50 per cent mechanical strength 
is required at all times, it is interesting to 
see that the total period of operation at 
140 degrees centigrade should be not 



will have their greatest value in providing 
this information. 
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Figure 1. Decrease in tensile strength of 
Manila paper in oxygen-free oil protected 
by a nitrogen atmosphere 
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Figure 2. Change in acidity of oil with Manila 
paper in oxygen-free oil protected by a nitro¬ 
gen atmosphere 

more than two days, because in this time 
the cellulose has decreased in tfmsife 
strength to 50 per cent. However, with 
overloads at which the temperature 
reached only 135 degrees centigrade, a 
total of five days would be possible. If 
40 per cent of the original mechanical 
strength is the lowest desired, a total of 
nine days at a temperature of 135 degrees 
centigrade may be allowed. 

Figure 4 is a plot of the lowest tensi le 
strength for paper insulation after 18 
weeks under oxygen-free oil at various 
temperatures. From this figure one can 
select the temperature for transformer 
operation when the ultimate tensile 
strength has been selected. For example, 
if not less than 60 per cent of the original 
strength is required, the operating tem¬ 
perature should never be more than 115 
degrees centigrade. 

Based on the above data, the following 
practical conclusion might be drawn. 
The load which may be carried in the 
operation of a transformer is governed 
by the desired life of the transformer. 
From the experimental data presented 
here it is felt that an oil-insulated trans¬ 
former may be operated at temperatures 
up to 120 degrees centigrade continuously, 
and even above, during short-time over¬ 
loads, without seriously damaging the 
insulating materials, provided an inert 
(oxygen-free) atmosphere is maintained 
m contact with the oil at all times, and 
provided the acidity of the oil in contact 
with the insulating materials is main¬ 
tained at a low value. Below 120 degrees 
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centigrade the main deterioration in 
mechanical strength is caused by oxida¬ 
tion, while above this temperature the 
thermal decomposition of the cellulose is 
very detrimental. The thermal change 
results in the formation of gases, water, 
and other decomposition products. Oxi¬ 
dation, which takes place below 120 
degrees centigrade, is eliminated to a very 
large extent by the use of an inert atmos¬ 
phere. 

Figure 5 shows the decrease of tensile 
strength of Fuller board when included 
with a varnished cotton tape in oxygen- 
free oil protected by a nitrogen atmos¬ 
phere and at atmospheric pressure. It is 
quite interesting to compare this curve 
with Figure 1 . At 135 degrees centigrade, 
the rate of decrease in tensile strength is 
quite similar to that of paper with no 
adds present other than those from de¬ 
composition. The dedded effect of the 
aridity can be seen at 120 and 105 degrees 
centigrade. At 120 degrees centigrade, 



40 60 80 00 110 

TIME-DAYS * 

Figure 3. Percentage of initial tensile strength 
reached by Manila-paper insulation in oxygen- 
free oil protected by a nitrogen atmosphere 

the final tensile strength is less than 
twenty per cent as compared with 54 
per cent with no adds present; and for 
105 degrees centigrade, 44 per cent as 
compared with 72 per cent. It would 
appear from these comparisons that it is 
of utmost importance to .maintain low 
aridity and to avoid arid-forming ma¬ 
terials in the construction. 

The aridity in contact with the Fuller 
board samples from the varnished cloth is 
shown in Figure 6 . While these aridities 
axe higher than those of usable trans¬ 
former oil, it simulates the effect of lower 
aridities over longer periods of time. 

The data for Figure 3 are used again to 
produce Figure 7. The curves show the 
part of the initial tensile strength remain¬ 
ing at the end of various periods versus 
temperature. If we choose 50 per cent as 
the minimum mechanical strength re¬ 
quired, this would be reached in 1.5 days 
compared ‘with two days from Figure 3 . 
Likewise, at 135 degrees centigrade, the 
insulation would have reached 50 per cent 
strength in three days. For 40 per cent 
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strength the total time of overloads could 
be seven days, compared with nine days 
with low aridity. A significant difference 
between this figure and Figure 3 is that 
the tensile strength continues to decrease 
even after 100 days, while in the low- 
aridity oil the decrease in tensile strength 
shows a greater tendency to reach a con¬ 
stant value for a given temperature. 

Figure 8 shows the lowest tensile 
strength for Fuller board insulation after 
18 weeks of exposure to high-acidity oil. 
If we choose 50 per cent as the minimum 
required tensile strength, the operating 
temperature should not be more than 
100 degrees centigrade. However, this is 
for a period of only 18 weeks and since 
the tensile strength continues to decrease, 
due to the presence of acids, it would indi¬ 
cate a still lower temperature. 

The curves of Figures 5 and 8 show that 
the presence of acids in contact with cellu¬ 
lose insulation seriously catalyzes not 
only oxidation changes but also thermal 
decomposition. Care should be taken to 
maintain low-aridity oil in order to ob¬ 
tain the longest life from the cellulose 
insulation. Varnishes and varnished 
tapes have been a source of adds in trans¬ 
formers. The use of synthetic materials 
in place of natural varnishes in modem 
transformer construction has practically 
eliminated this source of adds. 

Figure 9 shows the similarity in be¬ 
havior between Fuller board and paper 
insulation. The Fuller board was in con¬ 
tact with oxygen-free oil under the same 
conditions as for Figure 1 . While the 
Fuller board is some better at 105 and 
120 degrees centigrade, it is interesting to 
note that at 135 degrees, thermal de¬ 
composition destroys most of the tensile 
strength. 

Figure 10 shows the rate of increase in 
aridity of oil samples with the same ma¬ 
terials as for Figure 6 , except that the 
oil has free access to the oxygen of the air. 
Here the acidity shows a derided increase 
in 18 weeks, much greater than in Figure 
2 . Comparison of these figures shows 
that to obtain full advantage of preserva- 



Figure 4. Lowest tensile strength for paper 
insulation after 18 weeks under oxygen-free - 
oil protected by a nitrogen atmosphere 
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I tmtra X shows the great benefit obtained 
f >r otecting the samples from oxygen, 
X»u t icularly at temperatures of 120 
♦w prises centigrade and less. 
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•ittfrgency overload temperatures of 
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8 12 
TIME —WEEKS 

dft® n S® in acidity with Fuller board 
cloth under oxygen-free oil 
^ v by a nitrogen atmosphere 

hrw***** 3 *** 1942 » Vol - 61 


might reach 105 degrees hot-spot tem¬ 
perature for considerable durations of 
time, and, if this were true, its mechanical 
strength would be somewhere between 80 
and 75 per cent of its original value. If 
the emergency operations were to take 
place after this initial deterioration, a 
method of estimating its ultimate de¬ 
terioration is as follows: 

Suppose we were to consider that there 
would be 20 overloads for 24 hours which 
would reach 115 degrees; then the de¬ 
terioration due to the steady load would 
be equivalent to approximately 24 days 
at 115 degrees without the deterioration 
due to the overload. The additional 20 
days would then be equivalent to 44 total 
days at 115 degrees, which would result 
* n approximately 65 per cent of the 
original mechanical strength of the insu¬ 
lation. Similar methods of calculation 
could be used for any of the other emer¬ 
gency overload temperatures. If an 
operator desired to determine the amount 
of deterioration under other conditions 
of loading and time, the curve data pro¬ 
vide an easy graphical method for making 
such an estimate. 

It is believed that the decrease in 
mechanical strength resulting from Table 
A is reasonable and safe for general use. 
The ultimate strength requirements de¬ 
pend upon many factors determined by 
service conditions. The severity and fre¬ 
quency of short circuits is an important 
factor, as well as whether or not the 
apparatus remains fixed or is to be trans¬ 
ported. Since the dielectric strength re¬ 
mains practically unchanged, a reduction 
of 40 to 50 per cent in the mechanical 
strength of the insulation over a 20-year 
period would not be considered excessive 
for normal operating requirements. 

Summary 

New data on the rate of deterioration 
of cellulose insulation at different tem¬ 
peratures have been obtained. From 
them a table of time periods and tem¬ 
peratures has been made at which oil- 
insulated transformers may be operated 
in order that specific cellulose insulation 
strengths of approximately 65 per cent of 
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Figure 7. Percentage of initial tensile strength 
reached by Fuller board, together with 
varnished cloth, in oxygen-free oil protected 
by a nitrogen atmosphere 


the original value may be maintained. 
It is expected that this value will be main¬ 
tained even after operation of a con¬ 
siderable length of time at 105 degrees 
centigrade. 

Part II. Recommended Emergency 
Overloads for Transformers 

After Table A in Part I has been es¬ 
tablished, it is still necessary to correlate 
the data with overloads which will result 
in these temperatures after given lengths 
of time. In order to do this, it is neces¬ 
sary to know what the characteristics of 
average transformers are, both in respect 
to the gradient between the insulation 
and the oil, and the length of time which 
it takes for the oil to reach given tempera¬ 
tures under given load conditions. Data 
may be found in several places for esti¬ 
mating the gradients between oil and in¬ 
sulation and also the rate of oil rise during 
transformer overloads. One such refer¬ 
ence is a recent paper ,on “Hot-Spot 
Temperatures in Transformers.” 8 Be¬ 
fore these data can be used, however, it is 
desirable to establish available character¬ 
istics for several sizes of transformers. 

It is suggested that seven classes of 
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Figure 8. Lowest tensile strength of Fuller 
board, together with varnished cloth, after 18 
weeks in oxygen-free oil protected by a 
nitrogen atmosphere 
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Figure 9. Decrease in tensile strength of 
Fuller board in oxygen-free oil, protected 
by a nitrogen atmosphere 


transformers be considered. These classes 
may be described as follows: 

Class 1. Many transformers use round 
wire, and there is a considerable gradient be¬ 
tween the center of such coils and the oil. 
There are also some ribbon-wound coils, 
which have several layers and several turns 
per layer. We suggest that this class in¬ 
clude transformers up to 150 kva, 25 kv, and 
transformers with windings of all voltage 
classes rated at 15 amperes or less. This 
class is to be oil-insulated, self-cooled. 

Class 2. The next larger transformers 
than those described in class 1 generally 
have strap windings with at least one side 
or edge of each conductor exposed to oil. 
Surely, up to 69 kv such transformers would 
not have heavy conductor insulation; 
therefore, this class is limited to power and 
distribution transformers up to 69 kv, oil- 
insulated, self-cooled. 

Class 3. This class is similar to class 2 
except that it is for forced air-cooled trans¬ 
formers. 

Class 4. Some transformers include 
regulating equipment and are used as unit 
substations. Such transformers are very 
similar to the ordinary self-cooled trans¬ 
former with the exception that the tank is 
larger, and there is much more oil used 
than in the ordinary self-cooled transformer. 
The result is that the transformer has a 
longer time constant than the ordinary self- 
cooled transformer. It is suggested, there¬ 
fore, that class 4 include transformers such 
as unit substation transformers and be simi¬ 
lar to class 2 except for longer time con¬ 
stants. 

Class 3. It is suggested that this class 
include oil-insulated unit substation trans¬ 
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Figure 10. Change in acidity with Fuller 
board under oil exposed to air 
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Table I. Suggested Classes for Transformers for Calculating Emergency Overloads 






Class 



1 

2 

3 

4 

8 

6 

7 

Hot-spot rise..., 

. 60° .. 

- 60° ... 

... 63° ... 

... 60° _ 

... 63° .. 

.... 62° ... 

... 65° 

Top-oil rise.... 


- 50° ... 

... 47° ... 


... 47° .. 

_ 50° ... 

... 46° 

Loss ratio. 

.2.5:1.. 

»t.«2.5sl>•• 

...4.5:1... 

• ••2.£>•!•••< 

...4.5:1.. 

....2.5:1... 

...4.5:1 

Time constant. . 

. 3 .. 


2 5 ... 


,.. 4 . 

_ 4 ... 

2 5 




IW ■■ 






formers, which are cooled with forced air. 
This class is then the same as class 3, except 
that the transformers have longer time con¬ 
stants. 

Class 6. Large high-voltage power 
transformers may require heavier insulation 
on the conductors than smaller transformers. 
This, in turn, will result in higher gradients 
between the copper and the oil. Therefore, 
slightly different characteristics should be 
used for these transformers than for smaller 
units exemplified in class 2; class 6 should 
be approximately the same as class 2 except 
for higher gradients. 

Class 7. It is suggested that class 7 
correspond to class 6 except that the trans¬ 
formers have forced air-cooled ratings. 

A tabulation of the proposed character¬ 
istics of these various classes is given in 
Table I, and it might be well to describe 
> how the various values were obtained. 
For example, in class 1 the designer can 
calculate the watts per square inch of 
losses transmitted from the coil surface 
to the oil. From this, he can make an 



Figure 11. Decrease in tensile strength of 
Manila paper under oil exposed to air 


approximate estimate of the gradient be¬ 
tween the coil and the oil, based on de¬ 
signs in common use. For class 1 this 
gradient should be in the order of and not 
exceeding 20 degrees centigrade at normal 
load. Likewise, the top oil rise is in the 
order of 40 degrees for such transformers. 
The difference between average oil and 
top oil is in the order of five degrees. The 
loss ratio refers to the ratio of the copper 
loss to the iron loss at rated load, and this 
loss ratio approaches limits now com¬ 
monly used. Time constants are given in 
hours. These values are average values 
for transformers of the ratings referred 
to above. 

In a previous paper 3 a method was indi¬ 
cated for calculating transformer hot-spot 
temperatures. In this paper it was shown 
that changes in viscosity tend to decrease 
gradients at high oil temperatures. These 
decreases further tend to counteract in¬ 
creases in gradients due to losses. There¬ 
fore, no great error should result if the 
change in copper Resistance were ignored. 
This is not exactly true but probably is 
within reasonable error, considering that 
average characteristics of transformers 
are being considered. On this basis, it 
would be reasonable to assume that the 
gradient between the copper and oil varies 
approximately as the 0.8 power of the 
copper losses, which, in turn, are assumed 
to vary as the square of the load. 

In the paper 3 previously mentioned, a 
method was shown for calculating oil 
temperatures after short-time loads. Cal- 


Table II. Emergency Short-Time Overloads (Per Cent of Rated Load) 


Class 


1 

2 

4 

8 

24 


>/«. 

l /«. 


..145. 

..140. 

..135. 

..130. 

..125. 

.. 120 . 

..115. 


Time 

(Hr.) 

Temperature 

1 

2 

3 



..253... 

Following No Load 
.. .360.291 

>/«... 

.......140. 

..230... 

...320... 

.. .248.... 

1 ... 

-135. 

..205... 

...265... 

...210_ 

2 ... 

.130. 

..180... 

...215... 

...172_ 

4 


..155... 

...170... 

.. .146_ 

8 .... 

.120. 

..138... 

...145... 

.. .128...; 

24 ... 

.115. 

..130... 

...130... 

...123.... 


.215. 

.197. 

.180. 

.163. 

.148. 

.135. 

.130. 


.372 

.334 

.295 

.239 

.193 

.158 

.132 


Following Full Load 

.280.225. 

.255.205. 

.218....... .183. 

• 185.155. 

.155.140. 

• 138.128. 

• 130.123. 


.296 

.265 

.234 

.198 

.169 

.147 

.132 


288 

259 

230 

188 

157 

135 

124 

230 

208 

185 

160 

140 

131 

124 


333 

289 

249 

202 

167 

141 

128 

271 

238 

205 

174 

151 

138 

128 


252 

229 

196 

166 

143 

127 

121 

206 

187 

166 

149 

135 

126 

121 
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ations were made on the basis of aver- 
: oil te niperatures, and an approxi- 
te constant value added to them. The 
thod in common use before was to 
:ulate the top oil temperatures directly, 
nparative calculations show that there 
10 great difference between the two 
:hods of calculation. For the purpose 
implicity and also for greater conserv- 

m, it is intended to use the older and 
pier method in this paper. 

or example, suppose we take class 1 
calculate the overload, which can be 
ied for eight hours to reach a tempera- 
; of 120 degrees centigrade, at an 
»ient temperature of 30, following full 
• As shown in the preceding paper, 
easiest to use “cut and try” methods, 
a value of 135 per cent load can be 
med as a basis. At 135 per cent load 
copper losses will be 1.82 times as 
t as at full load. If the total losses at 
load in the first case were 3.5 timp S 
ron loss, in the second case it would be 
times the iron loss. If the top oil 
were 40 degrees in the first case, it 

d be ultimately, ^ X40degrees 

pproximately 58 degrees centigrade, 
diange in load from full load to 135 
ent results in an ultimate change in 
emperature of 18 degrees. This 
? e will not be entirely completed in 
hours, and the rise which will result 
it time will be: 

~ 18(1 —c — 8 /») = approximately 17 de¬ 
means that the oil rise after eight 
will be 57 degrees. 

- gradient at full load is given as 
agrees. At 135 per cent load the 
r loss is 1.82 times the value at full 
and the gradient should be 1.82 0 - 8 
times as great as the gradient at 

ad. 1.6X20 degrees is 32 degrees. 
Dtal temperature would be the sum 

ambient temperature, 30 degrees, 
le gradient between air and top oil, 
Tees, plus the gradient between oil 
>pper, 32 degrees, or a total of 119 
s centigrade. Since this tempera- 
3 slightly below the 120 degrees 


A New Jewel for Indicating Instruments 


F. K. McCUNE J. H. GOSS 
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I T has been almost universal practice to 
use highly polished sapphire jewel 
bearings, cut approximately in the form 
shown by Figure la, in electric indicating 
instruments. Such a jewel is commonly 
known as a “Vee.” The other member of 
the bearing is a cone-shaped piece of hard¬ 
ened steel or other hard metal also ac¬ 
curately cut and highly polished. Figures 
2 and 3 show both the common propor¬ 
tions of these parts and the clearances in¬ 
volved. Figure 2 shows an instrument 
which has the moving shaft vertical, and 
Figure 3 an instrument with the moving 
shaft horizontal. Figure 4a shows typical 
moving systems and jewel settings. 

The making of sapphire Vees is a very 
highly specialized art, and the great ma¬ 
jority of machine equipment and trained 
personnel has been concentrated in a small 
area in Europe, the principal production 
being in Switzerland. 

The present conflict has cut off the 
source of supply of instrument bearings 
and has left this country with inadequate 
facilities for their production. Accord- 
ingly, it has been necessary to find sub¬ 
stitutes. Furthermore, because of the 
vital part that instruments play in de¬ 
vices for the armed forces and industry, it 
has been necessary to find a substitute 
which would not in any way impair the 
usefulness of the instruments even under 
abnormally severe conditions of use. 
Fortunately, instrument manufacturers 

have a good deal of experience to fall 
• 

Paper 42-134, recommended by the AIEE committee 
on instruments and measurements for presentation 
at the AIEE summer convention, Chicago, Ill 
June 22-20, 1942. Manuscript submitted April 20 
1042; made available for printing May 19, 1942. 

F. K. McCunk is assistant to the executive engi- 
neer, and J. H. Goss is engineer in the works labora¬ 
tory, both with General Electric Company, West 
Lynn, Mass. 


back on. About 30 years ago, the present 
so-called "miniature instruments” (Figure 
4) were introduced, and the demand for 
them has steadily increased, particularly 
in the communication industry. Because 
of the light weights of the moving systems 
and proportionately lower torques avail¬ 
able, the radius of the pivot used was con¬ 
siderably smaller than that used in larger 
instruments. This created a demand for 
a sapphire jewel with a correspondingly 
smaller radius of the spherical surface in 
the bottom of the Vee. 

In general, the problem of producing a 
sapphire jewel of the required shape re¬ 
solves itself into that of cutting very ac¬ 
curately to shape a piece of sapphire, 
which is in a group of materials next in 
hardness to diamonds. The reason that 
the shape is particularly difficult is that 
the apex of the Vee must be accurately 
spherical, with a radius of from 0.002 to 
0.004 inch, and the side tangent to the 
spherical surface must be straight. At 
the center of the spherical surface if, for 
example, the cut in the sapphire is made 
in a lathe, the linear cutting speed is zero 
and even at a speed of, say, 30,000 rpm 
at a distance of 0.001 inch from the center, 
the cutting speed is only 0.3 foot per sec- 


Figure 1 a. Cross 
section of a sapphire 
jewel used for minia¬ 
ture instruments 



0.003 
.TO 0.004 IN. 


RADIUS 


0012 IN. 


Figure 1 b. Cross 
section of a hot- 
formed jewel as de¬ 
scribed in this paper 


■7e.< 



0.003 
TO 0004 IN. 
RADIUS 


OOI2 IN. 


(b) 


d, this percentage was considered . 

ntly accurate for use in Table II. lower ^ ^ proposed in Part j 

ill be seen upon inspection of Table of this paper. Still another reason 

: the proposed overloads are much is that the number of emergencies was 

than those previously recom- not specifically limited, and in the pres- 
1 for use in the American Stand- ent paper 20 are assumed, on the basis 

ssociation Guides for Operation of 20-year life and one emergency per 

ansformers. This occurs, partly year on the average. It is felt that 

j the original. guides did not sufficient information is given in this 

itiate between different types of paper to permit the operator to use 

oners, and partly because tem- judgment and discretion in specifying 

e rises which were permitted were safe overloads for his application. 
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FigureS. Scale drawing 
showing proportions and 
clearances of vertical 
shaft miniature instru¬ 
ment bearing 




Figure 4 (above). A group 
of modern miniature instru¬ 
ments 

Figure 4a (right). Miniature 
instrument moving systems and 
jewel settings 

(a). For a-c instruments 
Ob). For d-c instruments 




the very small angle of slope of the jewel 
ond. Also, as can be seen from the di- near the center, 
mensions (Figure la), the cutting tool The generally unsatisfactory contour in 

must be small in size. Therefore, the jewels available at the time led manufac- 

tendency in cutting, smoothing, or polish- turers to look for substitutes which could 
ing is to produce a surface which is not be produced by other methods. As a re- 

truly spherical, but has either a lump in suit of a large amount of development 

the center because of the low cutting work done in the General Electric Corn- 

speed, or a hollow which may be produced pany laboratories about 25 years ago, a 

by crushingthecenterinsteadof cuttingit. method of producing a jewel by forming a 

As mentioned before,- the small sap- drop of fused “hard glass” was developed, 

phire jewel for miniature instruments was These jewels had very accurately con- 

necessary to limit the amount of side play trolled contours, since the glass could be 
in the jewel. As can be seen from Figures made to almost any desired shape. The 
2 and 3, the side play may amount to general shape is shown in Figure lb. 

more than the end play. It is of impor- They also had very smooth highly polished 

tance both from the standpoint of its effect surfaces. In respect to shape they were 

on mechanical clearances, and because ex- far superior to the sapphire then readily 
cessive side play introduces uncertainty of available. Such jewels' had, however, two 
pointer position. The latter is of most defects: 
concern when the instrument may be , , 

used sometimes with shaft horizontal and fully controlled and was not quite as simple 

at other times with shaft vertical. Re- as the description above may sound, 

femng to Figure 3, it is obvious that the 2. The jewel would show a microscopic in- 

only way to get a small degree of side play dentation under an impact such as that pro¬ 
in a jewel of inherently large radius is to duced b y dropping the instrument, or by a 

reduce the clearance between the pivots heavy blow on ^ raounting P anel 

and the bottom of the jewels to a small This microscopic flemish in the surface 

fraction of a thousandth of an inch. This would, however, in general not be notice- 

is an impractical solution, because of the able in the performance of the instrument 
hazard of very slight dimensional changes unless the pivot happened to run on the 
causing stickiness in the instrument, and exact spot where the blemish had been 
because of the wedging action caused by made. Even in the latter case, the per- 

Figure 3. Scale 
drawing showing 
proportions and 
clearances of hori¬ 
zontal shaft minia¬ 
ture instrument bear¬ 
ing. 



formance of the instrument would not be 
materially affected, unless a large number 
of pointer oscillations or the presence of 
vibration caused excessive wear at the 
roughened spot. 

As has been mentioned before, a large 
number of these jewels were used, and 
their use probably served as an incentive 
to better the quality of sapphire jewels. 
In any event, after the hot-formed jewels 
had been used for several years, sapphire 
jewels became available with much im¬ 
proved contour, smaller radius of the 
spherical surface in the bottom of the Vee, 



Figure 5. Apparatus for determining coeffi¬ 
cient of friction 

A —To amplifier and chronograph 
B —Phototube 

C—Vee jewel bearings or ring jewel bearings 
under test 

D —To vacuum pump 
E :—Light source and lens 
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° ' 2 3 :- 4 -* 

TIME—SECONDS 

Figure 6. Velocity versus time curve 

Deceleration 2.66 radians per second per 
second 

End in every way suitable for instrument 
use. As a result, the use of the hot- 
formed jewel was practically abandoned 
although they have been used in certain 
instruments from time to time with satis¬ 
factory field performance. 

The present emergency made necessary 
a review of the whole situation and the 
following steps were taken: 

1. The performance of the hot-formed 
jewels and sapphire jewels was carefully 
re-evaluated. 

2. A search for the optimum material for 
a hot-formed jewel was started, since it was 
recognized that new materials might be 
available which would be distinctly superior 
to that chosen as the best 10 or 15 years ago. 
The evaluation of relative performance of 
the hot-formed jewel and the sapphire jewel 
was carried out in the following man n er with 
results as shown in the corresponding tables 
and figures: 

(a). Friction. One criterion of instru¬ 
ment performance is that portion of the 

Table I. Measured Coefficient of Friction 
When Run Against a High-Carbon Steel Pivot 


Material 


Coefficient 
of Friction 


SaPPWre.Ring. 

Leaded Brass.Kinir.... 

Plastic A.. .Ring,. 

Jiastic B .Ring. 

Graphite.Ring. 


Sapphire.Vee . .Range0.15 to0.19 

Glass.Vee 0.18 

Material//(Figure 11 )..Vee . 0.18 

Ceramic polished.Vee . 0.28 

Ceramic unpolished.Vee . 0.33 



20 30 40 

SCALE POINT 



Figure 7. A comparison of jewel roll in a 
(ingle instrument taken from three different sets 
of Vee jewels 


Figure 8a. Impact testing device—front view 

error in an instrument with a horizontal 
shaft caused solely by the friction between 
the pivot and jewel. This, when measured 
by noting the difference between upscale 
aud downscale readings untapped in an in¬ 
strument free from magnetic hysteresis, is 
known as jewel roll. • Jewel roll, expressed 
m radians, is a function of moving system 
weight, restoring torque, radius of the pivot, 
and coefficient of friction between pivot and 
jewel. The formula has been given as 
follows: for the usual case where the end 
of the pivot is spherical and the surface of 
the jewel conical: 1 

r , „ WCr 
Jewel roll a —— 

K 

W weight of the moving system in grams 
c —coefficient of friction between the pivot 
and jewel 

r—radius of the spherical end of the pivot 
in millimeters 

A'—restoring force in gram-millimeters per 
radian 

, ord er to determine the friction between 
an instrument pivot and the corresponding 
jewel surface, two jewels of the material to 
be tested and a rotating member made up 
to approximately duplicate an instrument 
moving system were mounted in a vacuum 
(Figure 5). The moving system was made 
to rotate, the force causing this rotation 
was removed, and the deceleration meas¬ 
ured. Figure 6 is a typical deceleration 
curve. From this deceleration, the mo¬ 
ment of inertia, and dimensions of the parts 
involved, the coefficient of friction was' 
calculated. While not having direct bear¬ 
ing on this investigation, certain data taken 
on ringstone jewels are included. 

(b) . Actual measurements of jewel roll 
with three materials involved were made 
using a very low torque instrument, with 
the results shown in Figure 7. These meas¬ 
urements were, of course, not nearly as 
accurate as the measurements under (a), 
but were simply confirmation that the meas- 
uremehts as taken in (a) are directly ap¬ 
plicable to the problem. 

(c) . An impact device was prepared, 
two views of which are shown in Figure 8. 
After some experimentation, a test schedule 
was worked out as follows: The pfendulum 
was raised ten degrees from the vertical, 
allowed to fall and strike the panel, and 







Figure 8b. Impact testing device—back view 

caught on the rebound. The instrument 
jewel roll was measured and the process 
repeated, the angle of drop being increased 
each time by ten degrees until 180 degrees 
was reached. Figure 9 shows the perform¬ 
ance of two instruments mounted as shown 
on the same panel, one with sapphire jewels 
and one with hot-formed jewels from mate¬ 
rial G (Figure 11), which was the material 
used for jewels in the past. 

(d) ., After impact a group of instru¬ 
ments, half with sapphire and half with 
hot-formed jewels of material G, were run 
from zero to full scale and back approxi¬ 
mately 900,000 times, and the jewel roll 
again noted with results as shown in 
Table II. 

All of the above were done with several 
different instrument designs and torques, 
and representative values are given in the 
tables. Conclusions from the above were 
that it was highly desirable to increase the 
impact strength of the hot-formed jewel. 

(e) . An arrangement as shown in Figure 
10 was made by which a jewel could be 
accurately located below the opening of a 
glass tube. A hardened steel instr ument 
pivot was placed in the Vee and struck by 
dropping a pellet weighing 0.1 gram upon it. 
As shown in the figure, the pellet was raised 
by a magnet to an exact height and released 
by removing the magnet. After each drop, 
the jewel was carefully examined under the 
microscope for any traces of fracture of the 
surface and another trial made if no fracture 
occurred. The method finally worked out 
as giving the most consistent results was to* 


£g2.° 





20 80 100 120 140 160 ISO 

IMPACT ANGLE —DEGREES 
2 4 6 8 10 12 14 

NUMBER OF THE IMPACT 


Figure 9. Increase of instrument friction as a 
result of successive impacts in ten-degree steps 
on panel impact device 
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Figure 10. Jewel impacting device 

drop the weight five times from a distance 
of 2 inches, five times from a distance of 
6 inches, and five times from a distance of 
12 inches. A jewel would be given a score 
of one for each time it successfully with¬ 
stood a 2-inch drop, a score of three for each 
time it successfully withstood a 6-inch drop, 
and a score of six for each time it withstood 
a 12-inch drop. The total score of a group 
of five jewels was used in making the evalua¬ 
tion in each case. It should be noted that 
the pivots were initially selected by 100- 
diameter contour measurement and a 40- 
diameter visual inspection to be sure that 
they did not introduce another variable. 

Figure 11 shows the comparative values 
of a number of different materials includ¬ 
ing material G which had been in use for 
many years. 

It should be noted that the impact 
strength is not a function of material 
only, since jewels were actually produced 
from material H which varied in impact 
strength from practically zero when over¬ 
strained to a value of 30 when completely 
annealed as shown at I. The value plot¬ 
ted at H is the average which can be held 
for the optimum manufacturing process 
worked out. 

The materials investigated covered 
ordinary soft glass A; a considerable 


Table II. Jewel Roll of Instruments After 
Approximately 900,000 Pointer Movements 
Up and Down Scale 



Instrument 

No. 

Angle* 

(in Degrees) 



....3.2 


(2. 

....3.2 

Hot-formed jewels... 

.<3. 

....0.3 


)4. 

_1.5 


*6. 

....0.0 


A. 

....1.0 


. )2. 

....0.9 

Sapphire jewels. 

.s 3...... 

....1.0 


)4. 

....1.0 


U . 

....1.2 


Initial jewel roll was negligible. 

* Instrument scale angle' 90 degrees. 


range of so-called “hard glasses,” B, C, D, 
E, F, G, the material used some years ago, 
and II. Material if has a very high soft¬ 
ening point and is unique in having a large 
percentage of alumina. 

Since vibration is present in many in¬ 
strument applications, H jewels were com¬ 
pared to sapphire in respect to bearing life 
under vibration. A table which gave 
each point in the instrument a circular 
motion in a plane 46 degrees from the 
horizontal with a diameter of 0.020 inch 
and a frequency of 1600 rpm was used. 
Results showed the two bearings to be 
comparable. 

From an analysis of the above data and 
examination of the pivots and jewels it 
was obvious that material H represents 
very distinct progress over the previously 
used glass jewel. Since sapphire is harder 
than the steel pivot, the effect of heavy 
impact is to cause a deformation of the 
pivot. When this deformation occurs, the 
precision of the instrument is impaired, 
because the moving system is no longer 
supported by a smooth bearing, but is 
rolling on an irregularly shaped mush¬ 
roomed pivot. This effect will always be 
present and will be noticeable at any part 
of the scale, since the whole end of the 
pivot is deformed. In the case of mate¬ 
rial H, the point at which the jewel mate¬ 
rial deforms is approximately the same as 
that at which the pivot deforms, so that 
up to this critical point, impact has no 
effect. Beyond this point, there is very 



MATERIAL 

Figure 11. Impact tests on hot-formed jewels 
and on sapphire jewels 

slight deformation of the pivots, and a 
minute area of the jewel surface is crushed. 
Because of the fact that the pivot flies up 
from its regular seat under impact, this 
deformed part of the jewel is very likely 
not to be at the point where the pivot 
usually travels and, therefore, is unlikely 
to affect the performance of the instru¬ 
ment in any way. 

The technique of manufacturing in¬ 
strument jewels with carefully controlled 
dimensions to give the impact strength of 
II has been worked out, and these can 
now be produced in quantities sufficient 
to assure that the jewel bearings will not 
be a limiting feature in the. quantity of 
instruments which may be produced. 

In conclusion, the original result de¬ 
sired was a jewel which could be produced 
in quantity, and which would involve the 
least possible sacrifice over sapphire for 
miniature instruments. The data in¬ 
dicate that there is little to choose be¬ 
tween the new jewel and sapphire for 
actual miniature instrument application. 
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A New Single-Phase-to-Ground 
Fault-Detecting Relay 


W. K. SONNEMANN 

associate aiee 


Synopsis: In the application of differential 
relays the need for a supervising relay which 
will detect the existence of a single-phase-to- 
ground fault condition to the exclusion of all 
others has frequently arisen. Heretofore, 
the only scheme available has been to utilize 
a relay energized by zero-sequence quanti- 
tl . es * Gen erally, the relay has been ener- 
gized by a current transformer connected in 
the station ground. Such a relay, however 
will also detect the existence of a two-phase- 
to-ground fault and only partially solves the 
problem. The new relay described in this 
paper derives its operating force from the 
zero-sequence voltage at the bus and is 
restrained by the negative-sequence voltage 
at the bus. The addition of properly pro¬ 
portioned negative-sequence restraint pro¬ 
vides the relay with a means of recognizing 
a single-phase-to-ground fault only. It is 
applicable on those systems where the zero- 
sequence impedance of the system exceeds 
the negative-sequence impedance by a 
reasonable margin. 

Application 

IN the application of differential relays 
1 to the protection of generating station 
busses, it is frequently the case that single- 
phase-to-grouud fault protection only is 
desired. In such cases, the differential 
relay is connected in the residual circuit, 
or zero-sequence network, from the cur¬ 
rent transformers. Again, it is sometimes 
desirable to supplement three-phase dif¬ 
ferential relays with a fourth differential 
relay connected as above in order to ob¬ 
tain increased sensitivity for phase-to- 
ground faults. This latter condition is 
frequently encountered when systems are 
grounded through an impedance, so that 
the maximum value of phase-to-ground 
fault current is distinctly limited. In 


such cases the setting of the fourth or 
ground relay is considerably more sensi¬ 
tive than that of the phase relays, and the 
problem then becomes one of keeping the 
residual differential relay from tripping 
erroneously for heavy external phase-to- 
phase short circuits. Where conventio nal 
relays are used with current transformers, 
the major difficulty arises when a false 
differential current appears in the ground 
relay caused by unequal saturation of the 


Or single-phase-to-ground fault-detecting 
relay, in series with the contacts of the 
main differential relay. If the latter re¬ 
lay then closes its contacts in error upon 
the occurrence of a heavy exte rnal two- 
phase-to-ground fault, for example, but 
the' supervising relay properly maintains 
its contacts in the open position, no harm 
results. Up to now, no such supervising 
relay has been available which would rec¬ 
ognize the existence of a single-phase-to- 
ground fault to the exclusion of all other 
types of faults. The new relay described 
in this paper is such a relay. 

Operating Principle 

The new relay operates in accordance 
with the magnitude of the negative-se¬ 
quence voltage and the zero-sequence 
voltage at the bus. The contact-closing 


JV \/ L 



2I2S.2 



Figure 2. Sequence network 
connections for 

(a) . Single-phase-to-ground 

fault 

(b) . Two-phase-to-ground 

fault 
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NETWORK 
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4 


Zn 


GENERATOR 
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' 2 GF 


Figure 1. Schematic diagram of generator bus 
with fault on feeder circuit 

Zat Grounding impedance 
Zt Impedance of generator 
Zof —Impedance from bus, G, to fault F 
1, 2,0 Where necessary, these subscripts are 
used in addition to those shown above to 
indicate the sequence network involved 

September 1942, Vol. 61 


various current transformers in the 
faulted phases, this condition being par¬ 
ticularly emphasized by the presence of 
d-c transient. When the linear coupler 
relay scheme 1 is used, the fourth or ground 
relay set sensitive may also operate falsely 
for heavy external phase faults, not be¬ 
cause of saturation, but depending upon 
the relative values of the maximum fault 
currents, the sensitivity of the relay, and 
the accuracy of the linear coupler trans¬ 
formers. 

A solution to this problem is to block 
out the ground relay for every type of 
fault except single-phase-to-ground. This 
applies whether conventional relays and 
current transformers, or the new linear- 
coupler scheme is used. The method is to 
connect the contacts of the supervising, 

Paper 42-125, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
summer convention, Chicago, III., June 22-20 
1942. Manuscript submitted May 0 , 1042; made 
available for printing May 22, 1942. 
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Sonnemann—Fault-Detecting Relay 
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Figure 3. Typical operating characteristics 
of relay 

The voltages shown are measured on the input 
side of the sequence filters 
Vo—Zero-sequence voltage 
Vi Negative-sequence voltage 

force in the relay is developed in propor¬ 
tion to the zero-sequence voltage, while 
the restraining force opposing contact 
closing is proportional to the negative-se¬ 
quence voltage. 

The proper application of the relay re¬ 
quires that the zero-sequence impedance 
of the system must exceed the negative- 
sequence impedance of the system by a 
reasonable margin. This requirement 
goes hand in hand with the need for the 
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STATION BUS 



Figure 4(left). Sche¬ 
matic diagram of 
connections of relay 
elements to station 
bus 

Ki and K 3 are de¬ 
sign constants of the 
filter units 


REACTORS 

120 VOLTS 
3 PHASE b0 _Ai, 
3 WIRE W 
60 CYCLES CO-W 


OSCILLOGRAPH 

ELEMENTS 


NEGATIVE- 

SEQUENCE 

VOLTAGE 

FILTER 


RESTRAINING 
COIL 


ZERO- 

SEQUENCE 

VOLTAGE 

FILTER 


Figure 5 (right). 
Diagram of test con¬ 
nections 



GROUNDING 
BANK 


Rn 

ELEMENT FOR 
CONTACT INDICATION 


125 
VOLTS D-C 
o 


RELAY FOR 
INITIATING 
FAULT > 


POLARIZED 
RELAY *^r-g| | 
ELEMENT * s “” aj| 


RECTIFYING 
UNIT 

OPERATING 
COIL 

^PERMANENT 


MAGNET 


'-■CONTACTS 


Under this condition the relay will receive 
equal negative- and zero-sequences volt¬ 
ages from potential transformers con¬ 
nected to the bus and must not operate. 
The restraining coil of the relay must, 
means of the phase differential relays, thus therefore, be so proportioned as to be more 


relay. On solidly, grounded systems, 
where the ratio of zero-sequence to nega¬ 
tive-sequence impedance at the generat¬ 
ing station bus is low, ground-fault pro¬ 
tection will generally be obtained by 


eliminating the need for the supervision 
of a nonexistent sensitive ground relay. 
When a grounding impedance is used, 
however, the need for the ground differ¬ 
ential relay appears. At the same time, 
the use of the grounding impedance 
makes possible the application of the new 
supervising relay. 

Figure 1 shows a schematic diagram of 


powerful than the operating coil of the 
relay when both of these relay circuits 
receive equal voltages. Referring to Fig¬ 
ure 2a for the single-phase-to-ground 
fault condition, it will be noted that the 
zero-sequence voltage will exceed the 
negative-sequence voltage in the same 
ratio as the impedance of the zero-se¬ 
quence network exceeds that of the nega- 


a generator bus with a fault on a feeder tive-sequence network. It will be noted 


circuit. The generating capacity has 
been shown as an equivalent single gen¬ 
erator. To make the case more general 
for the detailed derivations in the ap¬ 
pendix, an impedance, Zap, has been 
assumed between the generator bus, G, 
and the fault at F. 

Figure 2 shows the sequence network Figure 2a, it follows that it is only neces- 

connections for single-phase-to-ground sary for the impedance of the zero-se- 

and two-phase-to-ground faults. 2 Phase- quence network to be sufficiently high 

to-phase and three-phase faults need not with respect to the impedance of the 


that the value of the grounding imped¬ 
ance, Zy, has been inserted in the zero- 
sequence network at three times its actual 
value in accordance with the conventional 
theorem. Since the same numerical value 
of current flows through the negative- 
sequence and zero-sequence network of 


be (Considered, inasmuch as no zero-se¬ 
quence voltage is involved for these faults, 
and hence the relay would not experience 
any operating force. For convenience in 
simplifying the explanation of the relay 
operation, consider for the moment that 
the impedance, Zqf, between the genera-, 
tor bus and the fault, F, is zero. This is 
equivalent to assuming that the fault oc¬ 
curs- directly on the bus. Referring to 
Figure 2b for the two-phase-to-ground 
fault condition, it will be .seen that the 
negative-sequence voltage to neutral at 
the bus is of necessity equal to the zero- 
sequence voltage to neutral, since the 


negative-sequence network to cause re¬ 
lay operation. The ohmic value of the 
grounding impedance, Z N) will generally 
run quite high compared to the negative- 
sequence impedance of the .generator, so 
that this condition is not difficult to 
meet. 

Assume that the negative- and zero-se¬ 
quence networks of Figure 2 are equal in 
ohmic value. It then follows that the 
negative- and zero-sequence voltages 
would be equal for each of these two 
cases. This is the limiting value in that 
if the relay-restraining and operating coils 
were so proportioned that the relay would 


RELAY,INCLUDING FILTERS 


two networks are connected in parallel, be on the verge of dosing, its contacts for 


a two-phase-to-ground fault, Figure 2b, 
then it would also be on the verge of 
dosing its contacts for a single-phase-to- 
ground fault, Figure 2a. It follows more 
or less obviously that if Z Q is greater than 
Zi, the relay can be properly proportioned 
to discriminate between single-phase-to- 
ground and two-pliase-to-ground short 
circuits. (Discrimination is automatic 
for phase-to-phase and three-phase short 
circuits, since no zero-sequence voltage 
is involved in these faults.) 

It is desirable to establish a criterion 
for limits of application, and in this case 
it is felt that if the ratio Z 0 /Zj is equal to 
or greater than 2/1, then a relay having 
characteristics similar to those illustrated 
in Figure 3, will meet the requirements 
satisfactorily. 

Typical Application 

Assume that Figure 1 represents a 
13.2-kv installation and that the equiva¬ 
lent single generator has a rating of 20,000 
kva. This is a relatively small capadty 
but is so chosen as to be on the pessimistic 
side in that the negative-sequence imped¬ 
ance will be relatively high. Typical 
values for the subtransieut and negative- 
sequence reactance have been taken at 
12 per cent each, and a zero-sequence 
reactauce of four per cent has been as¬ 
sumed for the machine. The grounding 
impedance, Z N) is assumed to be a two- 
ohm resistor, inasmuch as this is a value 
very frequently encountered. Using the 
above values of impedance and taking 
7,620 volts to neutral as 100 per cent 
voltage, single-phase-to-ground and two- 
phase-to-ground faults on the bus were 
calculated. For the single-phase-to- 
ground fault, the negative-sequence volt¬ 
age is 16.2 per cent and the zero-sequence 
voltage is 93,2 per cent. From the curve, 
Figure 3, when V*— 16.2 per cent, the re¬ 
quired value of zero-sequence voltage, 
F 0 » to operate the relay is 26 per cent. It 
is thus seen that the margin of the zero- 
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sequence voltage available over and above 
that required to barely operate the relay 
is ample. For the two-phase-to-ground 
fault, values of F 2 =49.5 per cent and 
To=49.5 per cent were calculated for the 
assumed system. From the curve, it is 
found that at 49.5 per cent restraint volt¬ 
age, the operating voltage, F 0 , would have 
to be 79.5 per cent. Thus, the relay will 
not operate for the two-phase-to-ground 
fault. The calculations have been based 
on using the subtransient reactance of 


Tests 

In order to check the actual operation 
of the relay against the theory, a test 
setup was made as shown in Figure 5. 

A system was represented in miniature. A 

variable,resistor, R lV , was utilized as a 
grounding impedance in order that a 
minimum value for proper relay opera¬ 
tion might be obtained and this checked 
against the calculations. 

The location of oscillograph elements is 


Figure 6a shows the results of a test 
where phase a was faulted to ground. 
The ratio Z§f Z 2 was 14.8 for this test. 
It will be observed that the relay properly 
closed its contact in 0.83 cycle. It will 
also be noted that there is a slight 60-cyde 
component and an appreciable harmonic 
component in the output of the negative- 
sequence filter prior to the fault. The 
60-cycle component is explained by the 
fact that the filter was not perfectly bal¬ 
anced in its adjustment, and neither were 




the machine in the positive-sequence net¬ 
work, since the relay is a high-speed relay* 

While the relay has actually been made 
in the high-speed form, operating in one 
cycle or less, the principles involved are 
easily applied to other types of design so 
that the relay could be made “slow speed" 
if desired. 

Figure 4 shows a schematic diagram of 
connections illustrating how the relay is 
energized from potential transformers 
connected to the station bus. 
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Figure 6. Test oscil¬ 
lograms 

(a) . Single - phase- 
to-ground fault 

Zo/Z 2 = 14.8 

(b) . Two-phase-to- 

ground fault 
Zo/Zj = 14.8 

(c) . Single-phase- 
to-ground fault de¬ 
veloping into two- 

phase-to-ground 
Zo/Zs = 14.8 

(d) . Single-phase- 

to-ground fault 

Minimum resistance 
in the neutral for 
correct operation of 
relay 

Zo/Z* = T,7 

KiVt " Negative - se¬ 
quence volt¬ 
age output of 
filter 

KtY o=Z e r o - s e- 
quence . volt¬ 
age output of 
filter 


shown in Figure 5. Elements were used 
to obtain traces of the phaise-to-neutral 
voltages, V a , Fj, and F„, andthenegative- 
ahd zero-sequence voltages, K x Vi and 
KiVi. The sixth element was used to ob¬ 
tain an indication of the operation of the 
relay contact. It should be noted that 
the output of the sequence filters, is not 
numerically equal to the input quanti¬ 
ties; hence the constants of proportion- 
alily, Ki and K%, have been used as indi¬ 
cated above. 

Sonnemann—-Fault-Detecting Relay 



the three-phase-to-neutral voltages per¬ 
fectly balanced in the miniature setup. 
The existence of the harmonic component 
is occasioned by the fact that an iron core 
reactor is utilized in the filter design. In 
practice, the fact that the negative-se¬ 
quence filter will have a combined output 
of fundamental and harmonic frequen¬ 
cies on the order of two yolts or less under 
normal balanced conditions does not do 
any harm. 

Figure 6b shows the results of a two- 
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phase-to-ground fault on phases a and c. 
The ratio Z^Z%— 14.8 was kept the same 
as before. The calibration of the oscillo¬ 
graph elements remained the same, as in 
all cases to follow. The contacts of the 
relay did not operate. The relative mag¬ 
nitude of the deflections of the elements 
measuring K\Va and KaV <o should be com¬ 
pared for Figures 6a and 6b. 

In Figure 6c, the results are shown for a 
fault which started as one phase-to-ground 
and developed into a two-phase-to-ground 
fault. As before, the ratio of Z 0 /Za was 
kept at 14.8. The contacts first closed, 
as they should, in 0.9 cycle. When the 
second phase faulted to ground, the con¬ 
tacts opened in 0.48 cycle. The film indi¬ 
cates that the contacts were slow in open¬ 
ing the contact circuit. This is for the 
reason that the d-c current used in this 
element was kept high—just about at the 
limit that the relay contacts would suc¬ 
cessfully break. In practice, these con¬ 
tacts would not be expected to open heavy 
currents. 


2/2S-7 


Figure 7. Diagram 
showing arc resistance 
at the point of fault 

The resistance, R N , was next reduced 
to such a value that the relay would just 
discriminate satisfactorily between one- 
phase- and two-phase-to-ground faults 
and the film, Figure 6d, was taken. For 
this case, the ratio Zo/Za was 1.7. Using 
the impedance values for the miniature 
system, a single-phase-to-ground fault 
condition was calculated. The calculated 
values were: Vo~ 58.4 per cent and Va= 
34.2 per cent. At a negative-sequence re¬ 
straining voltage of 34.2 per cent, the 
curve, Figure 3, indicates that the zero- 
sequence operating voltage required to 
just overcome this restraint should be not 
more than 54 per cent. An apparent error 
of 8.2 per cent is indicated in the calcula¬ 
tions. This is explained on the basis that 
there were errors in the miniature setup 
which could be eliminated if it were found 
necessary to run the test with precision 
laboratory accuracy. The errors include 
the slight unbalance in the negative-se¬ 
quence filter which was previously men¬ 
tioned, a slight mutual coupling which 
existed between the reactors used in the 
supply circuit, and the fact that the bur¬ 
den of the sequence filters was appreciable 
with respect to other constants of the 




Figure 8. Connections of se-. 
quence networks for 

(a). Single-phase-to-ground 
fault 

Ob). Two-phase-to-ground 
fault 



(a) (b) 


miniature system. None of these factors 
was taken into consideration in the cal¬ 
culations. 

In Figure 6d, the contact closing time 
1.52 cycles under minimum operating 
conditions is still reasonably fast. 


voltage and the zero-sequence operating 
voltage when the relay must operate. 

Case II—Two-Phase-to-Ground Fault 

Referring to Figure 8b, let equations 1, 
2, and 3 stand as before. In this case, how¬ 
ever 


Conclusion 

A relay design is now available which 
will properly discriminate between single¬ 
phase-to-ground faults and all other 
types of faults on grounded systems when 
the ratio of the zero-sequence impedance 
of the system to the negative-sequence 
impedance is greater than unity. 

Appendix 


ECZo+ZO 

ZiZo+ZiZs+ZiZo 

(9) 

/* Il Za+Z* 

(10) 


(ID 

As in Case I, 



(6) 

and Zo0=O — /o(3Z^-f-Zoy) 

(7) 

Substituting for h and /o in terms of Ji, 
equations 6 and 7 become 


Let it be assumed that the fault occurs at 
the point, F, of Figure 1, and that the arc 
resistances are represented as shown in 
Figure 7. The sequence network connec¬ 
tions are shown by Figure 8 for the single¬ 
phase-to-ground and two-phase-to-ground 
faults. The points G, F, and W are shown 
in these diagrams. 

Case I—Single-Phase-to-Ground Fault 
Referring to Figure 8a, let 

Zi= Z^t+Zqp+Rx/i (l) 

Zi=Z 2 f\-Zos''\-Rs/i ( 2 ) 

and Zo=3Zft-\-2!oT~\~ZoQF-t m Rs/t-\r3Ro (3) 
In the series connections of networks 
I\=h = h (4) 


E 2 G-0+/i _ , _ Zit 

(12) 

£og=0-|-Ji (3Zjv+Zb r ) 

Zs-rZo 

(13) 


A new ratio, Ri, between the negative- 
sequence restraining voltage and zero- 
sequence operating voltage, is obtained by 
dividing equation 12 by equation 13 

ZoZ 2 r 

Za{ZZ N +Z* T ) (14) 

Summary 

If the relay is to discriminate properly 
between the conditions of case I and case 
II, then the ratio, R it must be greater than 
the ratio, Ri. Dividing equation 14 by 
equation 8, there results 


and Ii— 




(5) Ra/Ri^- 

Zi 


(IS) 


The negative- and zero-sequence voltage 
drops at the bus, G, are 

EiG^O—IsZiT (6) 

and Zog= 0—/o(3Ztf-|-Zor) (7) 

Substituting 1% for h (since these are 
equal, equation 4) in equation 7, and dividing 
equation 6 by equation 7, a ratio, R\, is 
obtained 

g _-£ag_ Zit 
Eoo . (3Z#-|-Zoj.) 

Equation 8 gives the relationship existing 
between the negative-sequence restraining 


Equation 15 indicates that if Zo/Za>l, 
then J? 2 /2 ?i> 1, and the relay will receive 
more restraining voltage in proportion to 
operating voltage for the two-phase-to- 
ground fault condition than it will for the 
single-phase-to-ground fault. 
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On Eddy Currents in a Rotating Disk 


W. R. SMYTHE 

NONMEM8ER AIEE 


DEVICE which often occurs in 
electric machines and instruments 
consists of a relatively thin conducting 
disk rotating between the pole pieces of a 
permanent magnet or electromagnet. 
The author has received inquiries as to 
the method of calculating the paths of the 
eddy currents and the torque in such 
cases. The following rather simple 
method, which is quite accurate for a 
permanent magnet, seems not to be de¬ 
scribed in the literature. It assumes that 
the disk is so thin that the skin effect can 
be neglected. This is true for all fre¬ 
quencies that can be produced mechani¬ 
cally. To facilitate calculation in the 
special case of circular poles it is also as- 



Figure t. Geometrical relations for deriva¬ 
tion of formulas for stream function 


sumed that 2Tr<aaby=ca is much less than 
one where u is the angular frequency of 
rotation in radians per second, a the pole- 
piece radius, b the disk thickness, and y 
the electric conductivity, all in centi- 
meter-gram-seeond electromagnetic units. 
This produces a fractional error of less 
than ea in the eddy current densities and 
of less than (ea) 2 in the torque. In the 
case of the electromagnet the situation is 
complicated by the presence of the 'per¬ 
meable pole pieces in the magnetic field 
of the eddy currents. This may send a 
large demagnetizing flux through the 
electromagnet. An approximate solu¬ 
tion for this case, will be considered. 

Maxwell’s Formula 

This calculation starts from a formula 
given by Maxwell in 1873, 1 but apparently 
little known to engineers. To apply it one 

Paper42-140, recommended by the AIEE committee 
on basic sciences for presentation at the AIEE 
summer convention, Chicago, Ill., June 22-20,1942. 
Manuscript submitted December 12, 1940; made 
available for printing May 20, 1942. 

W. R. Smytiib is professor in the department of 
physics, California Institute of Technology, Pasa¬ 
dena, Calif. 


should know its derivation which, as given 
by Maxwell, is difficult for modern stu¬ 
dents to follow. A simplified proof which 
brings out the points essential for our 
problem is given below. 

The object is to calculate the magnetic 
induction B produced by the eddy cur¬ 
rents of density i induced in a thin plane 
sheet of thickness b, unit permeability and 
conductivity y lying in the xy plane by a 
fluctuating magnetic field of induction 
B! Evidently the only components of 
i effective in producing magnetic effects 
parallel its surface. Let the eddy cur¬ 
rents be confined to a finite region of the 
sheet which may or may not extend to in¬ 
finity, and let us define the stream func¬ 
tion U(x, y) at any point in the sheet to 
be the current flowing through any cross 
section of the sheet extending from P to 
its edge. The line integral of B or H over 
the closed path that bounds this section 
equals 4 tt£/. From symmetry the con¬ 
tribution from the upper and lower halves 
of the path is the same so we may write 


±TrU=£B-ds= rfc2 / Bgdx 


\f.\ 

= ±2 fz 

J V 


( 1 ) 


where the choice of sign depends on the 
side of the sheet chosen for the integra¬ 
tion. Differentiating this equation gives 

B„ 


.. bU 
bt x =» — 
by 


2x 


hi 


bU B x 

C (2) 


These equations connect the eddy current 
density with the tangential components 



Figure 2. Lines of flow of eddy currents in¬ 
duced in rotating disk by single circular magnet 
pole 
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of the magnetic induction B produced by 
i at the surface of the sheet. 

The eddy currents are generated not 
only by the changes in the magnetic in¬ 
duction B' of the external field, but also 
by the changes of the magnetic induction 
B of eddy currents elsewhere in the sheet. 
One of Maxwell’s equations combined 
with Ohm’s law gives the induced current 
to be 


(*/+*) (3) 

Writing out the z component of this equa¬ 
tion and using equation 2 give 

1/^54V ^ bBj\ 

y\bx by/ 2xby\ bx^ by ) 

W+SJ ( 4 ) 

Another of Maxwell’s equations states 
that 


V 



bBy 

by 



(5) 


Combining equations 4 and 5 gives 
, b(B z '+B z ) ^ i_ ^ 

bt 2nrby bz ^ 

When dB//bt is known, this equation 
gives the boundary condition on B z in the 
plane of the sheet. This, combined with 
the equations VX*=*0 and V-S=0 which 
hold outside the sheet, and the fact that 
B vanishes at infinity serves to determine 
B everywhere. By equations 1 and 2 the 
current density and stream function any¬ 
where in the sheet can be found. 

The explicit expression for B in terms 



Figure 3. Lines of flow of eddy currents in¬ 
duced In rotating disk by two circular magnet 
poles 



a*v«-«s 

h*— 2a. -h 
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Figure 4. Geometrical relations for calcula¬ 
tion of demagnetizing flux 
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of B' which was given by Maxwell 1 can 
he obtained as follows. The right side of 
equation 6 is finite at all times which 
means that if At— >-0 then a(-B/+.B 2 )— »0. 
Thus an abrupt change in B' instan¬ 
taneously induces eddy currents such as 
will maintain B'+B unchanged in the 
sheet. Therefore, for a specified change 
in B' the initial value of B is known, and, 
if no further changes in B 1 occur its sub¬ 
sequent values as the eddy currents decay 
are found by putting bB'/bt=0 in equa¬ 
tion 4 and solving. A second abrupt 
change in B’ produces a second set of 
eddy currents, and so forth. At any in¬ 
stant the actual field of the eddy currents 
is a superposition of these. As the mag¬ 
nitudes of the discontinuous changes in 
the external field become smaller, and the 
intervals between them shorter, we ap¬ 
proach as a limit a continuously changing 
magnetic field. 

Suppose that the sources of the inducing 
field lie above the xy plane where z> 0 . 
At 7=0 the source changes abruptly the 
induction being Bi'—Fi(x, y, z) when 
— °o <£<0 and Bi—Fiix, y, z) when 
0<7< oo. As just shown the eddy cur¬ 
rents generated at 7=0 initially keep the 
field on the negative side of an infinite 
sheet unchanged. When *<0 we have 
therefore 


The initial field of the eddy currents 
formed in that interval must be equal and 
opposite to this and must die out as if 
their source moved away with a uniform 
speed l/(27r&Y). Thus the eddy currents 
at a time t due to a change in the interval 
dr at a time r before t is given by 

(,2) 


This is Maxwell’s formula. It has man) 7, 
applications . 2 When the field is pro¬ 
duced by moving permanent magnets, it 
is convenient to express U in terms of the 
scalar magnetic potential 12: Since we 
have unit permeability we may write 



Application to Magnet Moving in a 
Circle 

We now take the case of a magnetic 
field produced by a long right circular 
cylinder of radius a, uniformly and per¬ 
manently magnetized parallel to its axis, 
so as to give a total flux $. The magnetic 
pole density in the face is therefore 
<l>/(2xa) 2 . This magnet moves in a circle 
with a uniform angular velocity w its axis 


unprimed or primed according as they 
refer to the axis of rotation or to the pole- 
piece axis. The scalar magnetic poten¬ 
tial Q' of its lower face, of area S, at the 
point P is seen from Figure 1 to be 



iS <!> . 

R 2 = (2ray X 

_ ri'dri'dd' 

V / A 2 +r 1 ' a +r ,2 -2riV 7 


cos 6' 


where r ,2 —r 2 -\-c 2 —2rc cos («7+0). This 
combined with equations 12 and 13 give 
the stream function to be 


U= 


<i> 




(2x) 3 a 2 



( Vh T 


' 0 * ./o 
ri dri dd'dr 


"d 


2 -t-r 1 ,2 H-l?r ,2 -2r l , 12, 


• ' cos 0 


(14) 


where R T ' 2 —r 2 -{-c i —2rc cos (co(t—r)-jr0) 
and h T —h+r/ ( 2 x 67 )= h-\-u. Let us now 
bring the pole piece down close to the 
plate so that h T —r/ (2irby), and bring up a 
similar pole of opposite sign from the 
other side, so that the eddy current den¬ 
sity is doubled. We now carry out the 
differentiation with respect to t and set 
7=0 so that the 0=0 line bisects the pole 
piece when 1=0. The integral then be¬ 
comes 


Bt.^Bi'—Bt'^Fiix, y, z)-F 2 (x, y, z) (7) 

Since B^ is not a function of t, equation 6 
reduces to 


J>Bz_ 1 

bt 2irby bz 


( 8 ) 


These equations, 7 and 8 , are satisfied by 
fIx, y, z*(9) 


Because the eddy currents must die out, 
and their magnetic field must be sym¬ 
metrical about the sheet, we take the plus 
sign when z is positive and the negative 
sign when z is negative. Thus equation 
9 shows that, in addition to B 2 which 
would exist if no sheet were present, there 
is a decaying field due to eddy currents 
which appears, from either side of the 
sheet, to be caused by a pair of images 
receding with uniform velocity 1 /( 2 x 6 7 ). 
Suppose our inducing field has the form 


B'** F{t, x, y, z) ( 10 ) 

The change in this field in an infinitesimal 
time interval dr is given by 

bB f b 

~bt dT ~bt ^ X ’ y ’ S)ir (H) 


rc$6 f a f** r “ sin (6+eu)(R u '—r^ cos B'Wdri'dB'dv 
x( 2 xa ) 2 ) o J Q Ru'(u>+ ri '*+R u ’*~2R u ' ri ' cos 0')‘ /a * 


being c centimeters from the z axis, and 
its lower end h centimeters above the 
z =0 plane in which lies an infinite plane 
sheet of thickness 6 and conductivity 7. 
Its upper end is too remote for considera¬ 
tion. Polar co-ordinates will be written 


a jr 



where e= 2 xu >&7 and R u ' 2 —r 2 -\-c 2 —2rcX. 
cos (0+ew). For 3,000 rpm with a copper 
sheet 0.25 millimeter thick e»0.01 so 
that u 2 in the denominator has reached 
the value 100 when m reaches 0.1. In 
calculating such a quantity as the torque 
where the current density is integrated 
over the pole piece, the neglect of e pro¬ 
duces a fractional error less than (e/a) 2 , 
so that the result should be good to one 
per cent for a sheet one millimeter thick. 
We may therefore drop the e terms so 
that ,2?/ becomes the r f in Figure 1 and 
integrate with respect to u giving 

K sin 0 
U -— X 


!T (r'-fi' cos e'Wdn'do' 
r' 2 4 - V 2 — 2 rVi' cos 0 ' 


(16) 


where we have written K for the coeffi¬ 
cient of the integral in equation 15. The 
integral with respect to 0', from Dwight’s 
table of integrals 860.2, is zero when 
r'O/ and r/r' when r'>r\. Thus the 
upper limit for the r\ integration is a 
when r'>a and r* when r.'<a, which gives 


Figure 5. Curves showing torque versus speed r'>a U.— ~— -—— 

for large disk rotating between the four rec- 2irr' 2 

tangular pole pairs of an electromagnet, ft<a ^^ cardy# sin 0 

measured by Lentz 2xa 2 


(17) 

(18) 
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The next question is how to restrict the 
eddy currents to the interior of the disk 
bounded by the circle r=A. We observe 
that if we use equation 15 to calculate U 
for a second magnet also carrying a flux 
- but with circular pole pieces of radius 
a"—Aa/c centered at e"=4 2 /c, so that 
-K/ 2 =r 2 + (4 2 / e) 2 —2r(4 2 / c) cos (6+w), 
and change the variables of integration 
from r x ' to riA/c, and from u to Au/c, then 
the resultant expression is identical with 
equation 15, except that we have cRJ'/A 
instead of R u ' and Ae/c instead of e. But 
when r=A we see that cR u ”fA =R U ', so 
tiiat both magnets, one outside and one 
inside the circle r=A, give the same U 
on this circle. Furthermore by taking the 
air gap in each magnet, small, the fluxes 
are confined to the areas under the pole 
pieces, so that neither induces directly 
eddy currents on the other side of the 
circle r—A. It is evident that if the 
fluxes from the two magnets cut the sheet 
in opposite directions, then 17=0 when 
r=s A and the currents induced by the 
inner pole are kept inside the circle. This 
is exactly the boundary condition for a 
disk of radius A, except that the calcu¬ 
lated system includes the currents in¬ 
duced in the region r<A by the magnetic 
field of the eddy currents in the region 
r> A, which does not exist in the case of 
the disk. This field is proportional to 
$6 which is, by hypothesis, small com¬ 
pared with $, and in addition the source is 
further away, so that the fractional error 
in U will be less than e. We should note 
also from the symmetry that the radial 
component of these secondary currents 
is opposite in sign on the two sides of the 
&—Q line, so that their effect cancels out 
completely in calculating the torque 
which therefore should be accurate to 
terms in e 2 . The contribution to U from 
the outer magnet is found by putting 
c 2 R" 2 /A 2 for R 2 inequation 17. Adding 
this to equations 17 and 18, we obtain for 
the stream function of the eddy currents 
in the disk 


R>a {n0 

2t 


( _i 

\r a +c 2 -2 


2rc cos 0 


A 2 


R<a U— 


c 2 r 2 +A 4 —2rcA 2 cos 0 
<arcby<b 


) 


(19) 


Thus, using equation 2, we have 

f rbir* 4 » /*<*« r+6i bU ' 

Ttm I / / r T~rdrdd 

J s t a 2 J^ J_^ dr 

where 0 i and r are connected bv the rela¬ 
tion r 2 +c 2 -2rc cos B x =a 2 . Substituting 
for U from equation 20 and integrating 
with respect to 0 give 


67 $ sin of 
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A 2 a 2 


c 2 r 2 +A i —2rcA 2 cos 0 
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a 2 Ah 2 sin 0 t 


c 2 r 2 +A 4 -2A 2 rc cos 
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\dr 


( 21 ) 


The integration is simplified by taking a 
new variable u so that 4acu 2 =r 2 -(c-a) 2 
which gives the limits 0 and 1 . Thus we 
obtain, writing out e, 


r= 


o)by$> 2 c 2 


2 tea 2 


/ A 2 a* \ 
V (A 2 -c 2 ) 2 / 


-■urf> 2 Di ( 22 ) 


This formula gives the torque in dyne 
centimeters when <0 is in radians per 
second, $ in maxwells, a, b, c, and A in 
centiineters and y in electromagnetic 
units. If we are given the volume resistiv¬ 
ity p of the disk in ohm-centimeters y= 
10 - 9 /p. 

If the magnet is fixed, and the disk ro¬ 
tates, the arrangement described exerts 
an undesired force on the disk axis which 
may be avoided by using two identical 
magnets on opposite sides of the a vis a n d 
equidistant from it. This approximately 
doubles the torque given by equation 22 . 
The additional torque from the eddy cur¬ 
rents of one magnet flowing under the 
poles of the other may be found by an in¬ 
tegral similar to equation 21 which is 


rt uby&c 

Jc-a V 


r 2 sin 0 i 


X 2J rc 2 +2rc cos 0i 
r 2 A 2 sin 0 X 


( rV+A'+A'rc cos 0i) dr (23) 

Integrating by the same substitutions as 
equation 21 , adding to equation 22 and 
multiplying by two give 


w8y$ 2 c 2 ^4c*-f-g 2 2a 2 A 2 (A i -\'C i ) 


ira 2 


4 c 2 


= uy<f? 2 Dz 


(A'-c 4 ) 2 
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(24) 


This holds when the two magnet fields are 
antipaxallel. If we subtract the integral 
of equation 23 from equation 22 and mul¬ 
tiply by two we get 

<aby^ 2 c 2 ( Ac 2 -~a 2 4a 2 c 2 A 


TO* 


7 4c 2 —o* 4a 2 c 2 A* V 
\ 4c 2 (Ai—c 2 ) 2 /" 


The torque may be calculated by inte¬ 
grating the product of the radial com¬ 
ponent of the current by the magnetic 
induction and by the lever ann and inte¬ 
grating over the area 5 of the pole piece. 
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uy$> 2 D s " 
(25) 

This holds when the two magnetic fields 
are parallel. The .arrangement of equa¬ 
tion 24 gives more torque than that of 
equation 25. The eddy-current flow lines 
corresponding to constant values of U as 

Smythe—Eddy Currents in Rotating Disk 


calculated from equations 19 and 20 ap¬ 
plied to the cases of equations 22 and 24 
are shown in Figures 2 and 3 where a = 
Vl cm, c=7 cm, 4 = 10 cm and <aby$/ 
(2t) =3.5. The value U on the outer 
boundary is zero and changes by steps of 
one in Figure 2 and steps of two in Fig¬ 
ure 3. 

Demagnetizing Effects 

So far the magnet pole pieces have been, 
assumed to be so hard that they do not 
short-circuit the flux of the eddy currents. 
This is not true for the permeable pole 
pieces of an electromagnet, whose effect 
may be calculated approximately by ob¬ 
serving that the current 2 U is enclosed by 
the rectangular path 1-2-3-4-1 in Figure 4 , 
which lies in the upper and lower pole 
pieces except where it cuts across the disk 
and gap normally at r-n and 0 = ± 0 ^ 
If the reluctance of this circuit lies en¬ 
tirely in the air gaps, each of length g, t hen 
the magnetic flux density B e due to the 
eddy currents alone at r u ± 0 j is 4nrU/g. 
Substituting for U from equation 20 and 
writing as before e= 2 mob gives 


B* 


cer^b sin 


ra 2 g 


K' 


A 2 a 2 


c 2 ri 2 -\-A i —2r l cA 2 cos 


-J 

(26) 

This shows that when b and g are com¬ 
parable in size B e cannot be neglected 
compared with the original flux density 
d?/(7ra 2 ). The sin 0i term shows that the 
radial component of the eddy currents 
induced by B e have opposite signs under 
the two halves of the pole piece, so that 
they contribute nothing directly to the 
torque, but on the other hand they form 
closed circuits about the central portion 
and so produce a demagnetizing magneto¬ 
motive force in the electromagnet. The 



1600 


Figure 6. Curves showing torque versus speed 
f®r a large disk rotating between the single pair 
of circular pole pieces of an electromagnet 
as given by equations 22, 27, and 28 


Transactions 683 



stream function U t of these eddy currents 
is calculated as U is, but to simplify mat¬ 
ters we carry out the operations from 
equations 14 to 16 for a single element of 
the pole face, along with its image ele¬ 
ment outside the circle r=A. We then 
give each element the strength indicated 
in equation 26 and set up a definite in¬ 
tegral for U over the pole-piece area. 
This method is less exact than setting up 
equation 14 for the whole face, because it 
ignores that part of the flux threading dS 
from the current induced by B e outside 
this area, which is of the order eBgdS. 
The eddy currents U e are evidently 
equivalent to a magnetic shell of variable 
strength U e in the sheet and to get £F e the 
demagnetizing magnetomotive force We 
must find the equivalent uniform shell. 
Thus we have - 

f W 

m Js 


where 5 is the area of the pole face. We 
now have a complicated quadruple inte¬ 
gral involving the variables r\ R', 6' and 
8i whose evaluation can be simplified 
somewhat by integrating in the proper 
order. The result is 
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w 2&Vc s / 2a i A 2 (A*+c i ) 
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c 2 (A 2 -c 2 ) 2 


2 A* , (A 2 -c 2 ) 2 \ . , 

-log. — ---) = flVw 2 # (27) 
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If the flux penetrating the sheet at rest is 
$o» then when in motion we have, if (R is 
the reluctance of the electromagnet, $= 

<$>o— j9 2 y 2 m 2 $/(R, so that 


«*= 


(R# 0 

<R-|-/3 2 7 2 a) 2 


(28) 


The expressions for the torque now be¬ 
come 


<oy(R 2 $o 2 jD 

(CR+/3 2 7 2 co 2 ) 2 


(29) 


where D has the values given in equations 
22, 24, or 25, according to the pole ar¬ 
rangement. There is now a definite speed 
for maximum torque which is found by 
setting d T /dco—0 to be 

(3o > 

Putting this in equation 29 gives 
16/3 

This is independent of the conductivity 
which is surprising, although there is some 
evidence for it in Lentz’s experimental 


curves shown in Figure 5 which give hot 
and cold copper disks the same T m for 
different co m . 

These calculations of demagnetizing 
effects have been worked out for a single 
pole. For an even number of poles with 
alternating signs, we have seen that the 
torque per pole is increased, but the de¬ 
magnetizing forces are also increased so 
that the torque obtained by multiplying 
equation 29 by the number of poles will 
probably not be far wrong. The speed for 
maximum torque given by equation 30 
will certainly be decreased, perhaps con¬ 
siderably, because of the increase in /3. 

The only formula we can find for this 
torque is one derived by Rfidenberg. 8 
This formula is written as a double infinite 
series and is derived by considering a thin 
conducting strip bounded by straight 
lines which moves lengthwise in the nar¬ 
row gap between magnetic poles with 
rectangular faces. The fields of adjacent 
poles are antiparallel, so that the inducing 
fields can be expanded in a double series 
of odd harmonics. This formula was 
checked qualitatively by Zimmermann, 4 
but could not be verified quantitatively, 
as the theoretical and experimental 
boundary conditions did.not agree. Lentz 
found only those terms involving the 
lengthwise harmonics were of importance 
and dropped the rest. His experimental 
brake had the center of the disk removed 
to simulate a ring whose width roughly 
equaled that of the postulated strip. His 
four poles were so far apart that their 
action was nearly independent. We have 
redrawn in Figure 5, his experimental 
curves giving the torque in meter kilo¬ 
grams against angular velocity in revolu¬ 
tions per second. The ring had inner and 
outer radii of 5 centimeters and 25 centi¬ 
meters and was 0.4 centimeter thick. 
The air space was 1.2 centimeters, and 
the centers of the rectangular pole pieces 
were 20.75 centimeters from the rotation 
axis and were 6 centimeters (radial) by 8 
centimeters (tangential). The inducing 
field was 2,150 gauss at rest. The figures 
on the hot copper curve show the esti¬ 
mated stable mean temperature for that 
speed. 

A direct quantitative comparison of our 
formula with Lentz’s data is difficult, be¬ 
cause he used rectangular poles, his air 
gap was so large as to spread the inducing 
field over an unknown area, the center of 
his disk was cut away, and we do not 
know where his flux density was meas¬ 
ured. Although our formulas are inac¬ 
curate for such large dimensions at the 


high speeds, it is interesting to see what 
results they give for ,a comparable case. 
Let us take 6 = 0.4 cm, A — 25 cm, o = 4 
cm, c=21 cm, g=0.6 cm, 2?=2,000 gauss 
and assume the reluctance entirely in the 
air gap. In equation 22, Pi =1.23, in 
equation 27, /S=3.85 and in equation 28 
(R=0.012. The angular velocity for maxi¬ 
mum torque for copper (7 = 1/1,700) is 
given by equation 30 to be 27.9 radians 
per second or 267 rpm. T m is 1.15 X 10 s 
dyne cm or 1.17 kilogram-meters for this 
single pole and roughly four times this for 
four poles. Expressing V in kilogram- 
meters and co' in rpm, equation 29 be¬ 
comes 


0.00785w' , 

T> --ke-m 

(l+0.0000047o)' 2 ) 2 8 

This formula is plotted in Figure 6. A 
comparison of Figure 5 with Figure 6 
indicates that our formula gives too rapid 
a falling off in torque at high speeds. It 
should be pointed out that other condi¬ 
tions, such as the degree of saturation of 
the iron in the magnet will upset the as¬ 
sumed relation between magnetomotive 
force and $ and may modify equations 28, 
29, 30, and 31 considerably. 

The methods given in this paper may be 
extended to any number of poles by the 
method used for two and to other than 
circular faces. Several such calculations 
have been carried out, but it is doubtful 
if the additional theoretical accuracy jus¬ 
tifies publishing them. The difference 
between the ideal boundary conditions 
used here and those found in apparatus 
is such that we recommend that the 
torque for one pole be calculated by equa¬ 
tion 22 for permanent magnets or by 
equation 29 for electromagnets, and the 
result multiplied by the number of poles 
to give the total torque. In power ap¬ 
paratus the heating of the disk will change 
its resistivity and may cause it to expand 
and buckle and otherwise upset the cal¬ 
culations. 

References 


1. Electricity and Magnetism, Maxwell. Ox¬ 
ford University Press, 1892, volume 2, page 297. 

2. Static and Dynamic Electricity, Smythe. 
McGraw-Hill Book Company, New York, N. Y., 
1939. Chapter XI. 

3. Sammlung Blbktroteohnischb Vortrage. 
Verlag Enke, Stuttgart 1907. Bd 10. page 269 and 
following. 

4. Elektrotechnik und Maschintnbau, Bd 40, 1922. 
page 11. 

3. EleklroUchnik und MascHinenbau, Bd 52, 1934, 
pages 99-102. 


684 Transactions 


Smythe Eddy Currents in Rotating Disk Electrical Engineering 



Poles and Pole Treatment 


completely dominated by southern pine. 
Western cedar is distributed from the 
northwest and from the concentration 
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yards at Minneapolis. Northern cedar 
is confined to parts of the New England 
states and the Lake states. Lodge-pole 


T O write about poles and the preserva¬ 
tive treatment of poles today is like 
writing the review of a very successful 
play that has been running a long time. 
The players are not men, but inanimate 
poles. The natural backdrop is the for¬ 
est. The stage is as broad as the United 
States and the setting is a criss-cross of 
thousands of miles of utility and communi¬ 
cation lines. The engineers of these Imps 
are the producers and directors of the 
play; and it is they who assign the parts 
to the various actors and write a changing 
script as the play progresses. It is the 
purpose of this paper to present certain 
highlights of the more important scenes, 
such as pole use and the drain on the for¬ 
est, pole manufacture and treatment 
under standard specifications, and pole 
strength, and to discuss some possible 
rearrangements in the setting that may 
. become necessary. 

An Outline of the Pole Problem 

In the forest are standing trees of vari¬ 
ous diameters and heights, some of which 
become poles. There are broad-leaved 
trees called hardwoods, and needle-leaved 
trees or conifers, called softwoods. In any 
tree there is a central core of more or less 
durable, nonliving wood known as the 
lreartwood, which is surrounded by a 
layer of living wood known as the sap- 
wood. There are durable woods in both 
the hardwood and softwood groups. The 
durable woods have relatively large 
beartwood cores and relatively thin sap- 
wood ; and the nondurable woods, on the 
other hand, are likely to have relatively 
thick sapwood. 

The history of change in practice that 
laas taken place since the first chestnut 


form of the chestnut blight disease which 
has wiped out completely the commercial 
chestnut forests of the United States. 

At the same time the supply of north¬ 
ern cedar became inadequate, at least as 
far as the sizes required for joint use were 
concerned. The question of selecting 
proper pole size became more and more 
important. The growth of the electrical 
industry had not followed a simple pat¬ 
tern, and the need for correlation of ideas 
and a rational standardization of pole 
practice led to the writing and acceptance 
of the American Standard Specifications 
for Wood Poles. 1 These specifications 
have had a most important influence on 
modem pole production. They were 
written around the natural poles of the 
forest; and they were designed to make 
suitable species interchangeable and to 
encourage the use of the greatest possible 
number of pole-size trees. 

Other specifications had to be written 
or rewritten to cover the preservative 
treatment. The writers of these specifi¬ 
cations focussed their attention on the 
finished pole, leaving only so much of 
process control in the specifications as 
was necessary to protect the timber from 
injury. This focussing generally took the 
form of defining acceptable limits for 
penetration. Practically speaking, the 
only universally accepted preservative 
was coal tar creosote. One major objec¬ 
tive only was held in view in the preser¬ 
vation processes, namely, to fill the non¬ 
durable sapwood, whether it was very thin 
as in chestnut, or whether it made up 95 
per cent of the pole as in many southern 
pines, with enough toxic creosote to pre¬ 
vent the growth of wood-destroying fungi. 

Pole Use 


pine serves the ^Mountain states area. 
Douglas fir is being shipped from the fog- 
belt forests of Oregon and Washington, 
either directly or through Minneapolis 
to the eastern and southern states. The 
lines of distribution cross and recross in a 
perplexing pattern woven from prefer¬ 
ence, policy, price, and freight rates. 

Many of the changes indicated in Fig¬ 
ure 2 have been inevitable. Expansion of 
joint use, which has been easier since the 
standard pole specifications have become 
more widely accepted, has had a tendency 
to increase the length of the poles re¬ 
quired for certain services. This has in¬ 
evitably thrown the demand back on 
southern pine and western red cedar; 
and within the last two years the practical 
difficulties in securing large quantities 
of long southern-pine and western-cedar 
poles have practically forced the produc¬ 
tion and use of Douglas fir. 

Figure 3 is a composite diagram, 
worked out by Doctor J. G. Segelken of 
the Bell Telephone Laboratories, present¬ 
ing in a new fashion a picture of the rela¬ 
tive use by the Bell system of some sizes 
of the pole species shown in Figure 2. 
Certain facts stand out plainly. One is 
the relative use of northern cedar and 
western cedar in the 30-, 35-, and 40-foot 
groups. Another is the major position of 
creosoted southern pine. A few years ago 
the Bell system bought between 30 and 50 
per cent of all creosoted-pine poles pro¬ 
duced in any one year. Now only about 
15 per cent of the production goes into 
Bell system lines; but the predominance 
of creosoted southern pine in the Bell 
system use picture is a factor of major 
importance. 

The Drain on the Forest 


lines were built is a story of the shift 
jfbrom naturally durable woods to nondura¬ 
ble woods, and this change has involved 
•the introduction and use of preservative 
materials to give the nondurable woods 
an economic service life. 

One of the most important reasons for 
-the shift was a national disaster in the 
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Figure I is a copy of an old map made 
about the turn of the century to show the 
economic limits for the distribution within 
the Bell system of certain pole timbers. 
For the greater part of the country chest-: 
nut and northern cedar were favorites. 
In the western states western cedar was 
a natural selection. Creosoted southern 
pine had just begun to spread up from the 
southern pine forests, reaching as far 
north as St. Louis. The contrast between 
Figure 1 and Figure 2, which represents 
conditions in 1941, is striking. Chestnut 
is gone. The eastern scene is almost 


The degree of this importance is illus¬ 
trated by Figure 4, derived from the an¬ 
nual reports prepared by R. K. Helphen- 
stine, Jr., 2 of the United States Forest 
Service. Piles and poles are much alike, 
and they come from the same forests, so 
that one cannot speak of a natural supply 
of trees for poles without taking the de¬ 
mand for piles into consideration. 

The number of standing trees per acre 
in the pine forest that will make either 
piles or poles 35 feet or more in length is 
relatively small. Therefore, any increase 
in the demand for long poles inevitably 
means the working over of a larger num- 
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ber of acres with consequent increased 
labor and longer hauls. The Southern 
Forest Experiment Station at New Or¬ 
leans conducted a unique survey in 1934- 
1936 which revealed that there was a more 
than adequate supply of pole trees of 
small diameter under 25 feet in length, 
but that the number of suitable trees in 
the larger sizes was relatively small. 
Figure 5 shows the relative use within the 
Bell system and outside of the Bell sys¬ 
tem for 35-, 40-, and 45-foot southern-pine 
poles, classes 1 to 7, American Standard. 
The 35-foot class 5 pole, which is a favor¬ 
ite for joint use makes up roughly 10 per 
cent of the total requirements. The rela¬ 
tive natural occurrence in the forest of 
trees to make these poles is only one per 
cent of the total forest stand. The survey 
figures indicated that the number of 
trees suitable for 35-foot class 5 poles and 
for piles of about the same size taken to¬ 
gether was approximately 3,500,000. 
This looks like an adequate supply. But 
approximately 23 per cent of the poles re¬ 
quired for use outside of the Bell system 
are for 35-foot poles of smaller diameter, 
and the heavy demand for 30-foot class 
6 and class 7 poles for cross-country lines 
and rural extensions during the last few 
years has meant cutting trees which, had 
they been left standing, might have fur¬ 
nished an entirely satisfactory supply of 
35-foot poles at some later date. 

The current requirements for 35- and 
40-foot southern-pine poles are relatively 
much in excess of the occurrence of stand¬ 
ing trees. The rapid expansion of the 
pulp and paper industry in the southern 
states and the heavy emergency demand 
for southern-pine lumber and piles have 
probably changed the relative propor¬ 
tions of the various sizes of standing trees 
since the survey. If the demand for 
creosoted-southem-pine poles 35 feet and 
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longer were to continue at the present 
rate, a situation would soon develop in 
which these poles would be at a pr emium , 
and rigid straightness requirements would 
have to be relaxed in order to facilitate 
production. It would seem to be the 
better part of wisdom to use as many 
sizes as possible and to broaden the use 
of species to include western-cedar and 
Douglas-fir poles whenever it is practi¬ 
cable to do so. 

Pole Manufacture and Standard 

Framing 

Since the establishment of standard 
dimensions for the different species, there 
has been a definite trend toward greater 
mechanization in pole production. The 
most evident result of this trend is the 
pole-shaving machine for removing inner 
bark and smoothing the pole surface. 
Under Bell system specifications south¬ 
ern-pine poles are now trimmed by ap¬ 
proved machine, and the trimming is 


limited so that the average size of the 
poles shall not fall below certain minimum 
circumferences at six feet from the butt, 
at mid-point, and at the top. The shav¬ 
ing machines are finding their way into 
the cedar industry, and western cedar is 
shaved to facilitate preservative treat¬ 
ment or to reduce the sapwood thickness 
so that it will not hold enough moisture 
to support decay. Machine trimming has 
improved the appearance of the southern- 
pine pole by removing the natural bumps 
at the knots, and by reducing the exuda¬ 
tion of creosote, or “bleeding,” from the 
pole surface. It also accderates drying 
and facilitates production-line operation. 

Generally speaking, the majority of 
the southern-pine poles manufactured for 
Bell system use are manufactured and 
framed to a standard pattern. At present 
the roof is cut square with the pole axis, 
and instead of the individual mortises for 
the crossarms, a slab gain is provided by 
machining a fiat surface on the appropri¬ 
ate side of the upper part of the pole. 
The slab-gained pole is an economical 
all-purpose pole that takes the place of 
the mortise-gained pole, cable pole, guy 
stub, and push brace. There are, of 
course, cases in which special framing 
may be necessary or desirable; but 
special framing is a kind of custom job, 
and unless production orders are placed 
well in advance, it generally happens that 
specially framed poles must be produced 
on order. 

The acceptance of standard framing lias 
met with less resistance in southern pine 
than in western cedar. It is only within 
the last few years that the concept of a 
standard finished western-cedar pole has 
begun to take form. In the case of south¬ 
ern pine the principle of complete manu¬ 
facture before treatment was established 
as a practically universal procedure before 
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Figure 2. Current dis¬ 
tribution of pole timbers 
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the creosoted-pine pole began to be ac¬ 
cepted as a regular piece of line equip¬ 
ment, and the development of standard 
framing followed more or less naturally. 
In all cases gaining and boring the bolt 
holes is permitted after treatment in 
southern pine if the sapwood is 100 per 
cent penetrated. 

Pole Preservation 

The main purpose of pole preservation 
is to protect the nondurable sapwood 
from decay. The principles are relatively 
simple. A toxic substance is put into 
the wood in sufficient quantity to make 
the wood unpalatable to the wood-de¬ 
stroying fungi that cause decay. The ad¬ 
dition of the toxic substance must be ac¬ 
complished without material damage to 
the wood itself. 

The preservative most in favor is coal 
tar creosote. The wood is impregnated 
by soaking the pole butts in open tanks or 
by applying pressure to the whole pole 
in closed cylinders. The butt-treating 
method has been applied with greatest 
success to the naturally durable thin sap- 
wood species like chestnut and cedar, the 
aim being to put a protective layer of 
sapwood saturated with creosote around 
the naturally durable heart. In the case 
of cedar it is necessary to puncture the 
sapwood to secure satisfactory penetra¬ 
tion. The open-tank method has also 
been used for the treatment of the thicker 
sapwood of lodge-pole pine, and it is now 
being employed as a supplementary proc¬ 
ess to the butts of poles that have been 
given a full-length treatment with a pre¬ 
servative salt. 

Current treating specifications for full- 
length pressure treatment place the em¬ 
phasis upon the product. Penetration is 
relatively more important than quantity 
of preservative retained. The Bell sys¬ 
tem, after some years of observation and 
experimentation, now specifies that the 
treatment of . southern pine shall be by an 
empty-cell process, that the penetration 
shall be at least 2 l /a inches unless 85 per 
cent of the sapwood is penetrated, and 
that the net retention shall average eight 
pounds of creosote per cubic foot of wood. 
Detailed discussion of the development of 
these requirements may be found in the 
Proceedings of the American Wood-Pre¬ 
servers’ Association. The double require¬ 
ment, based on both depth and per cent 
of sapwood penetrated, is necessary, be¬ 
cause the sapwood thickness varies in 
poles of different lengths and circumfer¬ 
ences. 

A relatively low-residue creosote has 
been specified, defined by limiting the 
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Figure 3. Relative use by the Bell system of 30-, 35-, and 40-foot poles, three-year moving 
. .. averages " 


residue that remains after distillation has 
been carried to 355 degrees centigrade. 
Much of this low-residue creosote has 
been imported. At present such importa- 
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tion has practically ceased, and some ad¬ 
justments are in order. The purpose of 
the low-residue creosote requirement was 
to make the product as acceptable as pos- 
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Figure 4. Creosoted-southcrn-pine poles and 
piles produced in the United States since 1910 


sible to all parts of the Bell system and for 
all types of lines, whether urban or rural. 
At the time the requirement was written 
into the specification, the heavier residue 
creosotes available had a tendency to 
bleed badly, that is, to ooze from the poles 
after the poles were set in line, often for 
months or years. A black sticky pole is a 
dirty pole, and it makes trouble for the 
construction crews and the public alike. 
In adapting the creosoted-pine pole to 
urban use it has been found expedient to 
reduce the standard retention of creosote 
from 12 pounds per cubic foot to 8 pounds 
per cubic foot, to specify low-residue creo¬ 
sote and, in some cases, to require steam 
baths after treatment to dean the poles. 

Full-length pressure treatment with 
creosote is also being applied to red pine, 
lodge-pole pine, western cedar and 
Douglas fir. In the case of Douglas fir 
the treatment usually takes several times 
as long as treatment of southern pine; 
and although the sapwood of Douglas fir is 
thinner, it is sometimes hard to treat as 
lugh a proportion of the sapwood as in 
southern pine. 

In ex panding the use of red pine, 
°dge-pole pine, and Douglas fir, it was 
necessary to focus attention on adequate 
penetration and to reduce the retention 
as ar as practicable to prevent bleeding. 

. n _ ma king compromises of this type one 
th + >r ^ e< ^ to ^destep the main argument 
a has been so often advanced, that 
G paction of retention from 12 
e ® to 8 pounds in southern pine, for 
-jj tmght mean inadequate service 

compromises appear to be 
fa* 3 *^* 0tl * ^kly well, and, as a matter 
c » the actual concentration in the 
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thinner sapwoods of Douglas fir and 
lodge-pole pine are at about the same 
level as the concentration in the sapwood 
of southern pine. 

Penetration, Nonconformity, and 

Risk of Early Failure 

Only in the case of southern pine has 
the evidence on the* practicability of the 
penetration and retention requirements 
been fairly well established. The latest 
available information on southem-pine 
treatment by ah eight-pound empty 
process es illustrated by Figure 6, which 


^'■^an^actigns 
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Figure 5. Forest supply and use in and out* 
side the Bell system of 35-, 40-, and 45-foot 

southern-pine poles 

shows the smooth distribution of 17,556 
poles, nonconforming for penetration, 
representing approximately 3.5 per cent 
out of a total sample of 525,000 produced 
in 1941. The distribution has been di¬ 
vided into nonconformity zones, num¬ 
bered 1 to 5. The interpretation of the 
distribution is illustrated in Table I. 
From studies of the behavior of creosoted- 
southern-pine poles in line 8 * 4 , certain fail¬ 
ure factors have been determined which 
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Figure 6. Distribution of southern-pine poies 
nonconforming for creosote penetration, 1941 
production, arranged in nonconformity zones 
according to risk of early failure in line 


are applicable to the percentage of poles 
in the respective nonconformity zones. 
These failure factors may be defined as 
the percentage of the poles within these 
zones which may be expected to fail 
within 15 years of installation. Recent 
experience indicates that these failure 
factors are probably high. It appears 
likely that the total risk of early failure 
in a group of poles like those under con¬ 
sideration is less than the estimated 0.128 
per cent. The method of interpretation 
illustrated was first advanced several 
years ago, and up to the present no reason 
has been brought forward for changing 
it. Broadly, it means that poles which 
meet the penetration requirements of 
current standard specifications should 
have an entirely adequate service life. 

Green Salt Treatment 

A new preservative for this country, 
called green salt, a mixture of five parts 
potassium dichromate, three parts copper 
sulphate, and one part arsenic acid, in a 
cold water solution, has been used re¬ 
cently for the commercial treatment of 
seasoned southern-pine poles. The treat¬ 
ing solution contains about seven per 
cent of the salts. The penetration has 
averaged about 98.5 per cent of the depth 
of the sapwood, which is better than the 
average generally obtained in creosote 
treatments; and the number of noncon¬ 
forming poles was approximately three 
per cent. The distribution of noncon¬ 
formity appears to be of the same order 
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poles in zones 1 and 2. The finished 
product is cleaner, lighter in weight, and 
stiffer than the creosoted pole, and the 
outer fibers are somewhat harder, may , 
ing the green salt poles somewhat more 
difficult to climb than the creosoted 
pole. Generally speaking, the reaction 
of the field forces to the new poles has 
been excellent. 

Immersion Treatments—Creosote, 
Petroleum, and Pentachlorphenol 

The virtual shutting off of creosote im¬ 
portation by the war has stimulated the 
use of other types of preservatives such 
as mixtures of creosote and petroleum, 
with or without the addition of some other 
material such as pentachlorphenol; or 
the use of a five per cent solution of penta¬ 
chlorphenol in petroleum alone. 5 The 
latter solution is being used for the full- 
length treatment of western cedar by an 
open-tank immersion process as well as 
for pressure treatment of southern pine. 

Machine-shaved western cedar poles 
are being creosoted by immersion in hot 
creosote, followed by the usual butt treat¬ 
ment. The end in view in these western 
cedar treatments is to produce poles in 
which the hazard to linemen from sap- 
wood decay will be eliminated. 

Salt-Creosote Poles 

During the last 15 years approximately 
800,000 southern-pine poles treated with 
zinc meta arsenite have been placed in 
line. The majority of them have been 
purchased and set by power and light 
utilities/ The deterioration that has oc¬ 
curred in these poles has happened at or 
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below the ground line and, in most cases, 
the reduction in circumference at that 
point has taken place slowly. Above 
ground line the condition of the poles is 
excellent. To prevent the deterioration 
at the ground line, poles that are treated 
full length with zinc meta arsenite are 
now being given a butt treatment with 
creosote. Specifications for this double 
treatment call for a penetration in the 
above ground part of the pole of 2Vs 
inches unless 85 per cent of the sapwood is 
penetrated, as in the case of creosoted 
southern pine. Below ground a full sap- 
wood penetration of creosote is not re¬ 
quired. The aim of the specification is to 
provide for adequate protection of the 
butt without the use of too much creosote. 
This salt-creosote pole is being dis¬ 
tributed in the northeastern states on the 
bases of strength and life expectancy 
equivalent to creosoted southern pine. 
Other salts than zinc meta arsenite, such 
as those covered by the current Federal 
specifications for use in treatment of 
timber not in contact with the ground, 
are under consideration. It is interesting 
to note in this connection that double 
treatment using zinc chloride followed by 
a creosote butt treatment was in use in 
Texas prior to 1910. Some of the poles of 
this vintage have given at least 34 years’ 
service in line and are still good. 

Conditioning Poles for Treatment 

This brief discussion of preservation 
cannot be dropped without some mention 
of the problem of preparing poles for 
treatment. In theory at least, it would be 
desirable to dry poles of all species be¬ 
fore treating them. Practically speaking, 
it is almost impossible, except at certain 
seasons of the year, to air-season southern- 
pine poles for either creosote or salt 
treatments without great risk of the poles 
becoming infected with molds and 
strength-reducing fungi during the proc¬ 
ess. The larger the pole, the harder it is 
to dry it. Charges of either green or dry 
poles may be treated satisfactorily with 


Table I. Southern-Pine Poles—1941 Pro¬ 
duction-Estimate of Risk 6f Early Failure in 
Line 


Non- 



Risk of 

con- 



Early 

form- 


Per Cent 

Failure 

ity 

Number 

of Total Failure 

Per Cent of 

zone 

of Poles 

Poles Factor 

Total Poles 

1 ... 

. 132.. 

..0.025....0.47.. 

...0.012 

2... 

. 839. 

..0.160....0.22.. 

...0.035 

3... 

. 2,862.. 

. .0.545....0.08., 

...0.044 

4... 

. 6,432.. 

. .1.035 - 0.02.. 

...0.021 

5... 

. 8,291. . 

..1.579....0.01.. 

. ..0.010 


17,856 .. 

..3.344. 

...0.128 
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due care in the control of the treating 
process. Partially seasoned poles, either 
alone or in mixture with seasoned or green 
poles, may make the treating results very 
variable. The Bell system specification 
requires steam conditioning for at least six 
hours at 259 degrees Fahrenheit before 
impregnation with creosote, in order to 
smooth out some of the variables and to 
sterilize the wood. 

To prevent deterioration during season¬ 
ing, some producers follow the practice 
of pretreating all pole stocks as soon as 
they have dried down to the point where 
such treatment can be given economically 
with approximately four pounds of creo¬ 
sote per cubic foot. The poles are then 
stacked in the yard and held for orders. 
The additional poundage required to 
meet the minimum retention specified is 
added by a second treatment. In other 
cases the poles are treated under pressure 
with weak solutions of preservative salts. 

The kiln-drying of southern-pine poles® 
has been carried far enough experimen¬ 
tally during the last few years to show 
that it is a distinctly promising method of 
preparing the poles for treatment. Ironi¬ 
cally enough, it begins to look as if the 
creosoted kiln-dried poles would have to 
be steamed for a short period at the end of 
the creosoting process in order to dean < 
them and prevent subsequent bleeding 
of the creosote from the pole surface. 

In the case of certain of the salt preserva¬ 
tives organic matter in the green or par¬ 
tially seasoned pole causes a very rapid 


chemical reduction of the preservative 
solution if either the wood or the solution 
is heated; and this reduction does not oc¬ 
cur to the same degree if the wood is 
dried before treatment, and the solution 
is applied cold. In any event a dry pole 
treats quickly, and the plant is able to 
save cylinder hours, and a pole that has 
once been dried and then given either a 
creosote or a salt treatment dries out sub¬ 
sequently more rapidly than a pole that 
was not seasoned before treatment. 

Electric Resistance 

It is extremely important to bear in 
mind the practical difficulties involved in 
seasoning and treating timber before en¬ 
tering on a discussion of the conductivity 
of the treated wood. Measurements made 
by improved methods 7 confirm the gen¬ 
erally accepted conclusion that the elec¬ 
tric resistance varies inversely as the mois¬ 
ture content. There is a temperature 
factor, but it can be more or less ignored 
if the measurements are made within 
certain temperature limits. It is not so 
easy to control moisture content. The 
moisture may come from two sources, 
that is, it may be the moisture that is 
left in the sap that was in the tree when 
it was felled, and it may be moisture ab¬ 
sorbed from rain or melting snow as the 
pole is lying in a concentration yard or 
standing in line. 

The sapwood of a green pole may con¬ 
tain more water than its own dry weight. 


At a moisture content equal to 27-30 per 
cent of its dry weight, wood is said to be 
at the fiber saturation point, that is, at a 
point where there is no free water in the 
wood cells. If the moisture content is 
above this fiber saturation point, the elec¬ 
tric resistance of the wood is low. Below 
the fiber saturation point electric resist¬ 
ance increases sharply as the moisture 
content decreases. 

Suppose that, either as the result of 
well-considered seasoning practice on the 
part of the producer, or on the insistence 
on the part of a, possible customer, a 
group of relatively high-resistance poles 
has been produced and shipped. It would 
be quite wrong to assume that these poles 
would all have high resistance at the time 
they were placed in line and equipped for 
service. During shipment moisture may 
get into the open seasoning checks and be 
absorbed by the inner sapwood and un¬ 
treated heartwood of the pole. Or the 
poles may be exposed to rain and snow for 
months before they are erepted. In fact, 
any method of open flat storage previous 
to line use is almost certain to bring about 
a great variation in the resistance of poles 
that may have started out on a relatively 
high resistance level. Even the best of 
storage conditions, under cover or in 
vertical piles, is no guarantee of high re¬ 
sistance of the pole in line. Driving rains, 
sleet, or snow storms may wet the wind¬ 
ward side of the pole and bring it to prac¬ 
tical saturation during the course of a 
storm. The character of the preservative 
itself simply adds another variable to 
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Figure 7. Independ¬ 
ence of maximum 
knots and points of 
break in soudhern- 
pine poles and pole- 
top sections 

A Maximum group of 
knots in any 12-Inch 
section 

o Maximum single 
knot 

• Ground line for 
test of top section 

x Point of break 

—Creosoted poles 

—Green salt poles 

When only A is 
shown, the maximum 
single knot is in the 
maximum group 

The upper x shows 
location of point of 
break in top section 


these general conditions over which very 
little control can be exercised, 

Aside from drying a pole properly be¬ 
fore treatment so that it will dry out more 
quickly after treatment, there is little 
that can be done in writing specifications, 
or in actually producing poles, that will 
make it possible to turn out high resist¬ 
ance units; and after the poles have once 
been produced, each stick becomes an in¬ 
dependent variable in its resistance char¬ 
acteristics. In practical operation, there¬ 
fore, no pole can have a high resistance all 
the time. 

Pole Strength 

In Writing the American Standard 
Specifications for Wood Poles, 1 all of the 
species were dimensioned so that they 
would have approximately equal re¬ 
sisting moments at the ground-line for 
any given class and length. These 
strength requirements have been trans¬ 
lated into what may be called standard 
breaking loads starting at 1,200 pounds 
for class 7 and running to 4,500 pounds 
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Table II. Southern-Pine Poles—Breaking Test Data 


Average Diameters 
in Inches 

American Standard Maximum Maximum 

- -:-— Single Knot 

Class Length Knots Groups 


Creosoted Poles 


. 1 . 8 ... 

.3.8... 

.3.9... 

.5.0... 

.4.9... 

.5.2... 

•4.8..., 


22 . 

Green Sait Poles 

3.5. 

8.5. 

2.5. 

38.0. 

11.7. 

8.7. 


Whole Pole Relative 
• Average 


Top Section Relative 
Average 


Breaking 

Load* 


.122 

-118 

....150 
....112 
.... 118 
.... 127 
.... f 


Jifodulus 

of 

Rupture** 


...119 
... 103 
... 130 
...99 
... 104 • 
... 124 
...120 


Breaking 

Load* 


.178.... 
.150.... 
.192.... 
.127.... 
.140.... 
.175.... 

, t .... 


Modulus 

of 

Rupture** 


....117 
....101 
....118 
.... 80 
.... 96 
....133 
....140 


.4.1. 

.3.5..... 

.2.7. 

.4.5. 

•3.7. 

.3.9. 


..150 

..146 

..138 

..121 

..149 

..148 


.129 

.127 

.130 

.104 

.135 

.129 


. 205.... 
.182.... 
.223.... 
.151.... 
.189.... 
.170.... 


... 107 
... 104 
...119 
... 99 
...119 
... 94 


JS5.‘SotSSJaT - ' 4-2,400 

Cl.’StaS'SiSo toSjfJST —7,400 

§ 1 he averages for the whole poles were taken as 100 for comparison with the top sections. 


servation of poles in service indicates 
that some sort of ground-line treatment 
should be applied to untreated poles that 
are worth saving at the time of inspec¬ 
tion, as a part of the regular inspection 
procedure. When one looks back over 
the years, it appears that the mistake, if 
any, that was made in earlier ground¬ 
line treatments was not in the trea tmen t 
itself, but rather in the assumption tha t 
a single application would be effective 
for the life of the pole. The methods now 
recommended are the Osmose proc ess or 
the simplified procedure that consists of 
the regular inspection and excavation, 
and treatment with a water-soluble salt 
and creosote. Originally a pound of 
sodium fluoride was dumped into the ex¬ 
cavation around the pole, and the hole 
lightly backfilled. Then, after making a 
narrow V-shape trench against the pole, 
about one gallon of cold creosote was 
poured into the hole by letting it run 
against the pole, at a height of about 12 
inches above the ground line, from the 
flattened spout of a watering can. The 
backfill was then finished, leaving the 
earth around the ground line fairly satu- 


for class 1, approximately on a 25 per cent 
geometric progression. 

Three years ago R. C. Eggleston of the 
Bell Telephone Laboratories began a 
series of breaking tests on machine-shaved 
southern pine treated with creosote, and 
with green salt. A novel scheme was in¬ 
troduced. The top sections of the poles 
as well as the poles as a whole, have been 
tested whenever possible. The results of 
part of these tests, on 92 poles and pole- 
top sections, are summarized in Table II. 
The poles averaged well above their rated 
class breaking loads, above the Amer ican 
Standard fiber stress—7,400 pounds per 
square inch—and within the expected 
variation for modulus of rupture. The 
modulus of rupture of the pole-top sec¬ 
tions averaged 90 per cent of the modulus 
of rupture of the poles as a whole. The 
top sections of the poles were broken with 
short lever arms and, in spite of lower 
modulus of rupture, were on the average 
still sufficiently strong to meet their speci¬ 
fied pole-class breaking load. 

The position of the maximum knot and 
the maximum-knot group in relation to 
the point of break for the poles as a whole 
and for the pole-top sections are shown in 
Figure 7. Each line in the figure repre¬ 
sents one of the groups defined by col¬ 
umns 1, 2, and 3 in Table II, and within 


given class length groups, the creosoted- 
pole and the green-salt-pole diagrams are 
placed side by side to facilitate compari¬ 
son. The independence of maximum 
knot position and break position is obvi¬ 
ous. Only the pole-top sections, which 
had to be clamped in the holding device 
to represent the point of guying, broke 
at conspicuous knot groups. In some in¬ 
stances the very first point of break 
seemed to be at small knots an inch or 
less in diameter or even in hidden knots 
which did not appear on the surface of the 
poles at all. Occasionally poles will 
break during unloading. Apparently, 
such breakage is the result of impact 
shock far in excess of what the poles 
could stand. Generally, this impact 
shock comes from dropping the pole or 
from catching it between others as it is 
rolled off the car or trailer. The breaking 
in such cases at knot groups is coinciden¬ 
tal with the shock and point of applica¬ 
tion and does not indicate dangerous 
weakness in the pole itself. 

Ground-Line Treatment 

One other subject remains for brief 
mention, namely the prolongation of the 
life of the existing pole plant. The evi¬ 
dence from test plot experiments and ob- 


rated with creosote and leaving a water- 
soluble salt to be taken up by the mois¬ 
ture in the wood. Sodium fluoride has 
been replaced in part by borax in the gen¬ 
eral plan as a result of the shortage of the 
former salt. The protection afforded by 
such a treatment seems to be good for 
about five years. 
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Interim Report on Guides (or Overload- 


tion of the design characteristics of each 
piece of apparatus. 


ing Transformers and Voltage Regulators 

AIEE COMMITTEE ON ELECTRICAL MACHINERy 
Transformer Subcommittee* 


T HE present war emergency has crys¬ 
tallized the need for additional infor¬ 
mation concerning the maximum load 
capability of modem-design transformers 
and voltage regulators in order that these 
apparatus may be utilized to a greater 
extent for meeting present and new load 
requirements with a minimum amount of 
new equipment, thus conserving critical 
war materials. It will be noted that the 
papers 1-8 presented at the AIEE conven¬ 
tion June 24, 1942 give somewhat diver¬ 
gent views on permissible overloads and 
on the effect of temperature on trans¬ 
former insulation. 

The relation between the life expect¬ 
ancy of insulation as indicated by labora¬ 
tory tests and the actual life of a trans¬ 
former is largely theoretical, so that the 
use of such information must be tempered 
by sound judgment based on operating 
experience. This report represents a com¬ 
promise of views that is considered con¬ 
servative and satisfactory for immediate 
general use, subject to the limitations and 
cautions given herein. 

Consideration is given to operation 
with normal life expectancy and also with 
moderate sacrifice in life expectancy, thus 
taking into account the effect of the fol¬ 
lowing factors: 

(a) 4 Characteristics and limitations of the 
apparatus involved. 

(5). Ambient temperature. 

(c). Load factor. 

(d), Supplemental cooling. 

(e). Sacrifice of life expectancy. 

Normal Life Expectancy 

In this report normal life expectancy is 


cooled or forced-air-cooled transformers, 
25 degrees centigrade for water-cooled 
transformers, and other usual service 
conditions as given in American Standard 
C- 57, Section 2.000. The “Guides for 
Operation of Transformers” included in 
American Standard C -57 give general rec¬ 
ommendations for the loading of oil-im¬ 
mersed transformers and voltage regula¬ 
tors for recurrent and emergency over¬ 
loads with small effect on normal life ex¬ 
pectancy, while this report will supply, 
in addition to other information, data for 
heavier overloads with moderate sacrifice 
of life expectancy. 

Loading for Normal Life Expectancy 

The maximum load capability is deter¬ 
mined to a considerable extent by the type 
and the electrical characteristics of the 
specific piece of apparatus. However, 
some general guides may be set up, based 
upon the more usual comparatively mod¬ 
em design characteristics, and with pro¬ 
vision for taking into account the factors 
of temperature of the cooling medium, 
load factor, thermal ability of bushings 
and accessories, expansion of oil due to 
temperature increase, possible pressure in 
sealed transformers, method of cooling, 
and so forth. 

Design Characteristics 

The general information on transformer 
loading in this report applies to the com¬ 
paratively modem-design transformers 
built since about 1928. The information 
will not apply in the usual case to the 
older-design apparatus without considera- 


Ambient Temperature 

For low ambient temperatures the 
continuous kilovolt-ampere loading may 
be increased one per cent for each degree 
that the daily average temperature is 
below 30 degrees centigrade for self-cooled 
transformers, three fourths of one per 
cent for each degree below 30 degrees 
centigrade for forced-air-cooled trans¬ 
formers, and one per cent for each degree 
below 25 degrees centigrade for water- 
cooled transformers. 4 Similarly, the load¬ 
ing should be decreased two per cent for 
each degree that the daily average ambient 
is above these temperatures. For continu¬ 
ous loading these rules result in normal life 
expectancy, the same as for operation at 
rated load with ambient temperatures of 
30 degrees centigrade and 25 degrees 
centigrade respectively. Detailed appli¬ 
cations of these rules are given in the 
American Standard C- 57, “Guides for 
Operation of Transformers.” 

Under some conditions greater per¬ 
missible overload capability can be ob¬ 
tained by using “equivalent annual am¬ 
bient” instead of the daily average am¬ 
bient when applying the rule for overloads 
due to change in ambient. The equiva¬ 
lent annual ambient is the temperature 
which, if maintained constantly, would 
result in the same aging as that occurring 
under the actual ambient temperature 
throughout the year. This matter is be¬ 
ing given further consideration. 

Load Factor 

For daily load factors below 100 per 
cent the loading may be increased 0.3 per 
cent for each per cent that the daily load 
factor is below 100 per cent, 5 with normal 
life expectancy. More nearly accurate 
corrections based on an actual load curve 
are not usually justified for normal loading. 
In no case should the overload permitted 
by this factor exceed 15 per cent, corre¬ 
sponding to 50 per cent daily load factor. 


based on continuous operation at rated 
load with a daily average ambient tem¬ 
perature of 30 degrees centigrade for self- 

Paper 42-156, recommended by the AIEE com¬ 
mittee on electrical machinery for presentation at 
the AIEE summer convention, Chicago, Ill., June 
22-26, 1942 and at the AIEE Pacific Coast conven¬ 
tion, Vancouver, B. C., Canada, September 9-11, 
1942. Manuscript submitted June 29,1942; mad e 
available for printing July 9, 1942. 
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M. S. Oldaere, chairman; F. S. Brown, E. S. 
Bundy, J. E. Clem, I. W. Gross, V. M. Montsinger, 
J. R. North, W. C. Sealey, F. J. Vogel, C. F. Wag¬ 
ner. 
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Figure 1. Trans¬ 
former and regulator 
capabilities for nor¬ 
mal life expectancy 
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Temperature Rise op Windings 

The information in this report is based 
on apparatus designed for the standard 
55 degrees centigrade rise. If a trans¬ 
former has been designed for other than 
55 degrees centigrade rise, a rating to give 
55 degrees centigrade rise can be calcu- 
culated, and then the correction factors 
stated herein can be applied. 

Supplemental Cooling—Existing 
Transformers 

The load that can be carried on existing 
transformers can be increased by adding 
auxiliary cooling equipment such as radia¬ 
tor fans, external forced oil coolers, or 
water spray equipment. The amount of 
additional loading that such devices per¬ 
mit varies widely depending on 

(a) . Design characteristics of the trans¬ 
former. 

(b) . Type of cooling equipment. 

(c) . Permissible increase in voltage regu¬ 
lation. 

(d) . Limitations of associated equipment. 

Specific data should be obtained for each 
individual transformer. 

When applying supplemental cooling 
to existing transformers, the permissible 
overloads should be based on the hottest- 
spot temperature rise instead of on aver¬ 
age winding temperature rise. Usually 
the hottest-spot temperature rise over top 
oil temperature increases as the 1.6 power 
of the load. 

If it is found that the bushings, leads, 
or other accessories are not a limiting 
feature, oil-insulated self-cooled trans¬ 
formers by the addition of fans may have 
the output increased in many cases 25 
per cent and in some cases up to 33 per 
cent. Similarly, the addition of external 
forced oil cooling to oil-insulated self- 
cooled or oil-insulated water-cooled trans¬ 
figure 2. Emergency load capability of self- 
cooled transformers larger than 500 kva 

See text for cautions and limitations 



formers may increase the output in many 
cases 25 per cent and in some cases up to 
possibly 66 2 /s per cent. 

Water-spray equipment may be used 
in some cases as an emergency method of 
additional cooling. It is riot generally 
considered satisfactory as a means of ob¬ 
taining continuous additional capacity or 
for year-round operation. The added 
capacity obtainable by the use of water 
spray on oil-insulated self-cooled trans¬ 
formers is dependent on the air and water 
temperature, humidity, design of bush¬ 
ings, leads, and other accessories of the 
transformer. The water spray equip¬ 
ment may increase the capacity in many 
cases 25 per cent and in some cases up to 
possibly 60 per cent. 

- Emergency Loading With Moderate 
Sacrifice of Life Expectancy 

The foregoing discussions have dealt 
with loading of transformers on the basis 
of normal life expectancies. In this sec¬ 
tion loading with moderate sacrifice of life 
expectancy during infrequent emergencies 
to values above those given in the Ameri¬ 
can Standard C-57 “Guides for Opera¬ 
tions of Transformers” is discussed. 

On the basis of available data it is 
reasonable to consider that hottest-spot 
temperatures for durations shown in 
Table I represent an average sacrifice of 
life with each such emergency operation 


of not more than one per cent of the 
normal life expectancy as determined by 
the tensile strength of the winding insula¬ 
tion. 

Table I. Temperatures for Short-Time Emer¬ 
gency Loads With Moderate Loss of Life of 
Insulation 


Duration of 
Load—Hours 


Hottest-Spot 
Temperature— 
Degrees Centigrade 


1 .. 

2 .. 

4 .... 

24 .HO 


With the above temperature limits and 
where specific data on the individual, 
transformer are not available, the follow¬ 
ing loads are considered satisfactory for 
modem transformers and regulators with 
average ambient temperature during the 
overload period of 30 degrees centigrade- 
for self-cooled and forced-air-cooled trans¬ 
formers and a water temperature of 25- 
degrees centigrade for water-cooled trans¬ 
formers. These overload values apply to- 
the normal continuous name-plate kilo¬ 
volt-ampere rating for output voltages, 
equal to or above name-plate rating, and 

Figure 4. Emergency load capability of 
forced air-cooled transformers larger than 500* 
kva 

See text for cautions and limitations 








Table II. Short-Time Emergency Overloads 
for Transformers Rated Above 500 Kva* 

(See text for cautions and limitations regarding 
ambients/ rating, number of overloads, and so 
forth) 

(Times Rated Load) 


Dura¬ 
tion of 
Load— 
Hours 

Self-Cooled and 
Water-Cooled 

Forced-Air- 

Cooled 

Follow¬ 
ing Full 
Load 

Follow¬ 
ing No 
Load*''' 

Follow¬ 
ing Full 
Load 

Follow¬ 
ing No 
Load** 

1 .. .. 

...1.9 .. 

..2.Of... 

...1.6 .. 

..1.8 

2... . 

...1.7 .. 

..2.0 ... 

...1.45.. 

..1.6 

4.... 

...1.5 ., 

..1.7 ... 

...1.35.. 

..1.4 

8.... 

...1.35.. 

..1.45.... 

...1.23.. 

..1.25 

24.. . . 

...1.25.. 

..1.26... 

...1.15.. 

..1.15 


* Special consideration should be given to installa¬ 
tions involving exceptional heavy-current designs. 

** Values for operation "Following No Load” are 
on the basis that the transformer has. been excited 
for at least several hours’ time prior to application 
of the load. The loads that can be carried follow¬ 
ing partial load can be determined with sufficient 
accuracy by direct interpolation. 

t It is considered that two times rated load is the 
maximum that should be carried, regardless of time, 
without special consideration. 


Table III. Short-Time Emergency Overloads 
for Transformers Rated 500 Kva and Below,’ 1 ' 
and for Regulators 

(See text for cautions and limitations regarding 
ambients, rating, nymber of overloads, and so 
forth) 

(Times Rated Load) 


Dura¬ 
tion of 
Load— 
Honrs 

Transformers 

500 Eva and Below 

Regulators 

Follow¬ 
ing Full 
Load 

Follow¬ 
ing No 
Load** 

Follow- Follow¬ 
ing Full ingNo 
Load Load** 

1..., 

...1.7 .. 

..1.9 .... 

..1.5$.. 

..1.8$ 

2... • 

. . .1.55.. 

..1.7 .... 

. .1.5 .. 

..1.5$ 

4. *. . 

...1.4 .. 

..1.5 .... 

..1.4 .. 

..1.5 

3...« 

...1.3 .. 

..1.35.... 

..1.8 .. 

.1.35 

24.... 

...1.2... 

..1.2 .... 

..1.2 .. 

..1.2 


* Speaal consideration should be given to installa¬ 
tions involving exceptional heavy-current designs. 

** Values for operation "Following No Load” are 
on the basis that the transformer has been 
for at least several hours’ time prior to application of 

Tlle loads that can be carried following 
partial load can be determined with sufficient ac¬ 
curacy by direct interpolation. 

t It is considered that 1.6 times rated load is the 
maximum that should be carried, regardless of time, 
without special consideration. 


to normal continuous rated amperes for 
output voltages below name-plate rating. 
It is assumed that the emergencies will 
occur not more than once oh any one day 
and not more than 25 or 30 times during 


Figure 5. Emer¬ 
gency load capabil¬ 
ity of self-cooled 
transformers (500 
kva or less) and of 
regulators 

See text for cautions 
and limitations 



the normal life of the transformer, and 
that the insulation, windings and oil are 
reasonably clean and free from excessive 
amounts of moisture and sludge. 

Table II. shows permissible loads for 
infrequent emergencies for modern sealed- 
type transformers rated above 500 kva 
which have the oil effectively protected 
from exposure to air and moisture. Table 
III shows permissible loads for infrequent 
emergencies for modern transformers 
rated 500 kva and below and for modern 
regulators. 


Conclusions 

Information has been presented herein 
concerning the effects of the character¬ 
istics of specific apparatus, ambient tem¬ 
perature, load factor, supplemental cool¬ 
ing, and so forth, in determining the load 
capability of transformers and voltage 
regulators for both normal and emergency 
conditions. 

The effects of these factors are cumula¬ 
tive, as follows: 

For normal operation with normal life ex¬ 
pectancy the effects of load factor, ambient 
temperature, and supplemental cooling may 
all be added in determining the load capa¬ 
bility. Figure 1 illustrates the application 
of factors for ambient temperature and low 
load factor in determining the normal capa¬ 
bility for transformers and regulators. 

For short-time emergency operation with 
moderate sacrifice of life the effect of the 
actual ambient temperature during the 
emergency and of supplemental cooling 
should be considered in addition to the 
values given in Tables II and III. Figures 
2 to 5 inclusive illustrate the application of 
these values to determine emergency load 
capabilities. 


The principles and facilities described 
in this report may be applied to existing 
or proposed new equipment and should be 
effective in conserving critical war ma¬ 
terials. 

Caution: It must be recognized that 
overloads should not be applied to trans¬ 
formers or regulators without a thorough 
study of the various limitations involved. 
Among these limitations are oil expansion, 
pressure in sealed-type units, bushings, 
leads, soldered connections, tap-changers, 
and so forth, and the thermal capability of 
associated equipment, such as cables, 
reactors, circuit breakers, disconnecting 
switches, current transformers, and so 
forth. These may constitute the prac¬ 
tical limit in load-carrying ability. 

Before overloading transformers or 
regulators to the full extent covered in 
this report, it is recommended that the 
overload capabilities of the equipment 
be checked with the manufacturer. 
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A Compressed-Air Operating Mecha¬ 
nism for Oil Circuit Breakers 


R. C. CUNNINGHAM A. W. HILL 

ASSOCIATE AIEE MEMBER AIEE 


General Field of Application 

T HE recent trend toward better use of 
existing lines and power sources has 
brought a demand for faster operation of 
oil circuit breakers and further simpli¬ 
fication of control. In the past i t has been 
common practice to use a solenoid or 
motor to provide closing energy for these 
breakers, either of which requires a sub¬ 
stantial battery, means for keeping it up 
to full charge at all times, large conduc¬ 
tors between the battery and the breaker 
to handle the heavy currents which exist 
for approximately one second while the 
breaker is closing, and generously propor¬ 
tioned control equipment. Consequently, 
the cost of apparatus associated with the 
breaker, but actually installed apart from 
the breaker, becomes a significant item. 

Compressed air can be used as a source 
of energy to close these breakers, and with 
several obvious advantages. In the first 
place, the electrical drain on a battery at 
the instant of dosing is only the control 
relay current, not the full solenoid closing 
coil current. This may be a reduction of 
the order of 1 to 100 which is reflected in 
smaller batteries and chargers, lighter 
control cables, and contactors. Another 
advantage is that full air pressure is in¬ 
stantly available to start closing the 
breaker, whereas a solenoid builds up in 
power at a slower rate, depending on the 
inductance of the coil. Thus it is possible 
to secure faster breaker operations. 

In a fundamental way the apparatus 
required for closing a breaker with com¬ 
pressed air consists of: 

(fl). A source of air comprising a com¬ 
pressor and reservoir. 

(b). A cylinder and piston within which the 
air can be released to force the breaker to 
the closed position. 

(c). Suitable means for controlling the 
flow of air by means of magnetically 
operated valves operated from a distant 
point. 

Piaper 42-114, recommended by the AIEE com¬ 
mittee on protective devices for presentation at the 
oo 8Ummer convention, Chicago, III., June 
22 26, 1942, Manuscript submitted April 20, 
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Obviously, it is not practical to build the 
commercial apparatus in quite such sim¬ 
ple form, and various requirements of op¬ 
eration have made it desirable to add re¬ 
finements as the following will disclose. 

The Air Supply 

It is desirable that an air reservoir be 
located close to each operating cylinder, 
as air flowing a long distance through 
small pipes will lose pressure to such a 
degree that the delivered air may not be 
able to accomplish the work of closing the 
the breaker in the required time. Hence, 
a 20- or 30-gallon reservoir is installed in 
the same housing with the operating 
mechanism and control and mounted on 
the end of the breaker.' 

For reliable service it has been recom¬ 
mended that a motor-driven compressor 
be mounted in each housing, thus makin g 
each breaker entirely independent of any 
other. It could be argued that this is an 
unnecessary expense where several break¬ 
ers are installed in close proximity to each 
other, and where one compressor could 
.perhaps handle the several reservoirs. 
However, it appears that most operating 
men look at the possible dollar saving as 
, overbalanced by the hazard of shutting 
down the entire group of breakers, in 
case of the failure of the one compressor, 
and the possible difficulty of maintaining 
interconnecting air piping clear and tight. 

If it is preferred to use a single com¬ 
pressor unit for an entire station, it is 
recommended that a double compressor 
be used so as to provide increased reliabil- 
ity. Also, proper consideration must be 
given to protection against mechanical 
damage to piping and to the drainage of 
any water which might condense in the air 
line. If freezing temperatures will be en¬ 
countered in the locality of installation, 
adequate sizes of pipe and sumps must be 
provided to prevent blocking with ice. 

The assembly of compressor and reser¬ 
voir is built to exceed the standards re¬ 
quired for industrial systems and railway 
brake installations, in which continuity of 
performance has been an important fac¬ 
tor worked out years ago. It is designed 
to meet all usual safety code inspection 
requirements, and the reservoir carries 


the stamp of the boiler code inspector of 
The American Society of Mechanical Engi¬ 
neers. An automatic governor maintains 
a maximum pressure of 200 pounds per 
square inch, starting the compressor 
whenever the pressure drops to 15 pounds 
below the preset maximum. A safety 
valve limits the reservoir pressure to 225 
pounds. Ordinarily only one-half or 
three-fourth horsepower is required in 
the compressor motor so that little cur¬ 
rent is drawn from the a-c supply line. In 
ordinary service the motor will run only 
a few minutes each day, as required for 
the occasional breaker operation and in 
order to overcome slight leakage loss. 
Starting with an empty reservoir, a full 
charge can be pumped in one-half hour. 
The motor need not rim each time the 
breaker operates, as the amount of air 
used is frequently so small as not to drop 
the reservoir, pressure to the point where 
the automatic governor picks up. In 
case of the failure of the supply voltage 
to the compressor motor, a full reservoir 
contains enough air to operate the breaker 
at least five times. Further, if there 
should be no immediate demand for an 
operation, it would require more than 12 
hours for a-normally tight air system to 
leak down to a dangerously low pressure, 
giving a wide margin of time to re-estab¬ 
lish compressor power or service. A low- 
pressure switch indicates through an 
alarm circuit when the drop in reservoir 
pressure is becoming acute, and another 
switch locks out the closing relay circuit 
so as to prevent the attempt to close, 
when the air pressure is too low to insure 
completion of the operation. 

The Lever System 

Figure 1 shows a typical mechanism 
assembly mounted on the tank of a 138- 
kv outdoor oil circuit breaker. The com¬ 
pressor and reservoir occupy the space at 
the right of the assembly. At the left 
and center is the operating mechanism it¬ 
self, with a magnetically operated inlet 
valve conveniently located directly' in 
front of the main cylinder. The current 
demand of this magnet valve is well 
under two. amperes. 

One requirement for a mechanism of 
this type is that it shall be capable of re¬ 
closing the breaker promptly, under some 
conditions in not over 20 cycles (one- 
third second). This mechanism meets 
the demand , by retaining a positive me¬ 
chanical connection between the breaker 
and the operating piston at all times, so 
that at any time it may be desired air ad¬ 
mitted to the cylinder will immediately 
act to close the breaker, regardless of 
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whether it may have reached the full 
open position or not. A single lever, 
hinged at one end, and carrying a roller at 
the other end to be held under the hook 
shaped latch when the breaker is closed, 
is attached to both the piston and the 
breaker pull rod at the center. 

The breaker is closed under the effect 
of the compressed air and latched in the 
closed position, so that the air can be cut 
off at the end of this stroke. When the 
breaker is called upon to open, the latch is 
released by a trip magnet, and the usual 
accelerating spring on the breaker fur¬ 
nishes the impetus needed to secure the 
proper contact opening speed. The open¬ 
ing is therefore independent of the condi¬ 
tion of the air supply, and required inter¬ 
rupting time of the breaker is controlled 


full opening speed without the contacts 
being delayed by the magnetic drag of the 
closing solenoid. The mass of the solenoid 
core also acts as a drag to prevent full 
opening speed. These difficulties are not 
present in the air mechanism when a light 
piston is used, and when some means is 
provided for dumping from the operating 
cylinder, the air still under pressure, so that 
it will not restrict the opening speed of 
the contacts. 1 The latter demand is met 
by a series of exhaust ports—on the side 
wall of the main cylinder, near the fully 
closed position—which are opened simul¬ 
taneously with the operation of the 
breaker trip coil. The total area of these 
ports is approximately four square inches, 
and oscillographic pressure records show 
that the collapse of pressure is so fast that 


tected against holding the breaker in 
on a fault, as would be the case with the 
non-trip free mechanism. A solution to 
this problem is shown in Figure 2, where 
the single-lever system for power opera¬ 
tion is modified when it is to be manually 
operated, by unlocking the fixed hinge 
point and temporarily restraining the 
automatic latch over its roller, so that, if 
necessary, the breaker can be tripped in 
the manner of the conventional double¬ 
lever system. Thus, the benefits of trip- 
free action can be secured, while in the 
same parts the inherently fast reclosing 
possibilities of the non-trip free action are 
retained. 

Controlling the Air Flow 


entirely by the mechanical time of un¬ 
latching the mechanism and accelerating 
the contacts by springs which were pre- 
loaded during the closing stroke of the 
breaker. 

It is evident that when a direct me¬ 
chanical connection exists between the 
breaker and the piston, dosing and re¬ 
closing operations are easily obtained. 
Experience with solenoids has shown that 
it is necessary to provide them with me¬ 
chanically trip-free linkages so as to permit 

Figure 1 . Type GAS-8 mechanism for out¬ 
door service 


less than 25 pounds remains in the cylin¬ 
der at the time the contacts part. The 
extreme speed of this dump valve is se¬ 
cured by utilizing the high-pressure air 
on the end of the cylindrical valve, after 
it has once been cracked by a pilot piston 
or small magnet. 

While the single-lever design ade¬ 
quately meets the requirements of quick 
reclosing, some modification is necessary 
where manual operation of the smaller 
breakers is concerned. In this class of ap¬ 
paratus, one man can complete the closing 
operation with a single quick stroke of 
the removable handle, but must be pro- 


There is a characteristic mechanical 
load curve for all breakers having the gen¬ 
eral shape of that marked “Breaker 
Load” in Figure 3. It is made up of the 
dead load, balance and accelerating 
springs, and the extra load of contact pres¬ 
sure springs at the closed position. The 
breaker toggles may alter the magnitude 
of these combined loads at different parts 
of the stroke, but the fundamental char¬ 
acteristic remains. The simple solenoid 
pull curve is well adapted to this, since 
it develops a greater pull as the cores 
come together (see curve marked "Sole¬ 
noid Mechanism” also in Figure 3). The 



surplus of power shown for the solenoid 

Figure 2. An outdoor-type compressed-air 
mechanism with trip-free hand-closing lever 
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goes into speed and, of course, is eventu¬ 
ally lost, as breaker strikes its stops in the 
closed position, but the general shape of 
the pull curve of the solenoid usually falls 
just above the load curve of the breaker, 
so that there are no large instantaneous 
surpluses or deficiencies. With the same 
breaker and a simple air-operated raecha- 



greater power must be available, first to 
arrest the opening motion, and then to 
ring the contacts back to the closed posi¬ 
tion. The use of a throttled air system of 
course means the choice of an air pressure 
and piston area such that the required 
maximum pull will be secured, but this 
does not mean that it takes more air 
than an unthrottled system—rather, 
that through control, the power availa- 
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(a). Reclosing in less than 20 cycles 


Figure 3. Typical curve of a breaker load and 
mechanism pull 

nism, “Elementary,” the pull character¬ 
istic would be largely flat, drooping 
slightly toward the closed position, as the 
air was expanded into the operating cyl¬ 
inder or dropped in pressure, because of 
resistance to flow in the connecting pas¬ 
sages between the reservoir and the cylin¬ 
der. Rather than change the breaker 
levers to co-ordinate the simple air-mecha¬ 
nism pull and the conventional breaker 
load, a scheme has been worked out to 
throttle or control the flow of air, and the 
air-mechanism pull curve takes the gen¬ 
eral shape of that shown in Figure 3, “Air 
Mechanism—Controlled. ” 

The principle of the throttle is that 
when the load is light the air passage is 
kept small. When the load is about to ' 
rise, the throttle is opened by a mechani¬ 
cal linkage, and with the augmented air 
supply, the stroke is completed with just 
the right amount of pull to insure positive 
latching and yet not with excessive glam , 
Since the throttle is adjustable both as 
to amount of opening and to position at 
which it becomes effective, it makes pos¬ 
sible the use of one size of mechanism 
on several types and ratings of breaker. 

The throttle is operated through a 
slotted link, since it is found that full air 
pressure is required over a greater part of 
the stroke when fast reclosure is at¬ 
tempted, as compared to that required to 
complete a simple closing and latching. 
Under this condition of fast reclosure 
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(b). A close—open operation 

Figure 4. Oscillograms of breaker timing 

ble is released as demanded by the load, 
with proper provision made for those op¬ 
erations particularly requiring high speed. 

Result of Tests 

A timing test setup was made on a typi¬ 
cal 138-kv oil circuit breaker equipped 
with an eight-inch compressed-air mecha¬ 
nism of the type described above. Os¬ 
cillographic records, shown in Figures 4a 
and 4b show the variation in cylinder 
pressure, the motion, or travel, of the 
movable contacts, the motion of the ex¬ 
haust valve, a battery indication of con¬ 
tact engagement, and the trip-coil and 
magnet-valve-coil currents. For the sake 
of clarity the essential data have been 
traced from these oscillograms and are 
shown in Figures 5a and 5b. 

Figure 5a shows an OC operation for 
which the time from energizing, the trip 


coil to retouching the contact was 19.3 
cycles. It will be noted that the magnet 
valve was energized 4y 2 cycles after the 
trip coil, and that the contacts had trav¬ 
eled approximately 36 per cent of the en¬ 
tire stroke at the instant the air valve was 
opened. The contacts continue opening 
with reducing speed until there is a cush¬ 
ioned reversal of motion at 57 per cent of 
the full stroke. The cylinder pressure falls 
as the contacts travel toward the closed 
position, due to expansion and throttling. 
The result is a quick reclosure without 
excessive strain on the mechanism or pole 
unit parts, and without excessive slam 
as the breaker reaches the closed position. 

Figure 5b illustrates a CO operation 
using the same breaker and mechanism. 




Figure 5. Clarified speed and pressure records 
from Figure 4 

This test was set up for pretripping, as 
soon as the auxiliary switch contacts in 
the trip circuit were made up. Even 
under this condition the “air-trip-free” 
action of the mechanism is demonstrated 
by the fact that there is no back pressure - 
on the operating piston after the first few 
cycles of travel. A comparison of the 
opening portion of Figures 5a and 5b 
shows that at the end of eight cycles after 
energizing the trip coil, the contact sepa¬ 
rations exceed that required to interrupt 
normal short-circuit currents. 

Field service throughout a full range of 
seasonal changes in weather. verifies the 
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Current- and Potential-Transformer 
Standardization 

AIEE COMMITTEE ON PROTECTIVE DEVICES 
Current Transformer Subcommittee* 


Synopsis: This report has been written to 
summarize the work of the AIEE current 
transformer subcommittee and to discu ss 
the considerations which led to the adoption 
of the material in the revision of section 4, 
“Instrument Transformers,” of the Proposed 
American Standard for Transformers, C-57. 
Special attention is given to the principles 
underlying the establishment of the over- 
current requirements of current transformers 
for relaying service and the revision of the 
method of specifying the accuracy of instru¬ 
ment transformers for metering service. 
Mention is also made of the reasons for 
making other changes, such as in the pre¬ 
ferred primary current ratings, potential- 
transformer ratios, and so forth. 


material and to save time and duplication 
of effort by having the work done by one 
group. Contacts however were made 
with the other interested groups so that 
the work proceeded smoothly with the 
support and co-operation of these groups. 
This paper has been written to present 
the reasons why the material in section 4 
is there in its present form. * 

Primary Current Rating of Current 
Transformers (4.021) 

The original proposal in the printed 


D URING the past two years the cur¬ 
rent transformer subcommittee of 
the relay subcommittee revised the sec¬ 
tion on instrument transformers of the 
American Standard, C- 57. When this 
group was appointed, its assignment was 
to formulate specifications for current- 
transformer performance in the overcur¬ 
rent range for relay application. During 
the progress of the work, however, the ac¬ 
tivities of the group were enlarged until 
they covered the complete revision of sec¬ 
tion 4 of the Proposed Standard for Trans¬ 
formers. This was the result of a desire 
to correlate the new m aterial with the old 
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0n protective devices - foT presentation at the 
22—2R iXo™^ Coave . ntion * Chicago. Ill., June 
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draft of C -57 contains 29 values of pri¬ 
mary current ratings divided into four 
groups. It was generally felt that this 
represented an excessive number of rat¬ 
ings and that the number of primary cur¬ 
rent ratings could be drastically reduced 
and still adequately cover the field. 

The first step was to set up a list of 
ratings based on one of the sequences in 
the system of preferred numbers. This 
gave a list of approximately 16 ratings 
which covered the range adequately. 
.However, no agreement could be reached 
upon the values obtained by this simpli¬ 
fied method of approach* because certain 
active ratings were not included and, ac¬ 
cordingly, a different method of approach 
had to be used. 

Primary current ratings of 10, 25, 50, 
100, 200, 400, and 800 had been estab¬ 
lished by the joint AEIC-EEI metering 
group of the association of, Edison Il¬ 
luminating Companies and the Edison 
Electric Institute, and these ratings were 
used as a nucleus around which the list 
now appearing in the standards was es¬ 
tablished. It was necessary to effect a 
compromise among the requirements of 

* Numbers following subheads refer to paragraphs 
of the currently proposed revision of section 4 of 
°£°?* d American Standard for Transformers 
C-57 which are given in appendix 3 of this paper. 



the groups interested in applying relays, 
meters, and instruments. Because of the 
whole-hearted co-operation among the 
interested groups in reaching a solution 
which would afford a saving to the indus¬ 
try, the number of preferred primary rat¬ 
ings has been substantially reduced, the 
reduction being from 29 to 21 ratings. 

The preferred primary current ratings 
are now in one table in paragraph 4.021. 
It is not the intent that all the values be 
made available for each circuit voltage; 
rather, it is the intent that the ratings 
used for any circuit voltage be limited to 
as few of values appearing in the table as 
possible. 

It was also felt that there were too 
many preferred ratings for double-ratio 
cuiTent transformers, and the reduction in 
the number of values required was a simple 
matter after the problem had been solved 
for single-ratio current transformers. 

Standard Burdens for Rating Pur¬ 
poses (4.030) 

.Section 4.030 of the revised standard 
concerns standard burdens for current 
transformers,, combining and taking the 
place of the former two sections 4.030 and 
4.031 dealing respectively with “Burdens 
for Current Transformers for Metering 
Service” and "Burdens for Current 
Transformers for Relay Service.” 

Formerly, burdens designated as X, Y, 
and Z , or 2.5 and 15 volt-amperes at 0.9 
power factor, and 50 volt-amperes at 0.5 
power factor, respectively, at five amperes 
and 60 cycles were set as standard 
metering burdens; then a separate series 
was s,et up for relay service as 12.5,25,50, 
100, and 200 volt-amperes at 0.5 power 
factor at five amperes and 60 cycles, these 
burdens to b,e used for rating purposes. 

These two groups have now been com¬ 
bined into one list of standard burdens 
designated as £-0.1, £-0.2, £-0.5, £-1, 
£-2, £-4, and £-8 corresponding to 
the ohmic values at 60 cycles of the 
burden of 0.1 ohm, 0.5 ohm, and so forth. 
The first three have a burden power fac¬ 
tor of 0.9, and the last four have a power 
factor of 0.5 at 60 cycles. The old meter 
burden Y of 0.6 ohm at 0.9 power factor 
and the relay burden 0.5 at 0.5 power fac¬ 
tor have been replaced by a single burden 
£ 0.5, corresponding to 0.5 ohm at 0.9 


high degree of reliability obtained in labo¬ 
ratory testing. The flexibility in de¬ 
sign and the compactness of the unit ob¬ 
tained by the use of compressed air, and 
the encouragement gotten from commer¬ 
cial Contacts, indicate an increasing de¬ 
mand for this type of mechanism. 
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power factor. There is no essential dif-. 
ference in these three values as'far as per¬ 
formance is concerned, but the new value 
fits into the list of burdens in more or¬ 
derly fashion. 

• It was also found necessary to add an 
additional value of burden; namely, that 
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designated as B- 0.2, or five volt-amperes 
at 0.9 power factor for metering service. 
This burden is now required for certain 
current transformers used on low-voltage 
circuits. 

In the revised table then, burdens 
5-0.1, 23-0.2, B- 0.5, and B-2 are stand¬ 
ard burdens for metering service for 
rating purposes, and burdens 5-0.5, 
5-1 1 5-2, 5-4, and 5-8 are standard 
burdens for relay service for rating pur¬ 
poses. It should be noted that these bur¬ 
dens also may be designated by the volt- 
amperes and power factor at five amperes 
and 60 cycles of each, if the longer designa¬ 
tion is preferred. The new designations 
are different from the old ones in order to 
avoid confusion with former designations. 
The proposed values are as shown in 
paragraph 4.030. 

Burdens for Potential Transformers 
(4.036) 


with an instrument transformer having no 
ratio error or phase angle to what it would 
read in the same circuit with an instru¬ 
ment transformer having the usual errors. 
This ratio has been called “transformer 
correction factor” or TCF, and the stand¬ 
ard defines it as “the factor by which the 
watt-hour meter registration or the watt¬ 
meter indication must be multiplied to 
correct for the error introduced by the 
transformer through the combined effect 
of the ratio correction factor (RCF), 
phase angle (p)* and power factor angle 
(6) of the metered load. 

Thus for a current transformer (see 
appendix 1): 


TCF=RCF- 


cos 6 


cos (6—i 8) 


At the same time it was also decided 
to use RCF instead of per cent ratio error. 


RCF = 


true ratio 
marked ratio 


Former section 4.032 concerned stand¬ 
ard burdens for potential transformers for 
rating purposes in all classes of service. 
This is now included in the revised stand¬ 
ard in 4.036. Only one change was made; 
namely, the volt-amperes of burden W 
was changed from 13 to 12.5 merely so 
that it would be one half of the value of 
the X burden, which is 25. 

Classification of Current 
Transformers for Accuracy 
Metering Service (4.031) 

Former section 4.033 concerned stand¬ 
ard accuracies of current transformers and 
section 4.035 concerned standard accura¬ 
cies of potential transformers for meter¬ 
ing service. In the revised standard 
these are included as sections 4.031 for 
current transformers and 4.037 for po¬ 
tential transformers. Accuracy classes 
have been specified on a different basis 
from that previously used. Formerly, 
fixed limits were assigned separately to 
ratio error and phase angle for each ac¬ 
curacy class, but on this basis the class 
designation did not in itself indicate the 
probable effect of the transformer on the 
accuracy of measurement of watts or 
watt-hours. 


The values of TCF for a transformer are 
dependent upon the power factor of the 
circuit being measured and the RCF and 
phase angle of the transformer. Where 
the transformer angle is small, the rela¬ 
tion between these various factors ran be 
expressed in a rather simple manner within 
accuracy limits sufficiently good for the 
purpose. By choosing limits for 0 and 
TCF, the limiting values of phase angle 
and RCF are set. The range of power- 
factor angle chosen is from 0 to 53 de¬ 
grees 08 minutes, corresponding to circuit 
power factor of 1.0 and 0.6 lagging re¬ 
spectively, which covers the usual range 
of power factors encountered in practice. 
For these conditions the relation between 
the limiting values becomes: 

For CTs, /3=2,600 (RCF—TCF), in minutes 
For PTs, 7=2,600 (TCF—RCF), in minutes 

If e represents the permissible per-unit 
error in the measurement, it may be posi¬ 
tive or negative, and the corresponding 
limiting values of TCF will be (1 — e) 
and (1 + e). See Figure 1. 

The limiting values .of TCF as set up 
in the standard have been chosen entirely 
from the practical viewpoint of trans¬ 
former accuracies which are required and 


Since the primary concern with respect 
to ratio and phase angle of an instrument 
transformer is the effect on the accuracy 
of measurement of watts or watt-hours, 
it is more consistent to use this effect as a 
criterion of performance, rather than 
merely the arbitrary ratio error and phase- 
angle limits which might be chosen. A 
measure of this effect is the ratio of what 
a wattmeter would read in a circuit 


those attainable with transformers either 
of, modern or earlier design. The new ac¬ 
curacy classes and, consequently, the 
limiting values of TCF correspond very 
closely to the former accuracy classes at 
circuit power factors at or near 1.0. A 
new class of wider limits than before has 
been added to permit an accuracy rating 

* f) is defined as the angle by which the secondary 
current leads the primarir current. 


for current transformers with ratio errors 
in the order of two per cent at 100 per 
cent rated current such as for certain 
bushing and similar types. 

It will be noted on investigation, for 
example, that the former 1/4 class results 
in the limiting TCFs for current trans¬ 
formers at 100 per cent rated current of 
0.99365 and 1.00635 in the range of line 
power factors from 0.6 to 1.0, which pro¬ 
duces maximum meter errors of about 
±0.635 per cent. This is more than 
double the 0.25 per cent error sometimes 
assumed to be indicated by the former 1/4 
class designation, which corresponded to 
the maximum ratio error only without 
consideration of phase angle and over-all 
metering error. 

For the new 3/10 class at 100 per cent 
rated current p varies from+15.6 to—15.6 





Figure 1. Parallelogram showing limits of 
ratio correction factor, RCF, and phase angle, 
p, for a current transformer having a 3/10 ac¬ 
curacy class rating 


minutes (see Figure 1), the limits of which 
are 50 per cent greater than formerly for 
the 1/4 class but which result in only half 
the maximum possible meter error for 
that class. It should be noted that this 
method is the equivalent of that used for 
the former class M only which has been 
continued as the class 5/10. 

There accordingly results a means of 
accuracy rating of instrument transform¬ 
ers for metering service that is of more 
significance than formerly to the average 
meterman, since the accuracy class rating 
is associated directly with the effect of 
transformer characteristics on the ac¬ 
curacy of measurement. The limits set 
appear to be practical and adequate for 
all ordinary purposes, and the method 
utilized is not involved but provides the 
necessary rigidity in a simple manner for 
specification purposes. 

Standard Accuracy Classes for 
Current Transformers for 
Relaying Service (4.032) 

This section, not previously included 
in the proposed American Standard for 
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Transformers is the result of an intensive 
effort to establish standard classes of 
overcurrent performance. It provides a 
much needed benchmark for comparison 
of the performance of various current 
transformers and for specifying their ac¬ 
curacy at the high currents involved in 
protective-relay applications. It also 
establishes in a general way the limits 
within which a given transformer does not 
exceed specified errors under overcurrent 
conditions. 

It is important to note that the terms 
accuracy” and “performance” as cov¬ 
ered by this standard refer to steady- 
state conditions only. The performance 
of current transformers under transient 
conditions is fax too complicated to permit 
of standardization at the present time. 
While the generalization may be mario 
that the better the steady-state perform¬ 
ance, the better the performance will be 
under transients, nevertheless, it must be 
realized that adequate performance within 
the limits of these standards is not neces¬ 
sarily indicative of adequate performance 
under transient conditions. Reference 
should be made to the various items of the 
bibliography. 

Current transformers are classified pri¬ 
marily on the basis of the standard bur¬ 
den which each can cany with a specified 
secondary current without exceeding a 
specified per cent error. To standardize 
ratings five amperes has been selected 
as the standard rated secondary current 
and for overcurrent performance the 
transformers are classified primarily on 
the basis of their ability at secondary cur¬ 
rents of the same value, namely 20 times 
rated. 

Since all the transformers are stand¬ 
ardized on the secondary current, the cur¬ 
rent need not be part of the necessary 
designation. The designation proposed 
to identify or express the accuracy classi¬ 
fication is, for example, 2.5/1400 or 10/- 
200. The first number identifies the ac¬ 
curacy class and the limiting per cent 
error. The letter identifies the tvpe of 
accuracy classification. The second num- 
er identifies the terminal voltage which 
can be developed on one of the standard 
burdens at 20 times rated secondary cur¬ 
rent without exceeding the specified per 
cent error. This scheme of designation 
was adopted, because it was expected 
to give the most useful information. 

I* the application of relays it is essen¬ 
tial that the operating engineer have a 
owledge of the performance of the 
current transformer under overcurrent 
conditions. While considerable error can 
frequently be tolerated, it is essential to 
know the amount of the error or a limit- 


nig value which will not be exceeded. 
This point of view led to the establish¬ 
ment of two accuracy classes for current 
transformers for relaying service. 

In general, the change in the phase 
angle need not be considered in relaying 
applications because often it is of no con¬ 
sequence and is relatively small as long 
as the ratio error is not excessive. There¬ 
fore, most attention is focused upon the 
ratio error. The standard limiting ratio 
errors are 10 per cent and 2 ! / 2 per cent, 
the particular one applicable being indi¬ 
cated by the first figure in the accuracy 



designation. The figure of 10 per cent has 
been chosen, both because errors not in 
excess of this figure can be disregarded in 
most relay applications, and because for 
errors in excess of this figure the accuracy 
of most current transformers falls, off 
very rapidly. The second accuracy Hays 
with 2 1 /* per cent as the limit in ratio 
error has been set up to cover those cases 
where 10 per cent cannot be tolerated. 
The error is expressed in per cent of the 
secondary current. 

The overcurrent requirements for cur¬ 
rent transformers are based upon an over¬ 
current of 20 times rated in the secondary 
winding. With a five-ampere rated sec¬ 
ondary current, the choice of 20 times 
rated secondary current is preferable to 
20 times rated primary current, because 
the former results in a secondary current 
of 100 amperes, which is a convenient 
number for such purposes. 

While the current transformers are 
classified primarily on the basis of the 
burden Which can be carried at 20 times 
rated with the rated accuracy, it is desir¬ 
able to specify, if possible, the burden 
which can be carried at lesser overcur¬ 
rents than equal accuracy. An analysis 
Showed that this could be done very 
simply for transformers of relatively high 
internal impedance,* such as wound 
types. Transformers having relatively 
low internal impedance can be standard- 
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(wJT* “ tenMl impedance” is used to identify 
5“* d “ s,v * characteristic of current transformed 
whlch the exciting current required for a 
ffrent f d s “£ ndar y educed voltage becomes dif¬ 
ferent for different values of secondary current 
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ized at only one point. Therefore, any 
method conceived of standardizing the 
performance at reduced overcurrents for 
the transformers of relatively low internal 
impedance, such as bushing type, had 
serious disadvantages. It was either too 
complicated or, if simple, necessitated in 
many cases transformers much larger 
than would be required to meet only the 
accuracy requirement at the basic stand¬ 
ardizing point of 20 times rated. 

In order to capitalize on the ability to 
standardize the accuracy of the high- 
internal-impedance types over the range 
of 5 to 20 times rated secondary current, 
without penalizing the relatively low- 
internal-impedance types, two separate 
classifications have been set up, desig¬ 
nated as H and /. The letter H or /. 
indicates whether the transformer is- 
classified as a “high-internal-impedance” 
or a “low-internal-impedance” type. The 
reason for this distinction is as follows: 

The excitation voltage upon which ex¬ 
citing current and consequent ratio error 
depend is the sum of the secondary ter¬ 
minal voltage plus the internal-impedance 
drop caused by the secondary current- 
If the secondary current is reduced from. 
20 times rated to 5 times rated, but the 
burden increased inversely, so as to keep 
the secondary terminal voltage constant, 
the excitation voltage will decrease due 
to the reduced internal-impedance drop. 
The exciting current decreases quite 
rapidly with a decrease in excitation volt¬ 
age and for the high-intemal-impedance- 
drop types this effect is great enough that 
the per cent error tends to remain con¬ 
stant. Thus, for the designs of high- 
intemal-impedance drop, the requirement: 
can be imposed that rated accuracy must 
be maintained for currents from 5 to 20* 
times rated with such burdens as to give- 
a terminal voltage no greater than that 
obtained at 20 times rated current with 
rated burden. In only relatively few 
cases will this further requirementincrease 
the size. 

Two examples will clarify the meaning- 
of the accuracy designations. 

1. A 10/400 current transformer is of 
low internal impedance (as a bushing type). 

It can carry a B -4 burden from one to 20* 
times rated secondary current, or 6 to 100* 
amperes, with not over 10 per cent error. 

It can induce 400 volts with not over ten 
amperes exciting current. 

2 ; A 2.5H200 current transformer is of 
high internal impedance (as a wound type) 
capable of supplying a B-2 burden at from, 
one to 20 times rated secondary current 

with not over 2.5 per cent error. It can 

also suppljr any standard burden which will! 
not require over 200 volts with secondary 
currents from 5 to 20 times rated, without 
exceeding 2.5 per cent error. At 2.5 am- 


Electrical Engineering- 




peres on the open-circuit saturation curve 
the transformer will induce over 200 volts. 

Application Data for Current 
Transformers (4.033) 

There is a growing appreciation of the 
fact that where applicable the saturation- 
curve method of calculating the perform¬ 
ance of current transformers presents 
a distinct advantage over other methods 
involving the use of ratio and phase- 
angle curves. Transformers of the low- 
intemal-secondary-impedance type are 
susceptible to such treatment. Accord¬ 
ingly, it was thought desirable to es¬ 
tablish in the standard application data 
which shall be available from the manu¬ 
facturers for use in this connection. 

These data should include curves show¬ 
ing the excitation current as a function 
of the excitation voltage, or volts per turn, 
together with sufficient data to determine 
"the inphase (watt) component and out- 
of-phase (magnetizing) component, or the 
phase angle. The data should also include 
the resistance of the secondary winding 
and such information in reference to the 
internal impedance as may be usable. 

Calculations for transformers having 
low internal impedance may be rather 
•simply made. The initial step is to de¬ 
termine required excitation voltage as 
leased upon the secondary current and the 
•sum of the burden ohms and the second¬ 
ary resistance. 

The exciting current is the maximum 
•error current and may be read directly 
from the curve, and usually this is all that 
is required. If the phase angle or a more 
precise ratio error is required, it may be 
determined by one of the methods dis¬ 
cussed in some of the references in the 
bibliography. All of these methods use 
the exciting current in magnitude and 
position with respect to the excitation 
voltage, although the mechanics may be 
•different, and they are all essentially a 
•solution of the vector diagram, Figure 3. 



figure 3. Vector diagram of transformer— 
low internal secondary impedance type 


A few of the methods are given in appen¬ 
dix 2, and it is hoped that experience will 
indicate a preference for one or the other 
of these methods. 

It is very unfortunate that transformers 
of the high-intemal-impedanee type are 
not directly susceptible to the simple 
method of calculation, although a some¬ 
what similar method has been proposed. 
The Standards, therefore, continue the use 
of the familiar ratio and phase-angle 
curves for expressing the performance of 
this type of transformer. 

Mechanical Limit for Current 
Transformers (4.046) 

Because the mechanical strength speci¬ 
fications (paragraph 3.050, Ame ri can 
Standard £7-57) of power and distribution 
transformers is stated in a manner which 
involves a time element ranging from two 
to five seconds, it was suggested that the 
mechanical limit for current transformers 
should also involve a time element, and 
one second was suggested. However, the 
situation is quite different for the two 
types of transformers; the power or dis¬ 
tribution transformer limits the short- 
circuit current to a definite value, while a 
current transformer has no appreciable 
effect in limiting the fault current. Ac¬ 
tually, the time element for power and 
distribution transformers has more con¬ 
cern with the thermal requirement than 
with the mechanical. If the transformer 
does not fail within the first few cycles of a 
fault it will not fail at all mechanically. 

There is some opinion that a current 
transformer may fail mechanically after 
the crest of the first maximum half cycle 
has passed, and this has apparently been 
confirmed to some extent by tests. Also 
it was quite strongly felt that one second 
was entirely too long a time in view of the 
fairly rapid decrement in the fault cur¬ 
rent. To facilitate testing the current, is 
specified on a symmetrical basis, and it is 
permitted to cover the time range in suc¬ 
cessive applications. The proposed re¬ 
quirements are shown in paragraph 4.046. 

This paragraph as written includes ma¬ 
terial which properly belongs in the test 
code. Due to the lack of a test code at 
the present time, this material is placed 
in the standard, because it involves the 
demonstration of the specifications of 
mechanical limit. The rated mechanical 
limit is specified in mis symmetrical am¬ 
peres, coupled with the stipulation that 
the transformer must withstand the forces 
produced by this value of current when 
the current wave is completely offset. 

In testing this may be demonstrated by a 
symmetrical wave of twice the value of 


the rated mechanical limit maintained 
for the specified time of six cycles; or 
it may be demonstrated by successive 
applications of current with no intentional 
delay between applications, in which 
case the crest current may be measured 
for the final significant cycle of each ap¬ 
plication and must not be less than twice 
the crest corresponding to the crest of the 
rated mechanical limit. 

Open Secondary Circuit of Current 
Transformers (4.047) 

The original C-57 simply required that 
current transformers operate with the 
secondary circuit open “without damage 
to the transformer.” In many cases the 
strict interpretation of this rule resulted 
in an abnormal design without any com¬ 
pensating features. Accordingly it was 
thought better to correlate the require¬ 
ment for this condition with the test on 
the secondary windings. The proposed 
requirements are shown in paragraph 
4.047. 

Preferred Ratios for Potential 
Transformers (4.020) and 
Standard Insulation Classes and 
Tests for Potential Transformers 
(4.050)—Table IX 

The question of what insulation test 
was standard for a potential transformer 
of a given ratio for circuits below 15 kv 
was the cause of many misunderstand¬ 
ings. The solution of this problem con¬ 
sisted of combining the tabulation of pre¬ 
ferred ratios with the tabulation of insu¬ 
lation classes and tests. 

When the preparation of C-57 was first 
begun, it was recognized that certain in¬ 
strument transformers had impulse levels 
one step lower than those being consid¬ 
ered for the circuit voltages with which 
the transformers were being used, al¬ 
though they could withstand the pro¬ 
posed low-frequency test required for 
these same circuit voltages. The circuit 
voltages in question were in the 5.0-, 
8.7-, and 15-kv classes, and to take care of 
this situation note c, reading as follows, 
was proposed: 

“(c) Indoor instrument transformers are 
available in the 2.5-, 5-, 8.66-, and 15-kv 
classes insulated one level lower than the 
values of this tabulation.” 

This note was the cause of great con¬ 
fusion, because its wording permitted 
misinterpretation, and in the printed 
draft of C-57 it was interpreted as apply¬ 
ing to the lower-frequency test also. It 
resulted in a line of potential transform¬ 
ers having ratios 20:1, 40:1, and 60:1, 


Current- and JPotent'icil-T'rcifisf ormer SUmdurdization 


September 1942, Vol. 61 


Transactions 701 



which had impulse insulation levels corre¬ 
sponding to the present insulation classes 
2.5, 5.0, and 8.66, respectively. These 
transformers, according to the present 
standard, cannot however be connected 
in wye for use between line and neutral 


at their rated excitation voltage, because 
they are not insulated for this service. 
Because of this, there has been consider¬ 
able effort to eliminate them entirely 
from the standard. However, these 
transformers represent existing practice 


and are used extensively, particularly for 
metering applications. Placing them in 
the table and associating their ratios with 
their proper insulation class permits their 
continued use and eliminates the possi¬ 
bility of confusing them with the trans- 
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Table IX of Proposed Standard C-57 



Dielectric Tests 


Insulation 

Class 

(Name-Plate Preferred 


Rated Voltage 


Normal Circuit Voltage on 
Which Transformers May 
■ Be Used 


Low 

Frequency 


Impulse 


Rating) 
Col. la 


Ratio* 
Col. 2 b 


Secondary 
Volts 
Col. 3» 


Primary Winding 
(Name-Plate Rating) 
Col. 4 


When A 
Connected 
Volts 
Col. S a ' e 


When 

Y-Connected 
Volts 
Col. 6a>&« 



Chopped 
Ware 

Kv Minimum Time to 
Crest Flashorer uaec.. 
Col. 91 


Full 

Ware 



15 L . 

- 60-1 

70-1 

100-1 

120-1 

15 H .. 

... 60-1 

70-1 

100-1 

120-1 

23 .. 

... 200/115-1 
200-1 

34.5 .. 

... 300/173-1 
300-1 

46 .. 

... 400/231-1 
400-1 

69 .. 

... 600/346-1 

600 r l 

92 .. 

... 800/462-1 
800—1 

115 ' .. 

... 1 . 000 / 577-1 
1 , 000-1 

138 . .,. 

... 1,200/693-1 
1,200-1 

161 ... 

.. 1,400/809-1 
1.400-1 

196 ... 

.. 1.700/982-1 
1,700-1 


..120 

..120 

.120 

.120 


..120 

.120 

.120 

.120 


.89.3/120. 

....120 

.66 : 4/llS. 

•... 1lo , 


.66.4/115. 

.ns 

.66.4/115. 

.115 


..66.4/115. 

.113 


..66.4/115. 

.116 


230 .....2,000/1,155-1.. 

2 . 000-1 ... 

2S7.5 ..... 2.500/1,444-1 

2.500-1 ... 

345 .3.000/1,733-1... 

3.000-1 ... 


.66.4/115. 

.115 


.66.4/115... 

.115 

.....66.4/115... 
-115 

-66.4/115... 

....115 

...66.4/115... 
...115 

■•.66.4/115... 

••115 


.. 4,200/7,280 F 
.. 4,800/8,320 F 
.. 7,200 

.. 7,200/12.480 F 
.. 8,400/14,560 F 
.. 12,000 
.. 14,400 

.. 7,200/12,480 F 
.. 8,400/14,560 Y , 
.. 12,000 
.. 14,400 

.. 13,800/24,000 Y 
.. 24,000 

.. 19,900/34,600 Y 
. 34,500 

. 26.600/46,000 F 
. 46,000 

. 39,800/69,000 F 
. 69,000 

. 53,100/92,000 F 
. 92,000 

. 66,400/115,600 F 
.115,000 


. 79,700/188,000 F... 
.138,000 

. 93,000/161,000F.. 
.161,000 • 

.113,100/196,000 F. 
.196,000 . ' 

. 132,800/230,000 F. 
.230,000 ^ 

. 166,000/257,500 F..' 
. 287,500 ;; 

. 199,200/345.000 F. 
345,000 


4,800. ... 
,7,200_ 

7,200.... 
8,400. 


7,200... 
8,400. .. 
12 , 000 . .. 
14,400. .., 


34,500., 


.... 208. 

416. 

832. 

. 10 

■... 1,040. 

. 10. 

.... 2,400.. 


... 4,160. 

... 4,800. 

. 19 

... 7,200. 

... 8,320. 

.2fl 

... 7,200. 


... 12,000. 

... 14,400. 

... 12,000. 

. 34 .. 

... 14,400. 


... 12,000.. 

... 14,400. 

... 12,000. 

. 34 . 

. 34 . 

2.1 

... 14,400. 


... 24,000. 

.. .. fil 

... 24,000....... 

- 51. 

... 34,500... 

... 34,500. 

.70. 

_70. 

.. 46,000. 

. . 46,000,._ 

.... 93. 

.... 08 

.. 69,000. 

.. 69,000. 

....140. 

_140 

.. 92,000__ _ 

....185. 


• — ..115,000. 

•ns.ooo. 115 , 000 . 

• ~ .138,000. 

.138,000.,...138,000. . 

• — .161,000. 

.161,000-....161,000. 

• „— .190,000.. 

.196,000.196,000. . 

• ~ 230,000.. 

.230,000..280,000.. 


.185.., 

.230.., 
.230... 


.. .287,500. 

■ • .345,0(10.’, 


.....287,500..,, 

■*...287.500..., 

.345,000, . 

....385,000_ 


.275..., 

..275..., 

.325... 

.826..., 

.395.. 

.395.. 

.460.. 

.460.., 

......575... 



.690... 
.090... 


...1,035... 

...3.0 

.... 900 

...1,035... 

...3.0 ... 

.... 900* 

...1,210... 

...1,210... 

...3.0 ... 
...3.0 ... 

....1,050 
.... 1,060 

...1,500... 

...3.0 .... 

_1,300 

.. .1,600... 

...3.0 ... 

.... 1,300 

...1,785. .. 
...1,785. .. 

COCO 

bo 

....1,550 

....1,550 


tofEYSE* .oUd* or J _ " *■*“' “■»—<«» .bo«,d b, ot 

* All psUnti.l y k... reducrt ta „,» Uo „ „ ^ ^ 

-ii. 
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formers of the same ratio having the 
higher test which may be connected in 
wye at their rated excitation voltage. 

In the proposed initial draft of Ameri¬ 
can Standard C- 57, the ratios of potential 
transformers intended for line-to-neutral 
connection did not give 115 volts line-to- 
neutral in all cases when connected wye 
at the rated voltages indicated. This was 
felt to be an undesirable situation, and 
these ratios were adjusted slightly to cor¬ 
rect this condition. A double-ratio rating 
was also given to provide for 115-volt 
line-to-line as well as line-to-neutral con¬ 
nection. 

The new proposal in Table IX is given 
here under the same table number. The 
third column, “Secondary Volts,” has 
been added to make clear which trans¬ 
formers have two secondary voltages 
available. In the fourth column the item, 
“Name-Plate Rating,” has been added to 
the heading, together with the proper 
entries in the column, to eliminate the 
previous confusion which existed as to 
which transformers were suitable only for 
line-to-neutral connection. The fifth 
and sixth columns were added to indicate 
the circuit voltage for which the trans¬ 
formers were intended. The seventh 
column was added to point out the limit 
voltages between line terminal and ground 
for steady-state operation. 

Standard Insulation Classes and 
Tests for Current Transformers 
(4.051) 

In the initial proposed draft of C- 57 , 
the insulation tests for current transform¬ 
ers were included in the same table as 
tests for potential transformers. This ob¬ 
viously led to much confusion and mis¬ 
understanding which has been over¬ 
come by the use of a separate table for the 


insulation tests for current transformers. 
The proposal is given as Table X. 

Bushing-Type Current 
Transformers 

The printed draft of C -57 did not in¬ 
clude any material on bushing-type cur¬ 
rent transformers. It was felt that this 
should be done, and wherever practicable, 
bushing-type current transformers have 
been covered, but not as completely as 
could be desired. 

Name Plates (4.075) 

* 

A new item, “Data Sheet Number,” 
has been added to the required infor¬ 
mation on name plates. This was done, 


cations, application data, or any other 
information of general use in the applica¬ 
tion of instrument transformers. 

Appendix I. Development of Ex¬ 
pression of Limiting Phase Angle /? 

In Figure 2 are shown the actual and 
indicated currents in a current transformer 
on a 1-1 turn basis. The relationship 
among the transformer correction factor, 
TCF, the rfitio correction factor, RCF, and 
the phase angle, 0 , is developed as follows 
on the assumption that there is no error in 
the potential circuit: 

Actual power=£/ cos 0 

Indicated power *=EI a cos ( 0 — 0 ) 

Actual power I n cos 0 
* Indicated power I a cos ( 0 — 0 ) 


Standard Insulation Classes and Dielectric Tests for Current Transformers 
Table X of Proposed Standard C-57 





Dielectric Tests 

~ "" . 

Insulation 

Class 

(Name-Plate 
Rating) 
Col. 1* 


Low 

Frequency 


Impulse 


Maxjmum 
Line-to-Line . 



Chopped Wave 

Full Wave 

Voltage 

(Xy) 

Col, 2 

Xy 

RMS 

Col. 3 6 

Xv 
Crest 
Col. 4fi 

MinimumTlme to 
Flashover ^sec. 
Col. 5*> 

Xy 

Crest 

Col. 6* 

1.2 ... 
2.5 ... 


. 10. 

15 

.. 36. 

..1.0. 


5.0 ... 


19. 

• • 54. 

69 

...1.25...... 


8.66... 
15L ... 

. 16.0 ;_ 


.. 88! 
.. 110 

.. •••#.. 

.1.6. 

1 Q 

16 H ... 
26 ... 

....... 25 . 

.34.. 

R 1 

.. 130. 

.2.0. 


34.6 ... 
40 ... 

. 46 ..... 

. 93.. 

• • 175. 
.. 230. 
90 n 

..,..3.0 . 

.3.0. 

. 150 

69 ... 

... 69 . 


. . 400. 

e • .3,0. 

... an 


92 ... 

115 ... 

138 

..115 . 

1 QQ 


.. 520. 
.. 630. 

.....3.0 . 

.3.0. 

. 550 

161 !..' 
190 ... 

.161 . 

.196 . 

.325. 

.395 . 

.. 750. 
.. 805. 

.3.0. 

.3.0. 


230 ... 


.460.... 

..1,210. 

.3.0 •«••■• 

.3.0. 

.1,050 

*o7 

345 ... 



..1,500. 

..1,785. 

.3.0. 

.3.0. 

....1,560 


lOOOl 



0.1 1.0 
SECONDARY AMPERES 

Figure 4. Typical saturation curve and loss 
and magnetizing component curves of a bush¬ 
ing-type current transformer 

60 cycles 

Nominal ratio 500/1 . 

Secondary winding resistance 0.19 ohm 


“ lntenned,ate volta * e ratmgs are t0 be P‘ acedin next higher insulation class unless specified otherwise. 

The secondary windings of instrument transformer shall withstand a test oi 2,500 volts to ground and 
normally grounded core and other metal parts. No standard impulse tests have been established f“r 
secondary windings of instrument transformer. caousnea Ior 


because in many cases the name plate 
will not be large enough to include 
all the information which' might be 
thought desirable. It is the intent that 
the manufacturer shall have such ma¬ 
terial available under this number and 
will be able to furnish it upon request by 
reference to the proper design number. 

It is expected that the "Data Sheet 
Number” will serve the same general 
purpose as the instruction book or sheet 
referred to in 3.090 (l 6 ). The “Data. 
Sheet” will be the means whereby the user 
may obtain such information as thermal 
and mechanical limits, accuracy dassifi- 


But 


Actual power 
Indicated power 


= TCF by definition 


— ~RCF by definition 
*a 


so that 


TCF=RCF 


=RCF 


cos 0 


cos ( 0 - 0 ) 

COS0 


cos 0 cos 0 -f-sin 0 sin 0 

A positive angle 0 indicates in this de¬ 
velopment that the secondary current is 
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Table A 


Table 0 


Table B 


Primary 

Current 

Rating 


Preferred Ratio 


(a) Single-ratio current transformers 

10. 2-1 

15. 3-1 

20. 4-1 

25. 5-1 

30. 6-1 

40. 8-1 

50. 10-1 

7 ». 15-1 

100 . 20-1 

150. 30-1 

200 . 40-1 

300. 60-1 

400 . 80_i 

000. 120-1 

800 . 160-1 

1*200 . 240-1 

1*500. 300-1 

2.000. 4 00-i 

3*000 . 600-1 

4.000 . 800-1 

5* 000 .1,000-1 

(b) Double-ratio current transformers 
10/20 . o /4 -i 

25/50 . 5/10-1 

. 10/25-1 

•Jo. 15/30-1 

100/200. 20/40-1 

200/400 . 30/60-1 

600/1,200. 120/240-1 

(c) Multiratio transformers (bushing type) 

600 ’ i '. 120/100/90/80/60-1 

I „nn* 50/40/30/20/10-1 

- U0 . 240/200/180/160/120-1 

100/80/60/40/20-1 

2,00 °*. 400/360/320/280-1 ’ 

3 OOO* 240/160-1 

fSK*. 600/400/320-1 

j’JSS*. 800/600/400-1 

o,0qq . .1.000/800/600-1 

* Maximum. 


the a fni?« ^ P 1 mary CWTent > fr0m Which 
the following close approximation is ob- 
tamed; 

RCF=TCF(1 +0 tan 0) (0 in radians) 
and then 

0 =(RCF-TCF) cot 8 (0 i n radians) 

u ° f t ‘ ,e phase “* te * ia 

£= 3,438 cot 6 (RCF—TCF) 

For a given power-factor angle 8 ohas* 
angle 0 and ratio correction factor RCF the 
IS? ^onner co«cttoh£ 
TCF at this condition will not be exceeded 
for angles less than this value of 8 

. r, nce the maximum angle 8 in the trans¬ 
former accuracy limits is taken as cos^Ofi 
then these TCF limits will not be eSeedS 


0 = 2,600 (RCF—TCF) very nearly 

in which both the maxi mum a „ A . . 
ft RCF. Md 

P"n»se of specifying their motsT 
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Secondary Burden 
at 60 Cycles and Five 
Burden Amperes Secondary 
Characteristics Current 


|og 

‘Sj? 


4> 

o 


o 

o 


Jj 

So ’SS 
SB 


3 

*u; 


o 

■g | 

Jo. 


* 

M 

<0 


V o 
o at 


B-0.2 

B-0.5(F) 

S-l 
B-2 (Z) 
B- 4 
B-8 


.0.09. 

. 0.116.. 

..0.1. 

. 2 

.0.18. 

. 0.232. 

.,0.2. 

. 5 

.0.45. 

. 0.580. 

..0.5. 

. 12, 

.0.5 . 

. 2.3 . 

..1.0. 

. 25 

.1.0 . 

. 4.6 . 

..2.0. 

. 50 

.2.0 . 

. 9.2 . 

..4.0. 

.100 

.4.0 . 

.18.4 .. 

..8.0. 

.200 


5. .0.9 


. .0.5 
. .0.5 
..0.5 
..0.5 


Table C 


Limits of Transformer Correction 
Factor 


Ac¬ 

cu¬ 

racy 

Class 


100 Per Cent 
Rated Current 


10 Per Cent 
Rated Current 


Mini¬ 

mum 


Maxi¬ 

mum 


Mini¬ 

mum 


Maxi¬ 

mum 


Limits 

of 

Power 

Factor 

(Lagging) 

of 

Metered 

Power 

Load 


2.4 ..0.976 
1.2 ..0.988 
6/10..0.994 
3/10..0.997 


..1.024 

.. 1.012 

..1.006 

..1.003 


. .0.952..1.048..0.6-1 0 
..0.976..1.024..0.6-1 0 
..0.988..1.012..0.6-1.0 
. .0.994..1.006..0.6-1.0 


5/10. .0.995**. . 1 . 0 Q 5 **. . O .' 0 96.' .'l.'oG5.' .‘o.'e-l.O 


** 


cuiTen? 6 ValUCS alS ° apP,y t0 150 per c#nt of rated 


Appendix 2. Calculation of Cur¬ 
rent-Transformer Ratio-Correction 
Factor and Phase Angle 

Method! 

Starting with a given value of secondary 
current 4, determine the internal voltage 

?.t° force ,he 

* through the secondary resistance R. in 
senes with the external burden Z b , and the 
angle 0 g by which lags E t . Express the 
secondary current veetorially with respect 
to h t as a reference. 

I*=A-jB 

From the curve such as Figure 4, deter- 

resptcftVsT 111118 ^ 6111 “ a vector with 
respect to same reference voltage E <t 

4 * W—jM 

sam^tZTh the , primar y current, on the 

seSnri^ by addin * vectoriaUy the 
secondary and exciting currents. 

** ~ V / (4 + 

RCF =4/4 


Limits of 

Accuracy Transformer Cor- 
Class rection Factor 

Limits of Power 
Factor (Lagging) of 
Metered Power Load 

1.2.., 

...1.012-0.988..,. 


6/10.., 

..1.006-0.994_ 


3/10... 

•.1.003-0.997_ 

.0.0-1.0 


Table E 



* In accordance with 1.130 the burden may also be 
designated by means of the volt-ampere character¬ 
istic: that is, va 2.5, or va 60. 


Maxi¬ 

mum 

Per 

Cent 

Ratio 

Error 


Accu¬ 

racy 

Class 


Maxi¬ 

mum 

Per 

Cent 

Ratio 

Error 


10.. . 10/150 

10.. .10.100 

10.. . 1077200 

10.. .10.400 

10.. .10/7800 


2 . 5..2 



Maxi- 



mum 

Maxi- 


Sec- 

mum 


ond- 

Sec- 


ary 

ond- 

Accn- 

Ter- 

dary 

racy 

minal 

Burden 

Class 

Volts* 

Ohms** 

. 5 If 50 

50.. 

... 2 

.57/100 

100.. 

...4 

,57/200 

200.. 

... 8 

5 7/400 

400.. 

... 16 

57/800 

800.. 

...32 


* ® eC °” dary v °hage and current limitation—-in 

simll notTJ C aSS ] h ? spoc ‘ fied P er cent ratio error 
?‘ la “ n ° t b e exceeded for the specified secondary 
terminal voltage at current values from 5 to 20 
times rated secondary current. 

** Secondary burden and current limitation—in anv 
accuracy class the specified per cent ratio error shall 
ohm. 6 , exceeded for the specified secondary burden 

secondty U currenr 1UeS fr ° m ^ t0 timeS nite<1 


Method 2 

Express the secondary current as 

4-4e% 

and the excitation current as 

W.«*‘ 

From these the RCF is 

RCF.y7 + 4•cos(p I 4HM , 

And ft the angle by which I. leads 4 
providing +, and <f> e are looked upon 
being positive angles 

tan p- 

4+4 cos 

from C tL ai l d t may be deten »i»ed directly 
rrom the chart given in Figure 5.' 

* Method 3 

Let 4 4 <ji Si an( i $ be the 

method 2 and let • 

4 . 

a = ~ and p=a cos (<4-<£<,)+— 

2 

Then the ratio correction factor 


p is, 
as 


same as in 


R C p "l+ft-f+f-+ e , c . 


feadsjJ a "* Ie is ,he “**e b y «*!<* i’ 

Cwi-ent- and Potential-Transformer StandardisaM, 


I t n l the -? aSe angle A by which / s leads 
is n ’?t 0Vldm ? ** and +• are looked upon 

as positive angles 11 


A+W] in degrees 


tan-fl —(»«-*«) 


1+acos 
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Appendix 3. Excerpts From Pro¬ 
posed American Standard for 
Transformers C-57 (Currently Pro¬ 
posed Revision of Section 4) 

4.021 Preferred Primary Current Rat¬ 
ings and Ratios of Current Trans¬ 
formers 

The preferred primary current ratings and 
ratios of current transformers shall be as 
shown in Table A. 

Standard Burdens and Standard Accu¬ 
racy Classes for Current Transformers 


Table F 


Maximum 
Per Cent 
Ratio 
Error 


_ Maximum 

Maximum Per Cent 
accuracy Exciting Ratio 

Class Current Error 


Maxi mum 
Maximum Secondary 
Accuracy Exciting Terminal 

Class Current Volts* 


10... 

-10X50 . 




10... 

10... 

.... loxioo .’.V. 

...10X200.... 

• • • XU 

...10 
.. .10 

2.5.. , 

2.5.. . 

... .2.5X50 
-2.5X100 

10... 

10... 

...10X400.... 

...10X800.... 

...10 

...10 

«>D.. , 

2.5... 

2.5... 

.... 2.5X20u 

-2.5X400 

....2.5X800 


.2.5 

.2.5 

.2.5 

.2.5 

.2.5 


50. 

100 . 

200 . 

400. 

800. 


Maximum 

Secondary 

Burden** 


.5-0.5 
.5-1 
.5-2 
.5-4 
.5-8 


not 


“ be exceeded for the JpSS'sSdS'tCTihSI MtS^Mao’e'*"' sp f l , fied Per «“» “«•« error shell 
** Secondary harden .ml current 

not be exceeded for the specified secondary burden oh s P ecified P er cent ratio error shall 
ary current. 7 burdea oha is at current values from 1 to 20 times rated second- 


4.030 Standard Burdens for Rating 
Purposes 

(O’). Standard burdens for rating pur¬ 
poses shall have constant-impedance ohms 
and linear-reactance characteristics over the 
entire current range on which they are used 
and shall have resistance and inductance 
values, together with impedance and volt- 
amperc values, at 60 cycles as shown in 
Table B. 

(b). Burden 5-0.1, 5-0.5, and 5-2 are 
standard burdens for current transformers 
used for metering service and correspond to 
the X, Y, and Z designation previously used. 
Burdens 5-0.2 and 5-0.5 are new stand¬ 
ard burdens for metering service. 

Burdens 5-5, 5-1, 5-2, 5-4, and 5-8 
are standard burdens for current transformer 
used for relaying service. 

4.031 Standard Accuracy Classes of 

Current Transformers for Metering 

Service 

(a). The accuracy classification of cur¬ 
rent tranformers for metering service shall 
be based on the requirement that the trans¬ 
former correction factor (TCF) shall be 
within specified limits over a specified 
range of power factor of the load being 
metered. 


For the purpose of these standards the term "Trans¬ 
former Correction Factor" (TCF) is used instead of 
the more complete term “Instrument Transformer 
Correction Factor” defined in 1.134 to desig¬ 
nate the factor by which the watt-hour meter 
registration or the wattmeter indication must lie 
multiplied to correct for the error introduced by 
the transformer through the combined effect of the 

t l ° correction factor (RCF) and phase angle 5. 

(b) . For purposes of standardization the 
limits of transformer correction factor shall 
be specified at 100 per cent of rated primary 
current and at 10 per cent of rated primary 
current. 

(c) . For the purposes of accuracy classi¬ 
fication, the rated secondary current shall 
be five amperes. 

(d) . The standard accuracy classes and 
corresponding limits of transformer correc¬ 
tion factor (TCF) shall be as shown in 
Table C. 

( e ) . For any known ratio correction fac¬ 
tor (RCF) of a given transformer, the posi¬ 
tive and negative limiting values of the 
phase angle & in minutes may be expressed 
as follows: 

0~2,6OO(RCF-TCF) 

in which TCF is taken as the minimum and 


maximum transformer correction facto: 
specified in (d) above. 

The limiting values of the ratio correctior 
factor are the same as the limits of trans¬ 
former correction factor given in (d) above 
since the phase angle of the current trans¬ 
former does not introduce a significant error 
when it is small and when the load power 
factor is 1.0. These limits of ratio correc¬ 
tion factor, together with the correspon ding 
limits of phase angle, keep the transformer 
correction factor within the specified limits 
for all values of power factor (lagging) of the 
measured power load between 0.60 and 1.00. 


(f) ' A current transformer shall be given 
an accuracy rating in accordance with the 
accuracy class (or classes) in which it falls 
for the specified standard burden (or bur¬ 
dens). Double-ratio transformers shall be 
given accuracy ratings for each ratio. 

(g) . In practice, current transformers 
shall be designated in reference to accuracy 
rating by the accuracy class number fol¬ 
lowed by the burden number. For example 
6/10 5-2 and/or 5/10 5-0.1 and so forth. 


4.037 Standard Accuracy Classes for 
Potential Transformers for Meter¬ 
ing Service 


(a). The accuracy classification of po¬ 
tential transformers for metering service 
shall be based on the requirement that the 


transformer correction factor (TCF) shall 
be within specified limits over a specified 
range of power factor of the load being 
metered [see paragraph 4.031 (d) j. 

(b). Standard output and accuracy rat¬ 
ings of potential transformers shall be on the 
basis of their standard rated secondary volt¬ 
age. 

(e). The standard accuracy classes anH 
corresponding limits of transformer correc¬ 
tion factor for potential transformers shall 
be as shown in Table D. 

(d). For any known ratio correction fac- 
tor (RCF) of a given transformer, the 
positive and negative limiting values of the 
phase angle "0” in minutes maybe expressed 
as follows: 

y =»2,600(TCF—RCF) 

in which TCF is taken as the maximum an/I 
minimum transformer correction factor 
specified in (c). 

The limiting values of the ratio correction - 
factor are the same as the limits of the 
transformer correction factor, since the 
phase angle of the potential transformer does 
not introduce a significant error when it is 
small and when the load power factor is 1.0. 
These limits of ratio correction factor, to- 

Figure 5. Chart for calculating RCF and /3 


RC F =1.0 2 1.03 1.04 1.05 

1.01 



Vis* 0.05 


0.10 


0.15 


0.20 
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gether with the corresponding limits of 
phase angle, keep the transformer correction 
factor within the specified limits for all 
values of power factor (lagging) of the 
measured power load between 0.6 and 1.0. 

(e) . These limits shall apply from 10 per 
cent above rated'voltage to 10 per cent 
below rated voltage, at rated frequency, and 
from no burden on the potential transformer 
to the specified burden (see paragraph 
4.002). 

(f) . In practice, a potential transformer 
shall be designated as 0/10 W if its ratio 
and phase-angle characteristics conform 
with the requirements of accuracy class 6/10 
when used with any secondary burden not 
exceeding W with the power factor specified 
for W burden. 

(g) . In plotting curves of potential 
transformer accuracy, power factors shall 
be chosen to conform with the power factors 
of the standard burdens. 

4.032 Standard Accuracy Classes for 

Current Transformers for Relaying 

Service 

(а) . 1. The overcurrent performance of 

current transformers for relaying service 
shall be specified on the basis of a standard 
per cent ratio error at 20 times rated second¬ 
ary current, the standard relaying burdens, 
and the secondary terminal voltages estab¬ 
lished by the specified secondary current (20 
times rated) operating into these burdens. 

In these standards the term "per cent ratio error" 
is defined as 100(RCF—1), RCF*« ratio correction 
factor. 

2. A current transformer shall be given 
an accuracy rating in accordance with the 
ma ximum secondary terminal voltage at 
which the specified error will not be ex¬ 
ceeded on the basis of 20 times normal 
secondary current operating into a standard 
relaying burden. 

3. Accuracy classification for multiratio 
current transformers shall be given for the 
maximum secondary winding, and for 
double-ratio transformers shall be given for 
each ratio. 

(б) . Unless otherwise specified the rated 
secondary current shall be five amperes. 

( c ) . For the purposes of standardization 
the standard specified per cent ratio errors 
shall be 10 per cent and 2Vs per cent. 

(d) . The accuracy dasses of those trans¬ 
formers having a high internal secondary 
impe ance (wound-type) shall be as shown 
in Table E. 

(e) . The accuracy dasses of those trans¬ 
formers having a low internal secondary 


impedance (bushing-type) shall be as shown 
in Table F. 

(/). The induced secondary voltage and 
corresponding value of exciting current 
form a good criterion of transformer per¬ 
formance and burden capacity. The in¬ 
duced secondary voltage is the vector sum 
of the secondary terminal voltage and the 
voltage drop due to the internal impedance 
of the secondary winding. The internal im¬ 
pedance may be negligible in certain designs, 
such as the bushing type, and quite large in 
others, such as the wound type. 

Transformers having a relatively high 
internal impedance can maintain constant 
secondary terminal voltage under load for a 
range of 5 to 20 times rated secondary cur¬ 
rent, due to the fact that the internal voltage 
drop decreases more rapidly with reduction 
in secondary load current than the induced 
secondary voltage decreases with lower 
values of exciting current. 

Transformers having relatively low in¬ 
ternal impedance do not as a rule have this 
compensating internal voltage drop and can 
be standardized at one point only. 

Recognition of this fact has resulted in the 
establishment of separate accuracy speci¬ 
fications for the two forms of current trans¬ 
formers. 

(s)- In practice, current transformers 
shall be designated by the accuracy class 
number. 

The first number indicates the per cent 
ratio error. The letter H or L indicates 
which type of accuracy is specified. The 
second number gives the maximum second¬ 
ary voltage at which the specified accuracy 
is obtained, with a secondary current of 20 
times rated. 

For example, a transformer of the 10#400 
accuracies class has high internal impedance 
and the ratio error is not more than ten 
per cent at.a secondary terminal voltage not 
exceeding 400 volts for secondary current 
values from 25 amperes to 100 amperes, or 
from 5 times to 20 times rated current. 

4.046 Mechanical Limit for Current 

Transformers 

(a). The mechanical limit of a current 
transformer is defined by specifying the 
maximum rms symmetrical primary current 
which the transformer is capable of with¬ 
standing with its secondary winding short- 
circuited for six cycles (0.1 second) and 
which may be in successive applications 
with no intentional time delay between 
applications. Transformers shall not be 
required to withstand a test for the me¬ 
chanical limit exceeding one-half the thermal 
limit at six cycles (0.1 second) as calculated 
from the thermal limit at one second [see 
section 4.045 (i) ]. 


(5). The transformer shall be capable 
of withstanding the mechanical forces pro¬ 
duced by this value of current when the cur¬ 
rent wave is initially completely offset. 

4.047 Open Secondary Circuit of Cur¬ 
rent Transformers 

Current transformers conforming to these 
standards shall be capable of carrying rated 
primary current continuously with the 
secondary circuit open, without damage to 
the transformers, except when the open- 
circuit voltage exceeds 3,500 volts crest, 
which usually will occur when the ratio ex¬ 
ceeds 300-1. When the secondary peak 
voltage exceeds 3,500 volts, the secondary 
of such a transformer shall be insulated so 
that it can operate continuously with current 
in the primary to produce 3,500 volts peak 
across the secondary terminals. (However, 
the operation of current transformers under 
such conditions should be guarded against 
to prevent excessive voltage in the second¬ 
ary winding.) 
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Motor Insulation/ Heat, and Moisture 

P. H. McAULEY 

ASSOCIATE AIEE 


Insulation Tests 

T HE subject of nondestructive tests on 
insulation has received much atten¬ 
tion. Since a function of insulation in a 
given application is to provide a certain 
minimum dielectric strength, tests at 
their greatest usefulness would give a 
measure of dielectric strength without 
requiring a dielectric breakdown. Addi¬ 
tional indications like proneness to loss 
of dielectric strength if subjected to 
certain hazards of service are valuable, 
and information on the deterioration or 
aging of insulation with service may 
follow from periodic tests. 

Current Practices 

Although an ideal test has yet to be 
devised, the insulation resistance and 
power-factor methods are widely used 
for nondestructive tests on insulation. 
Insulation-resistance measurements are 
recognized in many test codes and stand¬ 
ards. 1 • 2 A formula is given for the insula¬ 
tion resistance to be expected in a clean 
dry machine at 75 degrees centigrade. 
In some cases the same formula is given 
for a minimum safe value. In 1934 
Wieseman 3 pointed out inadequacies of 
this formula and suggested improvements, 
and his work seems to deserve more rec¬ 
ognition. Dielectric absorption has ap¬ 
preciable influence upon indicated values 
of insulation resistance but is not men¬ 
tioned in recent standards like the Test 
Code for Single-Phase Motors, Novem- 
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her 1941. This absorption effect is ap¬ 
preciable and may be taken into account 
by establishing a definite time of voltage 
application for making observations. 
Actually, many of the deductions made 
by an experienced Megger operator are 
hard to formulate or standardize. 

Capacitance and power-factor measure¬ 
ments have proved valuable for field test¬ 
ing of high-voltage insulation as. in bush¬ 
ings or transformers. These measure¬ 
ments are largely detectors of moisture 
in sealed or oil-insulated types of appara¬ 
tus. 4 - 5 For rotating apparatus perfect 
sealing is difficult, and a varnish film 
protects the insulation. Appreciable 
moisture can be tolerated, at least to the 
extent that power-factor measurements 
seem less significant. 

An extensive and prolonged study of 
nondestructive’ tests leading tO many 
improvements in technique has been 
conducted on very large machines by an 
Edison Electric Institute committee. 3 
Field tests provide convincing evidence 
of any conclusions or limits established. 
Laboratory investigations however per¬ 
mit accelerated tests with one variable 
under study at a time, and dielectric 
strength tests leading to correlation with 
the nondestructive indicators are possible. 
In the belief that a study of testing meth¬ 
ods under extreme conditions might 
prove helpful in interpreting field data 
and permit suggesting limits based on 
dielectric strength, some motors of the 
five-horsepower 440-volt class or smaller 
have been subjected to severe tempera¬ 
ture or moisture conditions. 

Laboratory Tests 

Two similar five-horsepower three- 
phase 220-440-volt induction motors have 
been operated more than two years on an 
overload cycle. Each working day one 
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motor has been brought to a temperature 
of 125 degrees centigrade by winding re¬ 
sistance, the other to TOO degrees centi¬ 
grade. Insulation resistances have been 
observed before starting and immediately 
after shutdown each day. The motors 
have been started across the 230-volt 
line with 15-kw d-c generators connected. 
Operation thus has been similar to actual 
service conditions with one unit deliver¬ 
ing about 7.2 horsepower and the other 
6.4 horsepower. 

Several fractional-horsepower motors 
have been subjected to high humidity 
conditions. After several trials with 
various cooling cycles by refrigeration, 
the simple arrangement of exposing the 
samples at room temperature in a closed 
metal chamber with water in the bottom 
(appendix I) was adopted. Insulation 
resistances, dissipation factors* and ca¬ 
pacitances on samples so conditioned have 
been recorded periodically. Dielectric 
breakdown tests have been made on a 
number of the samples. 

Motors are not suitable samples on 
which to secure extensive data on di¬ 
electric breakdown voltages. Accord¬ 
ingly, small wax-dipped paper-insulated 
capacitors, which could be conditioned, 
readily, have been used to observe the 
relation between dielectric strength, in¬ 
sulation resistance, and dissipation factor 
under exposure to high humidity. 

Insulation-Resistance 

Measurements 

Careful technique and analysis show 
promise of increasing the sig ni ficance of 
insulation-resistance measurements. The 
following considerations should be given 
attention: 

(a) . . The influence of external leads should 
be eliminated. 

(b) . The effect of time of voltage applica- 
, tion should be taken into account by making 

observations at a definite time such as one 
minute after test voltage is applied, or by 
exploring the dielectric-absorption curve. 

(c) , A definite trend in insulation resistance 
for weeks or months may be of significance 
where individual values are not. 

* Dissipation factor is the cotangent of the angle of 
which power factor is the cosine. It is often multi¬ 
plied by 100 and given in per cent. 

Transactions 707 



(d). Measurements at room temperature 
are attractive for practical reasons. 

In both the high-temperature and the 
moisture tests on motors, leads influenced 
resistance readings. About ten feet of 
rubber-insulated cable lying on a wooden 
floor was connected to each of the five- 
horsepower motors. The cables were 
isolated and checked for insulation re¬ 
sistance at the start of the test which 
happened to be in the winter time. Later 
it was found, under summer humidity 
conditions, that the cable resistances were 
less than those of the motors. Similarly, 
on the small motors subjected to high 
humidity, leakage between the leads and 
frame in the terminal boxes determined 
observed insulation-resistance values at 
times. Hence, an essential precaution 
to obtaining significant values on motor 


a/4y-/ 



Figure 1. Insulation resistances hot and at 
room temperature on two five-horsepower 
motors on daily load cycle 


insulation is to make sure that leads 7 are 
not influencing the results. 

The effect of time of voltage application 
is shown in Figure 1 which gives insulation 
resistance values before and after one of 
the daily runs for each of the five-horse- 
power motors. For the curves while hot, 
the machines were cooling rapidly from 
the high temperatures of operation. 
Thus, cooling as well as dielectric absorp¬ 
tion contributed to the increase of ap¬ 
parent insulation resistance with time. 
The 125 degrees centigrade motor, for 
instance, in 15 minutes has reached a 
resistance higher than the five-second 
value at room temperature. Times 
longer than 15 minutes appear necessary 
to arrive at steady-state conditions. 
These are not practical for small appara¬ 
tus, but the rapid changes with time 
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indicate the desirability of selecting a 
definite time arbitrarily for comparative 
values. For data in this paper insulation 
resistance values are for one minute after 
application of 500 volts d-c. Bridges 
with electronic balance indicators were 
used. 

An enclosed d-c motor operated daily 
at 165 degrees centigrade has shown a 
reversal of the trend of change in insula¬ 
tion resistance. With the test started in 
August, the hot insulation resistance of 
the armature increased gradually from 
2.2 to 1,000 megohms with (hying and 
curing of the insulation. However, after 
several months operation enclosed and 
overloaded, the effect of brush dust re¬ 
versed this trend. It was even more 
apparent in room-temperature-resistance 
values. In one case, these dropped from 
7,500 megohms to 50 megohms over a 
period of six months. Simply cleaning 
the armature with compressed air raised 
the resistance to 30,000 megohms. 

Electrical standards usually suggest a 
temperature of 75 degrees centigrade 
for insulation-resistance measurements. 
This temperature tends to minimize the 
effects of moisture, but a machine may 
require many hours or days at 75 degrees 
centigrade to reach a steady state of 
insulation resistance. On large genera¬ 
tors the pertinent question often is 
whether continued operation is safe. 
On small machines the information may 
be required to determine the advisability 
of applying voltage and starting operation 
without drying. Therefore, the usefulness 
of tests would be enhanced by making 
measurements and establishing limits for 
a temperature in the ambient range. 

Aging of Insulation 

The temperature aging of insulation is 
difficult to detect from insulation-resist¬ 
ance measurements. It does not seem 
possible to draw conclusions on the rela¬ 
tive insulation condition of the motors 
operated at 125 degrees centigrade and 
100 degrees centigrade, although further * 
experience may disclose significant rela¬ 
tions. A physical examination shows 
that the 125 degrees centigrade insulation 
is somewhat brittle. Probably, it would 
be much more vulnerable to long or 


Table I. Insulation Resistances in Megohms 
on Two Five-Horsepower Motors Following 
Daily Load Runs 


Motor 

Mon Tues 

Wed Thors 

Fri 

125 C... 

...1,100... 750.. 

.1,300...2,000.. 

. 1,500 

100 C... 

... 700...650.. 

. 700... 800.. 

. 750 
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severe exposure to vibration or moisture. 
But where the operating schedule is regu¬ 
lar, standard temperature limits appear 
conservative for many conditions of 
operation. From these tests the follow¬ 
ing observations were made, applying of 
course to thoroughly baked insulation: 

(а) . At room temperature the induction 
motors clean and dry had insulation resist¬ 
ances of from 100 to 100,000 megohms. In 
summer the values were below 1,000 
megohms. In- winter in a heated room 
10,000 to over 100,000 megohms were ob¬ 
tained. 

(б) . A heated motor showed insulation re¬ 
sistance upon cooling of 10,000 to 1,000,000 
megohms or an increase of 10 to 100 times. 

(c) . The 125 degrees centigrade motor had 
hot resistances of 1,200 to 2,500 megohms 
after 18 months operation, while the 100 
degrees centigrade motor varied between 
500 and 1,200 megohms. These values ap¬ 
pear to have increased with aging of the 
insulation, but this point is submerged by 
the effects of the leads in the early part of 
the tests. The daily changes with tempera¬ 
ture correspond fairly well with tempera¬ 
ture correction curves 8 given by Rylander. 

(d) . One feature in comparing results on 
the two motors is the relative consistency of 
the resistance values. The day-to-day 
variations seem closely related. 

(Table I shows values for one week. When 
one motor changed up or down, the other 
tended to do likewise. Many exceptions oc¬ 
curred, but there seemed to be a definite con¬ 
sistent relation, which suggests the influence 
of external conditions affecting both motors 
alike. Possibly it was simply temperature 
variations resulting from changes in line 
voltage or ambient temperature. The evi¬ 
dence is good that certain influences were 
functioning consistently and, that wide 
variations in insulation resistance may ap¬ 
pear more logical with a better understand¬ 
ing of all the variables involved.) 

(e) . During weekends or occasional longer 
periods of shutdown, insulation resistance 
values tended to fall. This suggests that 
the room temperature reading at any given 
time is influenced by the integrated effect of 
moisture absorption since the previous heat¬ 
ing period. It follows that a single humidity 
reading at the time of a test is not likely to 
be significant. 

Moisture 

Insulation is affected by exposure to 
moisture in spite of varnish treatments 
and usual methods of enclosure. These 


Table A 


Operating 

Voltage 

Minimum Megohms 
20 C-30 C 

AIEE Formula 
Megohms 

75 C 

110 .... 


.....0.11 

220 .... 


.0.22 

440.... 

........3 . 

.0.44 

550.... 

.5 . 

.0.55 
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factors influence the rate of moisture 
absorption and drying. On motors 
standing idle, the absorption is cumula¬ 
tive and appears to be readily reversible. 

Four VVhorsepower three-phase 440- 
volt enclosed motors were used as test 
samples. Measurements were made un¬ 
der the following conditions: 

(а) . As received from the factory. 

(б) . After five hours at 48 degrees centi¬ 
grade. 


days the original condition was not yet 
attained again. 

Table II gives insulation-resistance 
data on the four motors for conditions 
W to (f) except that only one set of 
values was recorded during the 18-day 
idle period. The consistency in perform¬ 
ance of the four motors is noteworthy. 
In all cases values on the different motors 
are of the same order of magnitude under 
given conditions. Columns 2, 6, and 7, 


normal conditions of storage in s umme r, 
and this effect has been observed on idle 
generators. 6 ' New and used motors do 
not appear greatly different unless in the 
time element involved following a drying 
treatment. 

Further moisture-exposure tests were 
made on the four motors after redrying. 
Figure 3 shows the insulation-resistance 
data. 

Curve A —Stator only as in Table HI. 

Cuve B —Retreated stator with a different 
varnish. 


T.bl« II. l-saUHor, R«l,| a „ce In M« 3 ohm. (o, Four Sn»ll 440-Vol. Motor, „t Controls 

Temperatures 


1 

Motor 

2 

28 C 

3 

48 C 

5 Hrs 

4 

75 C 

20 Hrs 

5 

95 C 

19 Hrs 

6 

22 C 

23 Hrs 

7 

25 C (18 Days) 
5 C (15 Hrs) 

25 C (7 Hrs) 

A. ... 

B. . . . 

C . 


-125. 

....119. 

-99. 

....430.... 
....400.... 
_340... 


.22,000.. 

.42,000.. 


D.... 


-100. 

....310.... 




(c) . After 25 hours at 74.5 degrees centi¬ 
grade. 

(d) . After 44 hours at 95 degrees centi¬ 
grade. 

(e) . During 18 days standing at room tem¬ 
perature. 

(/). After 15 hours at five degrees centi¬ 
grade and seven hours at room temperature. 

These test conditions were consecutive 
and represent a drying cycle, an idle 
period, and a cooling cycle conducive to 
condensation. Figure 2 gives capaci¬ 
tances and dissipation factors observed 
with a 115-volt 60-cycle bridge for condi¬ 
tions (a) to ( e ) inclusive on one motor, 
and the others were quite consistent. The 
record of moisture absorption is definite. 
The 30 per cent dissipation factor at the 
start and the decrease in capacitance and 
dissipation factor with drying are char¬ 
acteristic of moisture. The later increase 
in dissipation factor and capacitance when 
exposed to prevailing summer humidities 
indicates a slow but definite reabsorption 
of moisture. The rate varies appreciably 
and the trend reverses at times. In 18 

Figure 2. Effect of drying and exposure at 
summer humidity conditions on capacitance 
and dissipation factor of small motor insulation 


however, are all for room-temperature 
measurements at different stages of mois¬ 
ture absorption. Drying increased insula¬ 
tion resistances about 100 times. A cool¬ 
ing cycle conducive to condensation later 
caused a 1,000 to 1 decrease. In analyz¬ 
ing measurements made at room tempera¬ 
ture these variations must be recognized. 

Accelerated test data for motor A with¬ 
out rotor or end bells in the 100 per cent 
humidity test chamber are given in Table 
III. After a few days dissipation factor 
and capacitance increased to the point 
where readings could not be obtained. 
The insulation resistance decreased stead¬ 
ily with time of exposure to well below 
one megohm, and the process seems to 
be an extension of the rate and the degree 
observed at ambient humidity. 

A number of used motors which had 
been in storage for years were tested. The 
dissipation factors were between 30 and 
45 per cent. Motor insulation appears to 
absorb moisture to this extent under 


Curve C—Same as A but enclosed and with 
synthetic tubing leads to eliminate lead 
leakage. 

Curve D —Retreated stator with a different 
varnish immediately after drying. 

The motors were exposed at high humid¬ 
ity for 71 days, and insulation resistances 
decreased steadily and consistently. Dis¬ 
sipation factors also indicated similar 
absorption with time, but readings were 
less consistent in the later stages of the 
test. 

Curve A , Figure 3, duplicates the similar 
test of Table III rather well. By com¬ 
parison, C shows that enclosure retarded 
absorption materially. Better varnish 
treatment in cases B and D did likewise 
and this result agrees with statistical serv¬ 
ice data. Improved results have been ob¬ 
tained under some service conditions with 
additional and special varnishes. These 
protective measures influence the insula¬ 
tion state reached in a given time. 

For part of the test, a voltage of 115 
and later 230 volts, 60-cycle, was applied 
between the windings and iron of stator 
A, Figure 3. When this voltage was 
removed, the insulation resistance 
dropped from a 0.4-megohm level to 
0.08 megohm. No improvement occurred 
on application of the voltage, but further 
depreciation was prevented. The evi¬ 
dence is meager, but further study' of 


Figure 3 (right). 
Insulation resistances 
of small motors in 
humidity - condition¬ 
ing chamber 
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Figure 4, Relation between dielectric strength 
and insulation resistance on capacitors in 
moisture-exposure tests 

the value of keeping some voltage on in¬ 
sulation to ground under adverse moisture 
conditions seems warranted. Unfortu¬ 
nately, this measure is not readily appli¬ 
cable to intercoil insulation. 

The process of moisture absorption 
appears to be reversible. If the insulation 
is dried or even stored in a heated room, 
recovery is appreciable and rather rapid. 
The motors were dried between the tests 
of Table III and Figure 3 apparently 
without affecting later performance. 
Table IV gives readings on the stators 
three days after completion of the tests 
of Figure 3. Insulation resistances and 
dissipation factors, in spite of dielectric 
breakdown tests in the meantime, indi¬ 
cate appreciable dbying has occurred at 
room temperature. The rate depends 
again upon the varnish treatment. The 
problem resolves into avoiding the appli¬ 
cation of voltage when the insulation is in 
a weakened condition. 

Dielectric Strength 

The real criterion of suitability for 
service is the dielectric strength of the 
insulation. Moisture reduces dielectric 
strength appreciably. 

Following the exposure tests of Figure 
3, dielectric breakdown tests were made 
on the four motors as in Table IV. The 
dielectric test for new motors of this class 
is twice normal plus 1,000 volts for one 
minute. Two of the stators, A and C, 
were below this value following the 
moisture exposure tests. However, the 
poorer one held 1,000 Volts for one min¬ 
ute, which leaves a little margin over 
operating voltage in spite of severe test 
conditions. The motors operated at 
100 degrees centigrade and 125 degrees 
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centigrade for two years stood a 2,000- 
volt momentary test after each year of 
operation. 

Maximum 60-cycle test voltages held 
for one minute between motor windings 
and frame for different values of insula¬ 
tion resistance are given in Figure 7. 
The points at or above 4,000 volts are for 
new stators, and other points are follow¬ 
ing different times of exposure to mois¬ 
ture. The curve is drawn near the lower 
limit of the points. Since the points are 
the highest voltages held for one minute, 
and failures occurred at the next highest 
200-volt step, the curve is of the nature 
of a minimum breakdown voltage curve, 
although a larger number of tests prob¬ 
ably would modify it some. There is a 
fairly definite relation between insulation 
resistance and dielectric strength for 
these fractional-horsepower motors. 

The capacitors used for dielectric 
breakdown tests have three layers of 
about 0.0005-inch paper insulation and 
are rated at 220 volts alternating current. 
Operating volts per mil are much higher 
than in motors, and very little moisture 
can be tolerated. Samples were exposed 
at high humidity, and a few were re¬ 
moved periodically and tested for insula¬ 
tion resistance, dissipation factor, and 
dielectric breakdown strength, as shown 
in Figures 4 and 5. There seems to be 
reasonably good correlation between the 
electrical test values and dielectric 
strength. For insulation resistances be¬ 
low 100 megohms or dissipation factors 
over two per cent, the dielectric strength 
is reduced appreciably to rapidly ap¬ 
proach a minimum value. 

These capacitors also illustrate another 
phenomenon on the insulation-resistance 
test. Figure 6 shows the variation of 
insulation resistance with time for a 
sample after 24 days exposure, The in¬ 
sulation resistance first increased with 
time as in the usual dielectric-absorption 
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Figure 5. Relation between dielectric strength 
and dissipation factor on capacitors in mois¬ 
ture-exposure tests 

curve. After about 20 seconds the trend 
reversed, and after 40 seconds insulation 
resistance decreased rapidly with time, 
possibly because of a partial breakdown 
at 500 volts direct current. Recovery 
was rapid and fairly complete, however, 
as the sample immediately afterwards 
held 600 volts 60-cycle for one minute and 
failed at 700 volts. The same action has 
been observed on motors after appreciable 
exposure. Davis and Leftwich 0 have 
reported the decreasing resistance section 
of the curve due to defective auxiliary 
apparatus on generators. These effects 
accent the desirability of observing insu¬ 
lation resistance at one minute or more 
after voltage is applied. A 10- or 15- 
second Megger reading would not have 
disclosed the situation. Also, in this 







case at least, a weakened condition of the Figure 7. Relation 

insulation was detected at a d-c voltage between dielectric 

of one-half the 60-cycle crest breakdown strength and insula- 

value. These capacitor samples are ^ on res ' s tance for 

small, however, and results may have fractional-horse- 

been affected by heating or drying at test power ? 1 °' to 440 * 

voltages. volt motors 

Nondestructive Tests Versus Figure 8 (right). Temperature 

Dielectric Strength and humidity chart from metal 

test chamber with water in the 

The purpose of these investigations is, bottom . 

of course, to determine if nondestructive 



insulation tests can be relied upon to 
indicate the suitability of apparatus for 
service. 

1. There is some possibility of establishing 
for some devices minimum insulation-re¬ 
sistance values which will assure satisfactory 
operation in spite of appreciable moisture 
absorption. 

2. The test methods studied do not appear 
dependable for revealing insulation defects 
other than moisture absorption, with the 
possible exception of dirt. 

To establish satisfactory limits for 
motors considerable dielectric-strength 
data and field experience should be avail¬ 
able. Table IV and Figure 7 indicate, 
however, that insulation strength de¬ 
creases with insulation resistance. This 


Table III. Measurements Between Windings 
and Frame on Stator A Exposed to 100 Per 
Cent Humidity 


Days 

Ex¬ 

posed 

Megohms 


Per Cent 
Dissipation 
Factor 

0 .. 

..200,000 ... 

.1,275 ... 

... 1.2 

1 .. 

.. 5,100 ... 

. 1,420 ... 

... 6.1 

5.. 

■ - -* i 

. 7,100 ... 

... 38 

6 .. 

3.1 ... 

. 8,200*... 

...> 50* 

7.. 

1.5 ... 

.11,100 ... 

...> 50 

8 .. 

0.85... 

.14,800 ..., 

... > 50 

11 .. 

0.42... 

.24,200 ... 

. > 50 

12 .. 

0.31... 

.30,000 ... 

. ..> 50 

13.. 

0 .21... 

.30,000 ... 

. . .> 50 


* These and later readings are very approximate as 
the bridge could not be balanced for dissipation 
factors greater than 50 per cent. 


is recognized in the standards formula 
for expected values at 75 degrees centi¬ 
grade. However, the 75 degrees centi¬ 
grade temperature implies some drying. 
Also, no time of voltage application is 
specified, which leaves to chance the 
inclusion of such effects as in Figure 6. 
Recognizing the greater usefulness of 
tests at room temperature, it may be 
reasonable to suggest from Figure 7 the 
following tentative limits above which 
small motors can be safely connected 
to the line for starting. The values in 
column 2 are for room temperature at 
one minute after the d-c test voltage is 
applied. A ratio of about 60 has been 
given 8 for values taken at 25 degrees 
centigrade and 75 degrees centigrade. 

These limits allow some margin of 
safety at operating voltages, but wide 
variations in practice are to be expected. 
Appreciably lower values may not prove 
fatal in many cases. Also, where mois¬ 
ture is not involved, these limits may give 
no assurance of a satisfactory condition. 
In fact much higher values often may be 
associated with poor insulation. Addi¬ 
tional experience on inany sizes, types, 
arid makes of motors under service condi¬ 
tions will be necessary for proper deter¬ 
mination of the best values, but the possi¬ 
bility of establishing useful limits seems 
. good. 

The detection of defects under , dry 


conditions is very uncertain for low- 
voltage apparatus. The roasted condi¬ 
tion of the motor operated at 125 degrees 
centigrade was not apparent from the 
electrical tests. Columns 5 and 6 of 
Table IV also are significant. The motors 
had been tested to failure, but insulation 
resistances of 1,950, 2.1, and 3.2 megohms 
were later recorded for three of the wind¬ 
ings. Motor C did show evidence of the 
previous breakdown by its zero insula¬ 
tion resistance. It is quite likely that 
higher insulation test voltages would 
reveal the condition in all cases. There 
is always danger, however, in testing at 
voltages much above operating voltage, 
or the nondestructive feature of the test 
may be sacrificed. The failure of insula¬ 
tion-resistance test voltages to disclose 
punctures or breaks in insulation is readily 
understandable. The smallest air gap 
will not sparkover much below 1,000 volts 
in short-time tests. The separation 
between conductor and core in small 
motors may be approximately 0.05 inch, 
and the dielectric breakdown of air for 
this distance usually exceeds 4,000 volts 
with creepage strengths somewhat lower. 
Consequently, if the puncture or fault 
is dean and reasonably dry, the insulation 
resistance may be affected to a small 
extent. The strength of the insulation 
between turns, coils, and phases in motors 
also is important. However, under 
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Table IV- Tests on Stators After 71 Days at 
100 Per Cent Humidity as In Figure 4 

2 3 4 5 6 

After 3 Days in 
As Removed a Heated Room 
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4. There appears to be a very good correla¬ 
tion between insulation resistance as af¬ 
fected by moisture and dielectric strength 
for fractional-horsepower motors. 

5. Minimum room-temperature values of 
insulation resistance for starting small 
motors are suggested. 


Appendix I. Humidity-Condi¬ 
tioning Chamber 


.1. 

.0.083. 

..> 50.. 

.1,000.. 

. 1,950 . 

..17.5 

B. 

.0.88 . 

.. 40.. 

.1,600.. 

.' 2.1. 

.31 

C.. 

..1.08 . 

..>50.. 

.2,200.. 

0 . 

.15 

D. 

.1.95 . 

.. 37.. 

.2,400.. 

3.2. 

.34.5 


service conditions, the testing of this 
insulation becomes rather elaborate. In 
a well-proportioned machine test results 
on the ground insulation should be in¬ 
dicative of general machine condition. 

Conclusions 

1. Test codes and standards should recog¬ 
nize the effect of dielectric absorption on 
insulation resistance and suggest a time such 
as one minute after voltage application for 
observing resistance. 

2. For industrial apparatus rated below 600 
volts room-temperature measurements of 
insulation resistance seem more practical 
than 75 degrees centigrade values. 

3. Aging of insulation due to temperature 
is difficult to detect from electrical measure¬ 
ments. These indicators are sensitive to 
moisture absorption and possibly to dirt. 


In seeking a convenient testing cycle at 
high humidity, several combinations of 
cooling and exposure to moist atmospheres 
were tried. It was difficult to reproduce 
conditions, and considerable handling of the 
samples was required. The simple expe¬ 
dient of a closed metal can with water in the 
bottom finally was adopted. For most of 
these tests the chamber consisted of a can 
about 30 inches in diameter by 36 inches 
high with a deep lid about 34 inches in 
diameter. The assembly was turned upside 
down from the usual position, and the lid 
filled with water. Thus, the water provided 
both a seal and a source of moisture. A 
pinhole permitted entrapped air to escape. 
No temperature or humidity controls were 
provided other than the laboratory heating 
system which determined ambient condi¬ 
tions. Both temperature and humidity in 
the chamber were recorded with a Friez 
Hythergraph, Figure 8. These records indi¬ 
cate a saturated atmosphere most of the 
time, but this depended to a certain extent 
upon the condition of the samples and the 
frequency of opening the chamber. The 
time to return to' maximum humidity after 
opening the chamber varied with ambient 
humidity and the duration of the open con¬ 
dition. Times from 0.5 to 20 hours were ob¬ 
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served. This might be a handicap in short- 
time tests, but a fan should speed evapora¬ 
tion appreciably. For insulation tests of 
this kind, this type of chamber provides a 
simple, convenient, and easily reproducible 
conditioning atmosphere. The correlation 
to actual service conditions with wide 
temperature and humidity changes and 
moving air is problematical, but that, rela¬ 
tively, it is a very severe moisture-exposure 
test seems certain. One possible case which 
it does simulate closely occurs where water 
penetrates and remains inside an idle en¬ 
closed machine for some time. 
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Ignitron Rectifiers in Industry 

J. H. COX 

ASSOCIATE AIEE 


W HEN a new device is developed, it 
is usually adopted and proved by a 
particular industry. In the case of the 
ignitron rectifier, the first applications 
were in transportation service in mines 
and railways. The apparatus and its per¬ 
formance in these early installations were 
discussed by the present authors in an 
earlier Institute paper. 1 

Since that time, as superior operating 
results became known, the ignitron has 
been taken up by other industries, most 
notably the electrochemical. In excess of 
2,000,000 kw of ignitron-rectifier units have 
been purchased by that industry alone. 

This paper will discuss primarily in¬ 
stallations for large power concentrations. 

Rectifier Description 

Continuously pumped ignitrons have 
been applied to date in four sizes which, 
in six tube assemblies, have continuous 
ratings at 600 volts of 1,250, 1,667, 2,500, 
and 4,000 amperes. The 2,500-ampere 
size has been applied in greatest numbers. 
However, larger-capacity sections are de¬ 
sired for the larger installations, and so 
the majority of applications have been 
made using 12-tube assemblies. One de¬ 
sign will be described. 

The ignitron consists of a drawn steel 
tank with a removable cover plate into 
which is mounted the main anode bushing 
and anode shield terminal. Graphite con¬ 
tinues to be the best material for rectifier 
anodes. The deionizing shield surround¬ 
ing the anode and the baffle between 
anode and cathode pool, are also of 
graphite. This latter is insulated from 
the cathode to avoid the transfer of the 
cathode spot from cathode to baffle when 
high overloads are applied.. The tank it¬ 
self constitutes the cathode connection, 
since the ignitron does not require an in¬ 
sulated cathode and is bolted to the cath¬ 
ode copper bars on the assembly frame. 
The ignitor is mounted on a rod which 
passes through the side of the tank, in- 


Paper 42-118, recommended by the AIEE com¬ 
mittee on industrial power applications for pres¬ 
entation at the AIEE summer convention, Chicago, 
Ill., June 22-26, 1942 and at the AIEE Pacific 
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sulated with a glass-kovar seal, on a flex¬ 
ible steel diaphragm. The mounting is 
provided with adjusting screws to enable 
adjustment of the ignitor from outside the 
tank. Solder-to-porcelain vacuum-tight 
seals are used for the main anode bushing. 
A small solid radiator terminal holds this 
seal within safe temperatures. The low- 
current potential connection to the anode 
shield is made through an aviation spark¬ 
plug-type bushing with a soft copper 
gasket. The vacuum-sealing gaskets in 
the separable joints of the ignitron proper, 
are enameled aluminum wire rings. Such 
gaskets operate satisfactorily at 100 de¬ 
grees centigrade, and the rectifier operat¬ 
ing temperature is objectionably close to 
the maximum safe temperature of rubber.. 
However, rubber constitutes a most con¬ 
venient, and setniflexible vacuum-tight 
gasket which requires relatively low 
flange pressures. Therefore, the external 
connections to the vacuum pumping sys¬ 
tem, which operate at low temperatures, 
are gasketed with iron-band-protected 
rubber. The ignitron tanks are cooled by 
water passed through copper tubing, 
which is wrapped around the tank and 
coiled on the bottom, and attached to the 
steel with high-temperature solder. Ad¬ 
ditional cooling in high-current units is 
provided by an internal steel coil. This 
latter is copper-lined to keep all water- 
cooled surfaces nonferrous. Figure 2 
shows a cross-section view and Figure 3 
an external view of the ignitron described. 

A rectifier unit consists of a trans-' 
former and the rectifier assembly or as-, 
semblies to which it is connected. In 


large-capacity units two or more rectifier 
assemblies may be connected to one trans¬ 
former. 

Rectifier circuits which efficiently uti¬ 
lize the circuit elements are arranged for 
three-phase operation and require mul¬ 
tiples of three anodes. (Smaller installa¬ 
tions are sometimes made with four 
anodes.) Where the power required can 
be supplied with six anodes, or where the 
small number of units suggests section- 
alization to insure continuity of service, 
ignitrons are assembled in groups of six 
on one frame with one cooling system and 
one vacuum pumping and measuring sys¬ 
tem. However, in large stations where 
ample reserve is maintained with one unit 
out of service, simplicity dictates assem¬ 
bly in units of 12. Such assemblies have 
proved most convenient, and one vacuum 
system of any established type has proved 
adequate. The individual tanks are con¬ 
nected to the vacuum pumps through a 
vacuum manifold with water-cooled 
pumping connections which condense the 
mercury vapor and prevent transfer of 
mercury between tanks and pump. On 
these large-size tubes an individual vac¬ 
uum valve on each facilitates both manu¬ 
facture and repair, since vacuum tightness 
can be checked more easily by isolating 
smaller elements. Also, one ignitron 
tube can be treated as an entity and 
interchanged with a spare in less than one 
hour if necessary. 

Figure 4 shows an assembly of 12 igni¬ 
trons rated at 5,000 amperes d-c in the 
600-volt class. 

All high-power rectifiers have been 
water-cooled. Since cooling water which 
is pure enough to pass through the rec¬ 
tifier jackets or tubes directly without 
trouble due to corrosion or scale is rarely 
available, practically all installations are 
provided with heat exchangers which 
permit the recirculation of pure or treated 


Figure 1. Typical 
ignitron installation 
in an electrochemical 
plant 
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Figure 2. Cross-section view of an ignitron 


water. Where ample raw water is availa¬ 
ble, water-to-water exchangers are used, 
otherwise water-to-air. Water-to-air ex¬ 
changers are nearly always used in mining 
installations where cooling water is either 
not available or of very low quality. 

Unit Excitation and Control 

The earlier types of ignitron excitation 
which utilized thyratron tubes have 
mostly been superseded by circuits which 
generate impulse voltages by means of 
saturating reactors. 2 These circuits uti- 
lfee static devices throughout: that is, 
simple transformers, reactors, capacitors,’ 
and Rectox rectifiers. The excitation- 
circuit devices, together with the vaeuum- 
and cooling-system control, are mounted 
m a cabinet located on or near the recti- 
no-. Two types of phase control of rec¬ 
tifier voltage have been used. One is a 
mechanical phase shifter, which consists 
of a wound-rotor induction machine. The 
excitation power is passed through this 
phase shifter, and the phase position of 
«ie excitation impulses is determined by 
the position- of the phase-shifter rotor in 

da stator, ^his position is controlled b y 

a fractional-horsepower motor through a 
gearbox. The other type of phase control 

utilizes some form of phase-shifting net- 


A —Anode radiator 
and terminal 
B —Radiator cover 
C—Asbestos seal 
D—Shield entrance 
bushings 
E —Tank valve 
F —Vacuum manifold 
connection 
6—T a n k-c o o I i n g 
coils 

• H —Anode head 
/—Tank cover 
J —Anode shield 
K —Internal cooling 
coils 

L —Mercury cathode 
M —Cathode-cool¬ 
ing coils 
/V—Ignitor tip 
0—Quartz ring 
P—Baffle 
0—Quartz tube 
R —Steel plate 
5 —Copper insert 
T —Terminal block 
U —Ignitor entrance 
assembly 

V, VI—Aluminum 
seal rings 

W—Thermal switch 
X —Anode plate 
Y— Anode porcela in 
Z—Solder seal 

work in which the phase position of the 
excitation impulses is determined by the 
value of direct current in a saturable re¬ 
actor. This latter is a less simple circuit 
than the mechanical phase shifter, but is 
more flexible where automatic control 
is required, and speed of response is im¬ 
portant. Particularly, the phase-shifting 
network is suitable for use with a simple 
type of voltage regulator such as the 
Silverstat. Also, such a network may be 
designed to include voltage-compensating 
characteristics which will maintain full 
energy excitation through supply-line volt- 
age fluctuations as great as 50 per cent. 
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Station Layout 

The simplest and most economical ar¬ 
rangement of apparatus in a rectifier sub¬ 
station is to effect a straight line run of 
power from the a-c supply source to the 
d-c bus. Figures 5 and 6 show a typical 
multiunit station layout having this ar¬ 
rangement. Incoming power is delivered 
to the a-c bus, from which it is distributed 
to the ignitron units through a-c switch-. 
gear, the transformers, ignitrons, and 
d-c switchgear to the d-c bus. 

For the layout shown, the a-c switch- 
gear is in a small masonry house separated 
from the main building. This can be 

Cox, Jones Ignitron Rectifiers 


modified to supply conventional outdoor 
switchgear, outdoor metal-enclosed gear, 
or the switchgear can be located in the 
substation building. 

All transformer equipment is outdoor. 
It can be supplied with conventional 
bushings and an overhead bus structure 
or with potheads and an underground 
system as shown. 

The substation building is designed 
with two levels, the ignitrons and all 
necessary operator control devices being 
located on the operating floor with some 
accessories and low-voltage switchgear in 
the basement. All of the equipment in the 
basement is operated electrically front the 
operating floor and is completely suiter- 
vised by indicating devices. The op¬ 
erator need go to the basement only for 
routine inspection and maintenance. In 
many installations the low-voltage switch- 
gear is also located on the operating floor. 

Some detail equipment which is re¬ 
quired for station operation and which 
can be located as convenient is not shown. 
This includes the station battery with 
charging equipment, the degassing equip¬ 
ment, air-cleaning apparatus if required, 
storage space for spare parts, and equip¬ 
ment for supplying power to plant auxil¬ 
iaries which are not associated with the 
substation equipment. 

Building appurtenances such as stair¬ 
ways, lavatory facilities, and operators’ 
office must be included. A repair bay 
should be provided and is usually at the 
end of the substation building. Crane 
facilities and sufficient head room for 
untanking the largest transformer will 
determine its construction. An enclosed 
clean room for working on interior parts 
of rectifiers is desirable. 

Rectifier-Switching Arrangements 

Figure 7 shows the several switching 
arrangements which are in use for ignitron 
units, rated at 8,000 to 10,000 amperes 
in the 600 d-c voltage class, in multi¬ 
unit substations. 

Circuit A is used when the concentra¬ 
tion of power supply to the a-c bus is 
heavy, a condition which would require 
large rupturing capacity and costly oil 
circuit breakers in the rectifier-unit cir¬ 
cuits. Circuit breakers are not used, the 
primary switching consisting of a discon¬ 
necting switch which is capable of opening 
the transformer magnetizing current. 
For this arrangement, primary faults 
must be opened by the switchgear in the 
supply circuit or circuits to the plant. 
This involves a plant shutdown until the 
faulty circuit is isolated by operation of 

the disconnecting switches. 
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Figure 3- A single ignitron 


The secondary switching consists of 
high-speed anode switchgear with one pole 
for each phase of the transformer second¬ 
ary. 

High-speed switching, which will limit 
the d-c rise in the average circuit in the 
order of one-third cycle, on a GO-cycle 
basis, is essential for large multiunit sub¬ 
stations. At the time of arc back, all 
normal units will contribute direct cur¬ 
rent to the arc back in the form of reverse 
current. This current increases rapidly, 
depending upon the inductance of the cir¬ 
cuit, and must be limited by the switch- 
gear to a value which the switchgear can 
open successfully and without undue 
maintenance. It is also advantageous to 
limit the stresses on the other equipment 
involved in the circuit, particularly the 
transformer. 

When an arc back occurs, the sound 
anodes of the ignitron assembly in which 
the arc back has occurred will supply 
current to the faulty anode. This feed 
to the arc back is in addition to the back 
feed from other ignitron units and is a 
short circuit, through the arcs involved, 
on the transformer secondary. This fault 
must be suppressed by opening the a-c 
supply to the transformer or by opening 
the faulty circuit between the transformer 
and the ignitron. 

For arrangement A, the a-c supply to 
the transformer cannot be opened except 
by operation of the circuit breakers in the 
station supply. High-speed anode switch¬ 
ing is therefore essential for this circuit. 
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The anode circuit breakers are sup¬ 
plemented by semihigh-speed cathode 
circuit breakers. These are used for nor¬ 
mal switching operations. Disconnecting 
switches permit maintenance of the cir¬ 
cuit breakers with a minimum of equip¬ 
ment out of service. 

Circuit B is quite similar to circuit A 
except that an oil circuit breaker is used 
in the circuit to the rectifier transformer. 
Its use can be justified if the rupturing 
capacity required is 500,000 kva or less. 
The circuit breaker is then relatively in¬ 
expensive, and each ignitron circuit is 
completely independent of the others. 
Circuit faults are isolated without plant 
shutdown. Complete flexibility of con¬ 
trol is afforded. 

The use of high-speed anode switching 
makes it unnecessary to open the oil cir¬ 
cuit breaker at the time of arc back. When 
two ignitron assemblies with independent 
low-voltage switching are connected to 
one transformer, the anode swit ching c a n 
be opened for one assembly without affect¬ 
ing operation of the other. This is of ad¬ 
vantage in keeping maximum conversion 
equipment in service. The importance of 
this feature is in inverse ratio to the num¬ 
ber of conversion units normally con¬ 
nected to the common d-c bus. 

Circuit C is similar to circuit B except 
that the high-speed anode switches are 


verse current to the ignitron assembly 
which has arced back is opened with high¬ 
speed action by the cathode circuit 
breaker. Arc quenching may be used to 
suppress the alternating fault current by 
preventing the normal anodes of the as¬ 
sembly from firing to the faulty anode. 
This latter operation is effective in ap¬ 
proximately one cycle. 


Circuits B and C are therefore com¬ 
parable except for two features. Arc 
quenching sometimes fails in its opera¬ 
tion. It is about 90 per cent effective. 
When it fails in operation, the oil circuit 
breaker must be opened by overload 
relay action to remove the fault. Anode 
switching is fully operative, but there 
are six poles of switchgear to maintain, 
compared to a single larger pole of cathode 
switching. The choice between the two 
circuits is therefore dictated by considera¬ 
tion of maintenance, as compared with 
an occasional failure to segregate the 
fault in a half-rectifier unit. 

If arc quenching is not used in connec¬ 
tion with circuit C, the primary oil switch 
unit must be interlocked with the cathode 
switch so that the entire unit is removed 
from service in the event of arc back, and 
the a-c short circuit endures for the open¬ 
ing time of the oil switch, which is usually 
of the order of six cycles. 

Circuit C makes use of anode discon¬ 
necting switches in the anode circuits to 
each ignitron section, one assembly mak¬ 
ing up one half of the unit. These are 
used so that each assembly can be isolated 
for maintenance and continue with normal 
operation of its associated assembly. 
They are also of use during the degassing 
process. 


spare capacity available, the anode dis¬ 
connecting switches can be omitted. This 
applies equally to circuits A, B, or C. 
Circuit D shows a circuit similar to cir¬ 
cuit C except with the anode disconnect¬ 
ing switches omitted. 

For single rectifier units connected to 
an isolated d-c bus, the switching can be 
simplified. The unit may consist of one 
or more ignitron assemblies. For either 
condition, the amount of current in- 


Flgure 4. An as¬ 
sembly of IS igni- 
trons rated at 5,000- 
amperes d-c in the 
600-Volt class 
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. . For those installations, where a com- 

omitted, and a high-speed cathode circuit plete unit outage is permitted because of 
breaker is substituted for the semihigh- 
speed switch. With this arrangement re- 









volved in an arc back is relatively small 
and semihigh-speed switchgear, having a 
speed of P/j to 2 cycles to current limi¬ 
tation, is adequate for the service. This 
may be arranged, as in the case of high¬ 
speed switching, either with anode break¬ 
ers with suitable cathode switching to 
provide the type of operation desired, or 
with a cathode breaker ahd an oil switch 
in the primary of the transformer. Re¬ 
verse current for a single assembly is ap¬ 
plied from the electrolytic cells. Where a 
cathode switch is used, an arc back is 
cleared by the opening of the cathode cir¬ 
cuit breaker, followed by the opening of 
the oil circuit breaker. 

For double assembly units, arc quench¬ 
ing can be used in combination with the 
semihigh-speed cathode switches to se¬ 
cure continuous half-unit operation. 
Anode disconnecting switches rem be 
used for half-unit isolation. Circuit E 
illustrates the use of semihigh-speed 
cathode switching with a single rectifier 
unit supplying an isolated d-c bus. 

A special use can be made of high-speed 
anode switching for a single rectifier unit 
supplying an isolated load where con¬ 
tinuous service is an absolute essential. 
The switch can be arranged to trip indi¬ 
vidual poles and on reverse current only. 
At the time of arc back only the pole of 
the circuit involved in the fault will open, 
the other anodes continuing in service. 

Station Voltage Control 

The great majority of industrial loads 
requiring one-' or two-unit stations, par¬ 
ticularly including electric railways, are 
adapted to the normal five to eight per 
cent shunt characteristic of noncontrolled 
rectifiers, and phase control of voltage 
is not necessary. For applications re¬ 


quiring flatter voltage regulation one of 
the phase-control systems is used, and 
there is a wide choice of control method 
ranging from manual to fully automatic. 
Provision can be made for fiat compound¬ 
ing and cross compounding where more 
than one unit on a bus is involved. Where 
small units are located at the end of a low 
power feeder, which frequently occurs in 
mines, and the a-c supply to the rectifier 
transformer varies widely, some form of 
compensator is used which by phase con¬ 
trol reduces the voltage at the lighter 
loads and provides a nearly flat voltage 
regulation from light load to full load. 
Above full load the uncompensated volt¬ 
age regulation prevails. 

In large stations, containing many units 
on one bus, phase control is always used, 

■ primarily to compensate for minor dif¬ 
ferences in impedances and equalize the 
currents in the several units, and to pro¬ 
vide small variations in voltages as de¬ 
sired for the load. However, since large 
phase-control angles adversely affect 
power factor and increase harmonies, the 
minimum feasible transformer tap is used 
in order to keep the phase control angles 
at a minimum. 

Some electrolytic processes require com¬ 
mercially constant d-c voltage both for 
initial starting up of the process and for 
normal operation. For these processes 

Figure 6. Elevation of a typical multiunit 
ignitron substation 
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no-load voltage taps can be provided in 
the rectifier transformers to compensate 
for seasonal voltage changes and for elec¬ 
trolytic cell aging. 

Ignitor or phase control of d-c voltage 
can be used for short times in the range re¬ 
quired to pick up and drop load due to 
switching requirements. It can also be 
used for small voltage adjustments over 
long-time periods of operation. 

Some processes require a wide voltage 
range for initial starting up in order to 
condition new cells in small blocks, but 
require essentially constant voltage for 
normal operation. For these processes 
an autotransformer of sufficient capacity 
to supply all rectifiers connected to one or 
several cell strings in parallel can be sup¬ 
plied. No-load taps are supplied in suffi¬ 
cient number and range to accomplish the 
desired results. Phase voltage control can 
be used for d-c voltage adjustment be¬ 
tween taps. It is not however recom¬ 
mended for long-time wide-range voltage 
adjustment, because of its adverse effect 
on power factor and the increase in har¬ 
monics. The autotransformer can also 
be used for permanent adjustment of 
d-c voltage when required by a change in 
production schedule. 

Some processes require that constant 
current be maintained through the elec¬ 
trolytic cells, even though the cell char¬ 
acteristics change frequently and rapidly. 
For these processes an autotransformer 
having a combination of no-load taps and 
tap changer under load can be supplied. 
The no-load taps cover the extreme volt¬ 
age range required. The tap changer 
Under load is arranged to boost or buck 
the d-c voltage from any no-load tap 
and in the range required. The tap points 
of the tap changer under load equipment 
can usually be made sufficiently fine so 
that phase control of voltage is not re¬ 
quired between taps or, if used, will be 
limited to a few per cent in range. In 
many processes the fluctuations in voltage 
required to maintain constant current are 
so great and frequent as to require pro- 



TEST 

RACK 


= 

=. 



i! ft n 

1 !• i 

i j i ii 

— 

L_ 



!i, 11 

• 1 ! •« 
!i 1 1 • 

-r 1 


PHASE 

SHIFTER 


716 Transactions 


INCOMING POWER ^ METAL-CLAD SWITCHGEAR 

Cox, Jones—Ignitron Rectifiers 


ANODE 

BALANCE 

COILS 


T -lIrff 

>.Awr 


..,JN 

RECTIFIER 


AUXILI¬ 

ARY 

CUBICLE 


•ANODE NEGATIVE BUS 

DISCONNECT POSITIVE BUS 

CATHODE SWITCH 

£3Q 


miM ■ 

E=5 


HEAT EXCHANGER 



CELL 

ROOM 


DISCONNECT-' 


Electrical Engineering 














Figure 7. Schematic diagrams showing various 
arrangements of rectifier switching 

hibitive frequency of tap changing or 
large phase-control angles. In these proc¬ 
esses attempts to maintain constant cur¬ 
rent have been abandoned. 


to limit the station current to a value sat¬ 
isfactory to the supply system or to the 
rectifier unit, depending on the proced¬ 
ure. The phase-control angles are then 
advanced uniformly on all rectifier units 
to increase load to normal at a rate satis¬ 
factory to the supply system. 


posures are probable, and the telephone 
interference problem must be considered. 

The number of phases at which any 
rectifier unit can operate cannot be 
greater than the number of anodes of the 
unit. Small units having only six anodes 
are therefore limited to six-phase opera¬ 
tion, which operation is used as a base for 
rectifier harmonic consideration. Since 
the power involved in a six-anode unit, is 
usually small, the influence on exposed 
telephone lines is usually too small to be 
important. As the number of phases in 
multiples of six are increased, some of the 
base harmonics of six-phase operation are 
cancelled, the cancelling increasing as 
the number of phases is increased. Opera¬ 
tion of rectifier units in the higher multi¬ 
phase relationships, therefore, decreases 
the telephone-interference problem. 

A single rectifier unit of 12 anodes can 
be supplied from a transformer which is 
wound to give 12-phase operation. It is 


At some locations the demand clause in 
power contracts is such that high power 
rates must be paid over a year, because 
of a short-time swing over the demand 
ceiling. For processes where load con¬ 
ditions fluctuate rapidly and over consid¬ 
erable range, autotransformers with tap 
changer under load equipment can be used 
to secure constant kilowatt input to the 
cells. This will insure maximum produc¬ 
tion at the normal power rate, or at mini¬ 
mum power cost. Where more than one 
station is supplied from the same source, 
the averaging effect of the several stations 
proves most advantageous in reducing 
the number of tap changes required. 

Regulation for either constant direct 
current or for constant kilowatt input can 
be made full automatic. 

Figure 8 shows, an autotransformer 
connected to the rectifier a-c bus, the 
Voltage of which can be varied according 
to the electrolytic process requirements. 

Since the loads on the large station 
busses constitute practically a short cir¬ 
cuit for a single rectifier unit, it is not 
possible to place units on the bus individu¬ 
ally at full voltage following a station 
outage. Where the power-supply system 
is large with respect to a single station, it 
has been general practice to connect all 
units to the power supply and the a-c bus 
without excitation, and then to close the 
excitation contactors to all units simul¬ 
taneously with a master control switch. 
Where the supply system is not adequate 
for this procedure, station phase control 
of voltage is used. In this method of 
starting a station following an outage, all 
units are connected to the bus, either 
simultaneously as above or individually, 
but with phase-delay angles set uniformly 


not economical to build a transformer for 
Telephone Interference a higher number of phases in a single 

unit. For those installations which have 


A rectifier of any type creates har- a large number of rectifier units, multi- 
monies which are present in the a-c and phase operation can best be secured by 
d-c systems to which it is connected. operating the units out of phase with 
Harmonics may be induced in telephone 


lines, which are adjacent to the power 
systems, under certain conditions of ex¬ 
posure. The telephone-interference prob¬ 
lem becomes of increasing importance 
when the rectifier load is a large percent- 
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Figure 8. Schematic 
diagram showing a 
typical multiphase 
rectifier arrangement 
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age of the system load in the exposure 
areas. 

For electrolytic plants, the d-c load is 
concentrated, and exposures between the 
d-c circuits and telephone lines are easily 
controlled, When the a-c power is trans¬ 
mitted a considerable distance, or is sup¬ 
plied from a power network system, ex¬ 


respect to each other, and in symmetrical 
relationship. 

The combination of two six-phase rec¬ 
tifier units having a delta and a star-con¬ 
nected transformer primary respectively 
will result in over-all 12-phase operation, 
since the delta and star are inherently 30 
degrees out of phase. The supply volt¬ 
age to a transformer can be shifted any 
number of degrees desired by the use of a 
phase-shifting transformer. 4-6 A com¬ 
bination of delta and star-connected 
transformers together with phase-shifting 
transformers can be used to effect any 
degree of multiphase relationship, the 
only limit being the number of rectifier 
units available. For phase arrangements 
greater than 12, the usual inductances 
in the circuits are sufficient to provide 
interphase action. 
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Table! 


Number 
of Units 
in Sub¬ 
station 

Anodes Per 
Unit 

Base Unit 
Phases 

Maximum 

Over-All 

Phase 

Operation 

Per 

Station 

1 _ 

• 6 

.... 6 ... 

.... 6 

1 . 

. 12 or 24 

...12... 

.. .12 

1 . 

• 18 

... 6 ... 

... 6 

2 . 

. 6 or 12 or 24.. 

:.. 6 ... 

...12 

2. 

• 18 

... 6 ... 

...12 

2 

. 12 or 24 

...12... 

...24 

3. 

. 6 or 12 or 24. . 

... 6 ... 

.. .18 

3 . 

.12 or 24 

.. .12. .. 

.. .36 

4 . 

. 12 or 24 

... 6 ... 

... 24 

4 . 

. 12 or 24 

...12.... 

...48 

5 . 

. 12 or 24 

... 6 ..,. 

.. .30 

5 . 

. 12 or 24 

...12.... 

.. .60 

6 . 

. 12 or 24 

... 6 .... 

.. .36 

7 . 

. 12 or 24 

... 6 .... 

.. .42 

8. 

. 12 or 24 

... 6 .... 

...48 


Figure 8 shows the circuits to the pri¬ 
maries of six rectifier units to secure 36- 
phase over-all plant operation. 

To secure maximum benefit from multi¬ 
phase operation, the units should be of 
equal rating, and their loads should be 
balanced. The impedance of the phase- 
shifting transformer will result in some 
unbalance in load between duplicate 
phase-shifted and unshifted rectifier units, 


unless some compensation is used. Com¬ 
pensating reactors can be connected in the 
circuits of the unshifted units, or trans¬ 
former action can be built into the phase- 
shifting transformer which will compen¬ 
sate for its voltage drop at any given load. 

The benefits secured from multiphase 
operation are not in direct proportion to 
the increase in the number of phases. 
The proportionate benefit from each suc¬ 
ceeding increase in number of phases 
drops off sharply beyond 30- to 36-phase 
operation. Experience to date has demon¬ 
strated that 36-phase operation gives 
satisfactory operation from the telephone 
interference standpoint in most cases. 

Recently the rectifier load on some 
power systems has become quite large and 
concentrated. Spot loading of three or 
more 36-phase operating groups may be 
encountered. For these special cases the 
sheer magnitude of the higher harmonies 
may be sufficient to warrant an increase 
in multiphase operation. Also a resonant 
condition for one or more of the higher 
harmonics may exist. For these installa¬ 
tions operation at 72 or 108 phases may 
be of advantage. 

If one rectifier unit, in a multiphase set¬ 


up, is taken out of service, an unsym- 
metrical phase relationship will result. 
Under this condition, a 36-phase arrange¬ 
ment gives just as good results as any 
higher-numbered phase arrangement. Op¬ 
eration with one unit out of service gives 
reasonably satisfactory results. 

By the use of base units connected 6 or 
12 phase, as required, and by phase shift¬ 
ing of associated units, the combinations 
shown in Table I can be secured. 
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Low-, Medium-, and High-Pressure 
Gas-Filled Cable 

G. B. SHANKLIN 

MEMBER AIEE 


Synopsis: After preliminary development 
work systematic laboratory tests, closely 
simulating service conditions, were started 
in 1934 leading towards final development 
and improvement of gas-filled cable. The 
first full-size field installation of gas-filled 
cable was placed in service in 1938. The 
results of this work up to that time were 
summarized in an AIEE paper presented at 
the winter convention, January 1939. The 
present paper will deal with progress made 
since then, covering the whole range of 
voltage ratings from 10 kv to 138 kv, 
divided as follows: low-pressure gas-filled 
cable systems 10 kv to 40 kv, operating at 
gas pressures from 10 to 15 pounds per 
square inch; medium-pressure systems 
40 kv to 69 kv, operating at gas pressures 
from 24 to 40 pounds per square inch; 
high-pressure systems 69 kv to 138 kv, 
operating at gas pressures from 150 to 200 
pounds per square inch. 

Jk FTER preliminary development work 
w \ on gas-filled cable a systematic series 
of long-time load-cycle endurance tests 
closely simulating service conditions were 
started in our laboratories the early part 
of 1934, and this work is still being con¬ 
tinued. These laboratory studies have 
proved a most useful guide in perfecting 
gas-filled cable design. They have al¬ 
lowed the best selection of materials and 
the most effective methods of construc¬ 
tion and treatment in the factory. 

The first full-sized field installation of 
gas-filled cable was placed in service dur¬ 
ing the summer of 1938, and since then 
quite a number of 15-kv and 27-kv in¬ 
stallations have been added. Our first 
and only published report on gas-filled 
cable was in the form of an AIEE paper 
presented at the winter convention, Janu- 


nical merit and advantages that more than 
warrant its full development. It is simple, 
economical and of small size. Pressure 
control means uniform control of both 
insulation and sheath behavior with a 
lesser chance of trouble with either. The 
self-supervising feature is also important 
in view of the fact that most cable troubles 
come from sheath defects or damage. 
Finally, compound migration troubles are 
eliminated and there is no concern about 
the contour of the cable run within tensile 
strength limits of the cable itself. Three- 
conductor, 27-kv low-pressure cable has 
been in operation for several years past in 
vertical tunnel shafts from 200 to 250 feet 
in depth without trouble of any kind, nor 
has bleeding of compound from the in¬ 
sulation been any more than experienced 
in ordinary runs. 

Three-Conductor Cable 

The theory, characteristics, and design 
of gas-filled cable were dealt with in some 
detail in the previous paper and will not be 
repeated here. Briefly, this cable is 
similar in materials and construction to 
ordinary solid-type paper-insulated cable, 
with the exception that longitudinal gas 
feed channels are provided for uniform 
gas-pressure maintenance and control. 

For low- and medium-pressure use at 
voltages up to 69 kv the three-conductor 
shielded type represents the most prac¬ 
tical and economical form, since the gas 
feed channels can be conveniently located 
in the three triangular filler spaces that 
are otherwise merely waste space. Figure 


1 gives a good idea of the cross-sectional 
construction. Two of these gas channels 
are of open steel spiral construction, giving 
free access to the insulated and shielded 
conductors. The third is a solid-wall 
metal tube filled with dry nitrogen gas and 
sealed off at each end before treatment of 
the cable length. The function of this 
tube after installation will be described 
later. Vacuum drying and impregnation 
treatment in a large tank before leading is 
.exactly like that for solid-type cable. 
After impregnation and while still hot, 
the compound is drained from the tank, 
being displaced by dry nitrogen gas. The 
reel of cable is left in the heated tank until 
all surplus compound drains off, and only 
that compound held by capillary attrac¬ 
tion in the dense cross section remains. 
The channels and outer surfaces present a 
clean appearance, but it is surprising how 
much of the heavy compound is held in the 
cable cross section by capillary balance, 
the finished cable being almost as well 
filled as a solid-type cable. 

The treated reel length is then removed 
to a nitrogen-filled chamber directly be¬ 
hind the lead press, and' the lead sheath is 
applied under a flow of nitrogen. After 
end sealing the gas pressure is raised to 
approximately ten pounds per square inch 
and the cable length is maintained at this 
pressure until ready for splicing in the 
field. Before the shipping reels leave the 
factory, ihe whole cable cross section is 
saturated with nitrogen to the same pres¬ 
sure as that in the gas feed channels. 
This assists greatly in maintaining uni¬ 
form cross-sectional pressure in service. 

Joints 

Figure 2 shows a typical three-conduc¬ 
tor joint. With exception of the tube in¬ 
sert connections and the fact that the lead 
casing is filled with nitrogen gas instead 
of compound, the joint is the same in con¬ 
struction and size as an ordinary solid- 
type cable joint, the same method of con- 


ary 1939. 1 It seems an appropriate time 
to sununarize advancements made since 
then and co-ordinate with field experience. 
Gas-filled cable has, we believe, tech- 


Paper 42-102, recommended, by the AIEE committee 
on power transmission and distribution for presenta¬ 
tion at the AIEE summer convention, Chicago, III., 
June 22-26, 1942. Manuscript submitted April 2, 
1942; made available for printing April 27,1942. 
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Wetherill, L. L. Phillips, L. Zickrick, F. H, Buller, 
and A; R. Lee. 
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Figure 2. Normal shown in Figure 3. The only departure 
i° int from terminals used with solid-type cable 

For 27-kv three- * s t ^ ie semistop gasket assembly in the 
conductor gas-filled base to prevent the soft compound from 
cable draining into the cable channels. A 

simpler all-gas-filled terminal without the 
semistop has been developed for use at 15 
kv and is also being made available for 
higher voltages. Both kinds of terminals 
are also designed as single-conductor and 
spreader three-conductor types. The 
only difference between terminals for low- 


necting, stepping, reinforcement taping, 
and shielding being followed. In prepara¬ 
tion for splicing, the cable pressure is 
lowered to about two pounds, the ends are 
cut, conductors are spread, and temporary 
sponge rubber seals are applied in the 
crotch to prevent appreciable loss of gas 
during the remaining operations. The 
total time is the same as that required for 
constructing a corresponding solid-type 
joint, because of the fact that the time 
required for the special operations is com¬ 
pensated for by the absence of compound 
filling operations. 

Pressure Control 

The primary function of the solid-wall 
metal-tube insert in the cable is to furnish 
a by-pass path for gas flow at low points 
or dips in the cable run, where slugs or 
surplus compound might gradually form 
in the open channel spaces during initial 
periods of heavy load, or during hot sum¬ 
mer weather. The method of intercon¬ 
necting the tube ends and the joint cas¬ 



ing, as shown in Figure 2, traps any com¬ 
pound that might enter the casing and as¬ 
sures a free gas path and uniform pressure 
control over the entire length of the cable 
line. The lead sleeve casing in Figure 2 
is shown eccentric, the bottom part acting 
as a sump for collection of surplus com¬ 
pound. It has since been found that an 
ordinary concentric casing gives sufficient 
capacity for this purpose. 

Field tests have shown that, with the 
help of this tube insert, pressure can be 
controlled at one terminal end only of 
lines up to about ten miles in length. A 
pressure relay at this one location will give 
. an indication of gas leakage at any point 
in the line, and when loss of pressure oc¬ 
curs, additional gas can be injected from 
an emergency storage cylinder until the 
leak can be located and repaired. Where 
feasible, pressure control and relaying at 
both ends of long lines is desirable but 
not necessary. 

The first installations of gas-filled cable, 
as described in the previous paper did not 
have the metal-tube insert. They are op¬ 
erating successfully, and there has not 
been any special trouble in maintaining 
and controlling pressure. It is necessary, 
however, or at least advisable, to “blow 
out” the cable line periodically with ni¬ 
trogen gas and make sure the channels 
are sufficiently clear of compound to 
transmit gas pressure. The metal-tube 
by-pass insert has completely eliminated 
this need, and there is no question but 
that it simplifies and facilitates operation 
of three-conductor gas-filled cable. 

Terminals 

A typical soft compound-filled, three- 
conductor terminal for gas-filled cable is 


pressure cable (10 to 15 pounds per square 
inch) and medium-pressure cable (25 to 
40 pounds) is that heavier porcelains are 
required to withstand the higher gas pres¬ 
sure. 

Single-Conductor Cable 

The gas feed channel for single-con¬ 
ductor cable is in the form of an annular 
space directly under the lead sheath as 
shown in Figure 4. Copper tape with 
stamped button spacers centers the in¬ 
sulated shielded conductor and gives sup¬ 
port to the lead sheath. In comparison, 
the single-conductor cable is less eco¬ 
nomical than the three-conductor type, be¬ 
cause of the increased over-all diameter 
and cost this channel construction repre¬ 
sents. In the three-conductor cable de¬ 
creased insulation thickness and smaller 
diameter compensate for the extra gas 
operations in the factory and field, and 
the costs of low-pressure gas-filled cable 
and of solid types are practically the same. 
Single-conductor gas-filled cable, how¬ 
ever, is of higher cost than equivalent 
solid type, because of the channel require¬ 
ments mentioned. 

This handicap is not very serious and 
in large sizes the low-pressure single-con¬ 
ductor type has found a useful place as 
primary station tie cable where numer¬ 
ous vertical runs are encountered. Ab¬ 
sence of compound migration troubles 
and the self-supervision obtained from 
gas pressure control justify the extra cost. 
Another promising field for single-con¬ 
ductor gas-filled cable is for power trans¬ 
mission at 46 kv and above, when the 
load per circuit is too large or the ducts 
too small for three-conductor cable. In 
this voltage range medium-gas-pressure 
operation is more economical than low 


Figure 4. Single-conductor 
gas-filled cable 

Cut-away view showing de¬ 
tails of construction 
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pressure, as will be discussed later, and 
the further reduction in insulation thick¬ 
ness gained thereby offsets the added 
cost of the gas channel construction. 

The solid-wall tube insert for by-pass¬ 
ing compound slugs, such as used in three- 
conductor cable, is not well adapted to 
single-conductor construction. This is 
largely overcome by paralleling the gas 
connections at each manhole of the three 
cables making up one circuit, assuring 
three separate paths for gas flow. The 
possibility of slug formation in all three 
cables at one time, in one location, and 
of sufficient number to materially inter¬ 
fere with pressure control, is remote. 

Ionization as a Function of Gas 
Pressure 

A fundamental and important char¬ 
acteristic of gas-filled cable is clearly 
brought out by a study of Figure 5, which 
shows ionization starting voltage as a 
function of gas pressure. A similar curve 
was given in the previous paper. At that 
time we had only limited test data above 
15-pound pressure and little" operating ex¬ 
perience to confirm test results. Addi¬ 
tional data obtained since allow a more 
accurate construction of this curve. It 
closely simulates operating conditions, 
in that it shows ionization voltage after 
capillary balance has been reached from 
load-cycle bleeding of compound, but 
before appreciable wax formation from 
test overvoltage has started. 

The earlier paper described the self¬ 
extinguishing and self-healing properties 
of wax formation in voids of gas-filled 
cable. Further work has fully confirmed 
this important characteristic. It offers an 
additional factor of safety at those loca¬ 
tions along a cable line where ionization 


S 
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Figure 5. ionization voltage versus gas pres¬ 
sure 

Average voltage stress on solid insulation at 
which initial ionization starts in gas-filled cable 
after full drainage of compound but before 
endurance-test voltage is applied 
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might get started. Expressed in another 
way, gas pressure and ionization control 
automatically eliminate weak spots and 
result in more uniformity along the cable 
length. This in turn allows working volt¬ 
age stress to more safely approach the 
critical voltage stress at which cumula¬ 
tive ionization deterioration occurs. 

The whole question is whether the 
measured ionization starting voltage 
curve in Figure 5 represents this critical 
voltage stress or something less. From all 
of the evidence we have obtained it is the 
writer’s opinion that the curve in Figure 5 
is something less than critical stress and is 
actually a goal representing an upper limit 
of safe working stress in service to be ap¬ 
proached as more experience is gained. 
There are sound reasons for believing this. 

First, it has already been proved by 
numerous long-time load-cycle tests at 
pressures up to 30 pounds per square inch 
that gas-filled cable remains stable at 
stresses considerably higher than repre¬ 
sented by the curve in Figure 5. In¬ 
stability and ultimate breakdown on these 
tests occur at stresses from 40 to 70 per 
cent above the Figure 5 curve. 

Admittedly, laboratory tests on rela¬ 
tively short lengths are not conclusive in 
establishing safe working stresses until 
confirmed by field experience. We have 
had confirming field experience of this 
kind with low-pressure gas-filled cable 
operating during recent years at an aver- 

Figure 6. Load-cycle endurance at ten pounds 
pressure 

Three-conductor gas-filled cable of standard 
construction, with exception that inner 50 per 
cent of insulation wall consists of three-mil 
paper tape instead of usual six-mil tape. Total 
insulation thickness 0.200 inch 


age gas pressure of 12 pounds per square 
inch and an average voltage stress of 65 
volts per mil. Reference to Figure 5 will 
show that at this pressure ionization starts 
at 80 volts per mil. Accordingly, operat¬ 
ing experience has been at a stress only 15 
volts per mil less than this. No service 
failure has yet occurred in gas-filled cable 
systems and no signs of ionization have 
been detected. One length of 27-kv cable 
was removed for test after one year of 
service. It was found to be in perfect con¬ 
dition. This experience would indicate 
that there is a good margin of safety and 
some latitude for increasing present work¬ 
ing voltage stress. It also indicates that 
uniformity in the field is under the same 
control as obtained in the laboratory on 
relatively short test lengths. 

Additional proof that the initial ioniza¬ 
tion versus pressure curve in Figure 5 rep¬ 
resents a stable and safe condition is 
found in the characteristic behavior of all 
representative lengths on long-time load- 
cycle tests. Typical test results of this 
kind are shown in Figures 6 and 7. Fig¬ 
ure 6 is a chart of the whole test in terms 
of power-factor stability. Three load 
cycles per day from room temperature to 
80 degrees centigrade were applied, and 
the gas pressure was maintained at ten 
pounds per square inch cold and not more 
than 14 pounds hot. It will be noted that 
the test was started at 85 volts per mil, 
only slightly above the ionization-pres¬ 
sure curve in Figure 5. After stabiliza- 
• tion was assured, the voltage was in¬ 
creased, and these steps were repeated 
until final failure occurred after 16 days 
at 120 volts per mil. 

Figure 7 gives power-factor voltage 
curves on this length as measured ini¬ 
tially and at the end of each voltage step 
shown in Figure 6. Initial ionization at 
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are offset by the other savings described. 
All told, we consider this simplified 
medium-pressure gas-filled cable system 
an important technical and economic 
advancement. 

High-Pressure Systems 

Full advantage of high-gas-pressure 
operation can only be realized by drawing 
the cable into a welded steel pipe line. 
There have been proposals to use a spe¬ 
cial double lead sheath construction, rein¬ 
forced for both radial and longitudinal 
strains, to operate at gas pressures as high 
as 200 pounds per square inch. This type 
of cable could be installed in underground 
ducts in the usual manner which is an ad¬ 
vantage, but there appear to be two seri¬ 
ous obstacles. 

1. The over-all cost is too high in com¬ 
parison with other available cable systems, 
such as oil-filled, medium-pressure gas-filled, 
and, finally, high-pressure gas-filled drawn 
into steel pipe. 

2. There is serious doubt of the feasibility 
of safely operating reinforced sheath at such 
high pressures, because of mechanical 
strength limitations. 

There is no doubt but that the steel pipe 
construction is the most promising, and 
further comments will be confined to that 
type. 

When properly designed and installed, 
the high-pressure gas-filled pipe cable 
system is technically sound and eco¬ 
nomically attractive. It has however cer¬ 
tain limitations that should be fully 
understood. 
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Figure 9. Creep properties Of lead sheath 

Long-time room-temperature creep properti 
Asarco and copper-bearing lead sheath 
Tests started two weeks after extrusion 
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Figure 10. Load-cycle endurance at ten 
pounds pressure 

• 

Standard three-conductor gas-filled cable with 
aluminum-paper strand shielding similar to 
cable in Figure 8. No-load nitrogen gas 
pressure held at ten pounds per square inch 
(low pressure). Cable still on test at 100 
volts per mil 

1. It is best adapted to direct burial in 
open ground, and its use is likely to be 
limited in this country where most under¬ 
ground systems are in congested areas under 
paved city streets. The standard duct and 
manhole construction (and the flexibility it 
represents) has always proved superior to 
direct burial under these conditions. 

2 . Important high-voltage tie-line loads 
in this country are growing, and the steel 
pipe cable system is not well adapted to 
handle extra heavy loads. It is not possible 
to use one single-conductor cable per pipe, 
with three pipes spread out to better dissi¬ 
pate copper losses. Instead, it is necessary 
to draw all three cables into one congested 
pipe, and the losses to be dissipated are 
much higher. In this respect pipe cable is 
no different from other forms of three- 


conductor cable and has the same well- 
recognized limitations for economic loading. 

These aspects of the problem are not 
so important in Europe where the prac¬ 
tice of direct burial in open ground is 
commonly followed, and where load re¬ 
quirements per circuit average consider¬ 
ably less than in this country. 

From an insulation standpoint gas- 
filled pipe cable offers no difficulties. Ref¬ 
erence to Figure 5 will show that at 200 
pounds pressure initial ionization is at 180 
volts per mil. In view of greater self- 
healing properties from wax formation at 
high pressures, we could probably oper¬ 
ate with safety at an average stress not 
less than 160 volts per mil. In this respect 
high-pressure gas-filled cable, like oil- 
filled cable, has greater 60-cyde strength 
than can be utilized. Insulation thick¬ 
nesses for oil-filled cables are based on 
transient voltage requirements rather 
than normal 60-cycle rated voltage stress, 
and the same thing should hold for high- 
pressure cable. Accordingly, insulation 
thicknesses for high-pressure gas-filled 
cables are the same as for oil-filled cable, 
the rated voltage stress varying from 
126.5 volts per mil at 69 kv to 142.5 volts 
per mil at 138 kv. 

Figure 5 shows that this range, of volt¬ 
age stresses is conservative at 200 pounds 
pressure. In fact, the gas pressure could 
be reduced to 125 pounds without danger. 
There is no particular object, however, in 
not taking advantage of the higher factor 
of safety offered by the higher pressure, 
since standard steel pipe will withstand 

Figure 11. Load-cycle endurance at ten 
pounds pressure 

Standard three-conductor gas-filled cable ex¬ 
posed to room air for eight hours before 
applying the lead sheath. Chart shows the 
effects of oxygen absorption during exposure 
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200 pounds pressure just about as well as 
125 pounds. 

Details of pipe construction, welding, 
covering for corrosion protection, joint 
sleeves, compressed air test for leakage, 
and so forth will not be dealt with here,, 
since this practice is well-known and 
common to all of the various pipe cable 
systems, of which there is a number of 
installations in Europe and a few in this 
country. 

Sheaths Intact 

After the pipe is laid and ready to re¬ 
ceive the gas-filled cable, the remaining 
operations vary, depending upon whether 
the sheaths on the three single-conductor 
cables are left intact or stripped off as 
the cable lengths are drawn into the pipe. 
Each of these two methods has ad¬ 
vantages and disadvantages that need 
careful balancing. For loads involving 
conductor sizes above approximately 
750,000 circular mils, short-circuited 
sheath losses become so great that there 
is not much choice, economy dictating 
removal of the sheaths. For lighter 
loads and smaller conductor sizes there 
is much to be said in favor of leaving the 
sheaths intact, but it is difficult to draw 
an exact dividing line between these two 
practices without studying each specific 
case. 

With sheaths intact the methods of 
manufacture, shipment, installation, and 
splicing are exactly the same as already 
described for low-pressure systems in 
ducts, the only difference being that the 
gas channel between the insulated 
shielded Conductor and the sheath is 
smaller and simpler than shown in Figure 
4, an open spiral wrapping of fibrous tape 
being substituted for the metal button 
spacer tape. Each joint is enclosed in a 
wiped lead sleeve, and since splicing is 
done under a slow flow of nitrogen gas, 
the cable insulation is at no time exposed 
to air or moisture. It is not necessary to 
remove these iriipurities from the pipe 
until the whole line is completed. At that 
time the pipe can be dried out by short- 
circuit current in the conductors, or cir¬ 
culation of hot air, or both. Afterwards, 
the dry air in the pipe is washed out by 
nitrogen flow assisted, if desired, by draw¬ 
ing a rough vacuum first. These same 
operations can be done piecemeal on sec¬ 
tions of the line as completed if more con¬ 
venient, and the finished sections main¬ 
tained at a few pounds nitrogen pressure. 

After the whole line is ready, the outlet 
plugs in all lead joint sleeves are removed, 
the plugs in the outer steel sleeves re¬ 
placed, and the gas pressure is brought up 
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to 200 pounds. There is then an inter¬ 
connection of gas pressure between cable 
and pipe at every joint sleeve. Equalized 
pressure throughout removes any ques¬ 
tion of stress burden on the lead sheaths. 

If future repair work, involving replace¬ 
ment of cable lengths, is ever required, 
these operations are reversed. After 
lowering the gas pressure, outlet plugs in 
the lead joint sleeves are replaced, segre¬ 
gating the cable from the pipe. Replace¬ 
ment of cable can then proceed as with 
low-pressure cable, and at no time is the 
insulation exposed to moisture and air 
absorption. 


Summary of Recent Test Results 

Space will not allow a detailed presenta¬ 
tion of all the test data obtained on gas- 
filled cable since the last published report. 
We have carried out comparative test 
studies of the best available impregnating 
compounds, particularly as a function of 
viscosity, the effects of paper thickness, 
strand shielding, exposure to air, further 
tests on the effects of gas pressure, and 
some impulse tests. Conclusions drawn 
from these tests will be summarized, and 
pertinent results relating to these con¬ 
clusions given. 


Sheaths Stripped Off 

In addition to elimination of sheath 
losses and reduction in conductor size 
obtained thereby, stripping of sheaths 
as the cables are drawn into the pipe has 
one other advantage. The removed lead 
can be salvaged. The disadvantages are: 

(а) . An outer tape wrapping and copper 
armor are necessary for protection during 
pulling. 

(б) . Extra cost and time for stripping the 
sheath and protecting cable ends from ex¬ 
posure. 

(c) . Pipe must be dried and filled with 
nitrogen gas piecemeal before the cable is 
pulled in, and pulling must be done under a 
slow flow of nitrogen. 

(d) . Absorption of air and moisture during 
unavoidable exposure will increase dielectric 
losses and require a heavier wall of insula¬ 
tion than when sheath is left intact. 

(«). Future repair work without undue 
exposure of insulation is more difficult and 
complicated. 

Comparative over-all installed costs 
and service records will be required before 
the relative merits of these two high-pres¬ 
sure gas-filled cable systems can be finally 
decided in those, cases where sheath losses 
are not a dominating factor. 


Thickness of Paper Tape 

The load-cycle test in Figure 6 repre¬ 
sents a test length of cable with the inner 
half of the insulation composed of three- 
mil paper tape instead of the usual six-mil 
tape. In all other respects this length 
was of standard construction. Theoreti¬ 
cally, thinner tape means smaller butt 
space voids and higher ionization voltage. 
Actually, Figure 7 shows that ionization 
voltage was no higher than usually ob¬ 
tained with standard six-mil tape. Stand¬ 
ard cable retains stability up to 100 volts 
per mil on load-cycle test at ten pounds 
pressure and ultimately fails at 110 to 120 
volts per mil. The thin paper length in 
Figure 6 lasted little if any longer, failing 
in 16 days at 120 volts per mil. In view 
of the fact that thin tape is more expen¬ 
sive and difficult to apply, tends to wrinkle 
more, and will not withstand cable bend¬ 
ing as well, it is doubtful that there is any 
benefit that overbalances these disad¬ 
vantages. 

Strand Shielding 

It has already been explained that the 
test length represented in Figure 8 had 
strand shielding, and the test results did 




Figure 12. Load- 
cycle endurance at 
ten pounds pressure 

Three-conductorgas- 
filled cable of stand¬ 
ard construction, 
with exception that 
viscosity of impreg¬ 
nating compound 
was increased to 
350 Saybolt at 100 
degrees centigrade 
by addition of 1.5 
per cent soluble syn¬ 
thetic compound 
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not appear to show any particular im¬ 
provement in ionization characteristics 
over equivalent cable without strand 
shielding. This is confirmed by load- 
cycle tests on an additional strand- 
shielded length as given in Figure 10. 
Ionization starting voltage is no different, 
and it required about the same length of 
time (75 days) to stabilize at 85 volts per 
mil as experienced with standard lengths 
without strand shielding. The length in 
Figure 10 is still on test at increased volt¬ 
age stress. Possibly ultimate results will 
show some benefit from strand shielding, 
but we haven’t found it yet. The ex¬ 
planation seems to be that ionization and 
wax formation occur more or less uni¬ 
formly in butt spaces throughout the in¬ 
sulation thickness and do not concentrate 
at the conductor surface alone. 

Exposure to Air 

To study the effects of casual exposure 
to air, as may happen in jointing opera¬ 
tions or through some accidental exposure, 
a standard test length was exposed to 
room air for eight hours after removal 
from the treating tank and before the 
lead sheath was applied. The results of 
load-cycle testing are given in Figure 11. 
It will be noticed that oxidation ac¬ 
tion from the absorbed air increased di¬ 
electric power factor at both room tem¬ 
perature and 80 degrees centigrade, the 
latter increasing to about double that 
met with in standard cable. It will also 
be noticed that in spite of this the cable 
had good endurance and was removed 
from test after 16 days at 120 volts per 
mil without failure. The conclusion can 
be drawn that, within accumulative heat¬ 
ing limits, oxygen absorption does not 
affect voltage endurance but does ap¬ 
preciably increase dielectric loss and 
should be avoided for this reason. This is 
particularly true of medium- and high- 
pressure systems operating at the higher 
voltage ratings, where liberties with im¬ 


purities and dielectric loss cannot be taken 
without serious risk. 

Effects of Compound Viscosity 

The series of tests we have carried on 
over a period of years on gas-filled cable 
indicate rather definitely that there is 
such a thing as optimum viscosity of im¬ 
pregnating compound and that this is in 
the order of 100 Saybolt at 100 degrees 
centigrade, representing the standard all¬ 
mineral compound used for some time 
past. We invariably obtain better results 
with this compound than with either 
thinner or heavier impregnants, appar¬ 
ently for reasons explained in the previous 
paper. 

Check tests, that will not be given, 
again show that thin oil, such as used in 
oil-filled cable and having a viscosity of 
37 Saybolt at 100 degrees centigrade, 
drains too freely from the insulation and 
results in poor ionization and endurance 
characteristics. This is not surprising and 
would be expected from theoretical con¬ 
siderations. The surprising thing is that 
various high-viscosity compounds give 
from fair to very poor results, but even 
the best shows no advantage over the 
standard compound. 

We have tried about all of the recog¬ 
nized available types of high-viscosity 
compounds, including rosin mixtures, 
soluble synthetic mixtures, and hydro¬ 
genated oil, with viscosities from 200 to 
more than 1,000 Saybolt at 100 degrees 
centigrade. All of these, with one excep¬ 
tion, gave poor and unstable results that 
are hardly worth showing. The best con¬ 
sisted of standard compound mixed with 
1.5 per cent soluble synthetic to give a 
viscosity of 350 Saybolt at 100 degrees 
centigrade. An incomplete test on a 
length impregnated with this compound 
and designated as test length 8, was re¬ 
ported in the previous paper. The com¬ 
plete test is charted in Figure 12. The re¬ 
sults obtained from both an ionization 


and voltage-endurance standpoint were 
about an average of those obtained with 
standard cable. 

Since extra high-viscosity compound 
means longer periods of impregnation 
treatment and drainage, and more diffi¬ 
culty in clearing out gas feed channels, we 
have, as yet, found no advantage that 
would justify its use. A study is also 
being made of preimpregnated tape and, 
so far, no advantages have been found 
that would justify its complications and 
greater cost. Further and more complete 
tests may modify this belief. 

Impulse Tests 

After 21 days of vertical drainage with 
75-degree-centigrade load-cycles five 
lengths of single-conductor, 1,000,000- 
circular-mils gas-filled cable, without 
strand shielding and having 0.203-inch 
insulation, were subjected to standard 
impulse breakdown at a gas pressure of 
ten pounds per square inch. An average 
breakdown of 367 kv was obtained with a 
deviation of 35 kv, or 9.6 per cent. This 
corresponds to an average stress of 1,800 
volts per mil, compared with an average 
of 1,680 volts per mil obtained on 33 
lengths of ordinary solid and oil-filled 
cable. On the basis of maximum stresses, 
which some prefer, the gas-filled cable 
gives 2,130 volts per mil, and the solid and 
oil-filled, 2,260 volts per mil. For all 
practical purposes it can be said that the 
results on all three types are closely the 
same. It is reasonable to assume that the 
same thing would hold for medium- and 
high-pressure gas-filled cable, since the in¬ 
sulation thickness is not under compres¬ 
sion and does not vary with pressure. 

Reference 

1. Low-Gas-Prbssurb Cable, G. B. S hanklin . 
AIEE Transactions, volume 68, 1939, July sec¬ 
tion, pages 307-18, 
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Improvements in Preventive-Coil Control 
for A-C Locomotives With Particular 
Reference to Resistor Transition 


P. H. HATCH 

MEMBER AIEE 

S INCE the' original development of 
the a-c locomotive there have been 
many attempts to improve the locomotive 
control over that provided on early de¬ 
signs. 

Control problems have come under 
three general classifications, namely: 

1. Voltage control for the acceleration of 
the locomotive. 

2. Functional control for adjusting various 
fields of the series traction motor for best 
commutating characteristics. 

3. Protective relays for protection of loco¬ 
motive and traction motor circuits from 
grounds and faults of various kinds and 
for protection of the traction motor from 
overspeeding. 1 '® 

This article will deal only with the first 
of these problems, namely, those incident 
to the voltage control as it relates to 
accelerating a locomotive, with particular 
reference to a new development in the 
art. The new development is the resistor 
transition scheme for switching pre¬ 
ventive coils from one pair of transformer 
taps to the next. A r£sum4 of service 
experience with a locomotive so equipped 
is also, included. 

While the search for a better method 
of acceleration has proceeded, there have 
been no revolutionary improvements 
made, and progress has been essentially 
a refinement in design. 

Early locomotives made use of a switch¬ 
ing reactor, or preventive coil, in tapping 
from one set of transformer taps to the 
next, and the scheme which developed 
the most favor soon grew to what was 
termed as the three-preventiye-coil notch¬ 
ing scheme. In this scheme two small 
preventive coils feed a large preventive 
coil which in turn feeds the traction motor 
circuits through its mid-tap. The two 
small preventive coils are connected tq 
two sets, of bus bars, which are connected 
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by tap switches to the main transformer 
taps in the correct order. Each tap 
switch carries one quarter of the load 
current in the normal design where all 
preventive coils have their mid-tap 
equidistant from the two end terminals. 
The three-preventive-coil scheme of con¬ 
trol has persisted and is now the scheme 
most generally used on a-c locomotives 
in the United States. 

During recent years several voltage- 
control schemes of a somewhat different 
nature have been devised and in some 
instances have been tried out in service 
both in this country and abroad, but by 
and large the schemes have met with 
indifferent success. Schemes tried in 
this country include one that has used 
a relatively large buck-boost transformer, 
the primary of which is controlled by 
means of light-current relatively high- 
voltage switches. When the large buck- 
boost transformer has been notched up 
to its maximum voltage, balanced voltage 
conditions are obtained. This condition 
is retained through suitable transfer 
switches while the buck-boost transformer 
is reconnected to repeat its operation 
from higher main taps oh the main trans¬ 
former. Also there have been tried varia¬ 
tions of European schemes, utilizing a 
motor-driven switching device which 
shifts taps under zero voltage conditions 
obtained by mechanical interlocking 
with arcing switches designed to handle 
the arcing duty. 

Since the year 1937 improvements in 
the basic type of voltage control have 
been evolved which have consisted essen¬ 
tially of improvements in the contactors 
themselves, in the interlocks which are 
used to insure against faulty closure of 
switches, and further in an arrangement 
of auxiliary relays known as “sequence 
or interlocking' ’ relays which, while 
having increased the number of operating 
coils in the system, have materially de¬ 
creased the. number of contacts in the 
control circuits and have given an over¬ 
all improvement in reliability and a de¬ 
crease in maintenance. 3 

One of the diief sources of trouble that 
arises with notching schemes using indi¬ 
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vidual contactors is the failure of one of 
the individual contactors to open its 
circuit when it is called upon to do so. 
This may arise from purely mechanical 
reasons such as sticking of the operating 
rod or some of the mechanical portions 
of the contactor, or from electrical rea¬ 
sons, such as those which cause the tips 
of the contactor to weld together. Be¬ 
cause of the relatively large number of 
tapping contactors used upon a modern 
locomotive (24 in the case of the latest 
New Haven and Pennsylvania Railroad 
locomotives), the number of interlocks 
required for complete protection against 
contactor closure when a given contactor 
has stuck closed for some reason was 
prohibitive. For this reason previous to 
1937 it was considered sufficient to inter¬ 
lock positively against direct short cir¬ 
cuits upon a given preventive-coil bus, 
and no attempt was made to prevent 
possibilities of overvoltage being applied 
to a preventive coil. 

The development of the “sequence 
relay” made interlocking possible which 
would prevent the closure of any 
switch that might set up undesirable 
conditions after another had stuck 
doSed. 

To protect against an unbalanced pre¬ 
ventive coil, caused by failure of a switch 
to close in sequence, differentially con¬ 
nected current transformers supplying 
a thermal-element preventive-coil relay 
are provided. The relay characteristics 
are so proportioned that on normal 
switching operations, in which one tap 
switch is opened before the next is closed, 
when the preventive coil is left con¬ 
nected with but one leg for a few cycles, 
the relay will not trip. Should a tap 
switch remain open, the heater element 
will cause the relay to trip after a definite 
time, opening the control, circuits to all 
the tap switches. Such thermal relay 
connections also provide protection 
against internal failures of the small 
preventive coils, as such faults give rise 
to current in the same direction as excit¬ 
ing currents and thus are effective in 
tripping the thermal element. 

Operating experience prior to 1937 
developed the weakness of utilizing the 
three possible unbalanced preventive-coil 
combinations as the first three starting 
notches for a locomotive. Locomotives 
so connected .gave rise to an abnormal 
number of preventive-coil failures directly 
traceable to operation on one of the un¬ 
balanced notches while starting heavy 
trains at difficult locations. Modern 
practice therefore prescribes the use of 
balanced connections for the coils for 
all notches—except possibly the first— 
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where currents are low, and there is no 
occasion for extended operation. 

The aforementioned improvements, 
however, do not progress greatly toward 
the solution of one of the first criticisms 
of the a-c locomotive, namely, the sag 
in tractive effort that occurs between 
notches. During the transfer from one 
notch to the next it is necessary that one 
end of a preventive coil be open-circuited 
completely before closing it in on the 
next higher voltage. During this time 
the total load current for the particular 
preventive coil is carried through one half 
of its winding. This winding offers a 
considerable impedance to the load cur¬ 
rent because of the unbalanced ampere 
turns in the coil. The impedance drop 
under these conditions becomes the im¬ 
pedance that will be supported by the 
iron plus the series-air-core impedance 
of the turns in the coil itself. As used 
here, “series-air-core impedance” refers 
to the reactance of the coil, assuming no 

Figure 1. Film 52—transition between notches 
8 and 9 without transition resistor 


iron is present, as the ampere turns 
available are many times in excess of 
those required to saturate the iron. 

The insertion of the high impedance 
of one half of a preventive coil in the 
circuit causes a very marked decrease in 
the voltage left to be applied to the 
traction motors, with the result that 
there is a considerable falling off of trac¬ 
tion motor current, and thus a sag occurs 
in the motor tractive effort. Under 
severe conditions of starting and running 
when operating at tractive efforts very 
close to the slipping point of the wheels, 
such a reaction during the notching is 
very undesirable. Most of the control 
schemes tried out or proposed have had 
as one of their main objectives the 
smoothing out of the notching character¬ 
istics between notches. Some of the 
schemes have been more or less successful 
in this, but for the most part they have 
introduced other undesirable features. 

Another characteristic inherent in the 
three-preventive-coil scheme is the pres¬ 
ence of the extremely high voltages which 
occur in the saturated preventive coil 


undergoing tap change. Such voltage* 
are of the “peaked-wave” variety, main' 
taining for only a very small portion of 
each cycle and occurring when the cur- 
rent wave passes through zero. At the 
higher transformer voltages and motor 
currents the “peaked-wave” voltages 
have been measured which reach value* 
of approximately twice the transformer 
secondary voltage. This comes about 
from the fact that all of the available 
voltage of the transformer secondary 
may appear across one half of the small 
preventive coil for an instant during 
each cycle, and the turn ratio of the 
preventive coil will give twice this 
voltage between its two outside termi¬ 
nals. When it is considered that the 
nominal rated voltage of a small pre¬ 
ventive coil is of the order of 128 volts, 
and the secondary voltage of the main 
transformer may be of the order of 1,40(1 
volts, the amount of overvoltage that is 
applied to a preventive coil is extreme. 

The presence of peak voltages during 
switching operation imposes a very severe 
switching duty upon the tap switches, 
as is evidenced by the loud noise and sub ¬ 
stantial arcing that usually occurs during 
operation of the tap switches under load 
conditions. 

The saturation of the preventive coil 
during the transition period has another 
effect which at times in the past has been 
the most important phenomenon in 
connection with the switching. This is 
the occurrence of a displaced current 
wave upon the closure of the next higher 
tap switch with the result that very high 
values of transient currents are obtained. 
If the value of air-core reactance in tin* 
preventive coil undergoing switching is 
not of sufficient magnitude, currents 
high enough to cause welding of the tap 
switch may occur. 

These extremely high currents come 
from: 

1. Trapped flux in the coil being switched 
due to the reversal of applied voltage. This 
phenomena is similar to that which some ¬ 
times occurs when a power transformer is 
energized and the switch closure comes when 
the instantaneous applied voltage does not 
correspond to the flux in the transformer 
iron, with the result that a distinct “bump" 
can be heard if one is in the immediate 
vicinity of the transformer. 

2. A component from the trapped flux of 
the large preventive coil which may be 
saturated, and many times is, during the 
Switching operation. 

3. The proportionate share of the load cur¬ 
rent for the particular switch involved. 

Such currents do not occur every time 
a transition is made, as their occurrences 
is dependent Upon the instant during the 
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current wave that the tap switch is closed. 
For this reason tests designed to record 
the maximum values of current obtained 
upon contactor closure have to be made 
recording the results of very large num¬ 
bers of closures. 

The surge current peaks have been 
measured as high as 23,000 amperes in 
a 1,250-ampere contactor, and possible 
values may be calculated with a reason¬ 
able degree of accuracy. Preventive-coil 
air-core reactances are usually figured to 
limit these currents to around 12,000 to 
14,000 amperes, which seems to be a 
satisfactory value for the circuits and 
contactors involved. 

Most of the early difficulties with the 
three-preventive-coil scheme of control 
centered around the welding of the tap- 
switch contacts, as then it was not known 
what magnitude in surge currents would 
be obtained, nor what steps would have to 
be taken to limit these currents to satis¬ 
factory values. 

One of the suggestions made during the 
early days involved the connection of a 
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resistor across the preventive coil to pre¬ 
vent the extreme amount of .saturation 
which occurs in the coil. However, this 
suggestion was not followed up as it ap¬ 
peared simpler and more helpful to con¬ 
nect special air-core reactances in series 
with the preventive-coil bus circuit to 
limit the flow of exciting current through 
the small preventive coils. While the air- 
core reactance coils were so connected as 
to limit the flow of exciting current, the 
arrangement was such that the effect of 
load currents was to balance out the re¬ 
actances of the coils. In later designs the 
reactance of the external coils was built 
into the preventive coils themselves so 
that the extra pieces of equipment are no 
longer required. 

In 1937, during the search for a better 
scheme of control, it was suggested that a 
resistor of proper ohmic value be con¬ 
nected across the terminals of the preven¬ 
tive coil that was open-circuited during 

Figure 2. Film 53—transition between notches 
8 and 9 with transition resistor 
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the transition. With this connection, 
while the preventive coil was operating 
“one-legged” the current would divide 
properly and flow through the resistor to 
the preventive coil and then to the mo¬ 
tors. The value of resistance was deter¬ 
mined by the maximum current to be en¬ 
countered in the service of the locomotive 
and the designed voltage of the preven¬ 
tive coil. The voltage across the preven¬ 
tive coil at no time then would exceed its 
maximum designed value, and there would 
be no possibility of saturation of the coils. 

Early Experiments With 
Transition Resistor 

Such a scheme of connection was tried 
out upon the Pennsylvania Railroad in 
1937, on locomotive 4819, at which time 
oscillograms were taken which showed 
very clearly the results to be expected 
from such an arrangement. In addition 
to the currents and voltages recorded on 
the films, it was also possible to measure 
directly the torque of the traction motors 
involved so that the results of the sag in 
tractive effort during ordinary notching 
and the lack of a sag in tractive effort in 
notching with the transition resistor were 
definitdyrecorded. 

The drive from the traction motors to 
locomotive driving wheels is of the well- 
known spring cup type. In order to 
measure the motor torque, it was neces¬ 
sary only to provide an electric position¬ 
measuring device to indicate the deflec¬ 
tion of the drive springs and record the 
indications on one of the oscillograph de¬ 
ments. When the spring constants are 
known, it is a simple matter thereafter to 
calibrate the indication of the dement in 
pounds tractive effort. 

The tests were confined to observing 
the effects on one transition only, namdy 
from notch 8 to notch 9. The resistor 
used was of very small physical size, being 
capable of withstanding the currents in¬ 
volved for only a few cydes. The tests 
were all made at standstill, as it was im¬ 
practical to measure the motor torque 
while the driving wheds of the locomotive 
were rotating. 

The first of the oscillograph films (film 
52) gives a record of the transition from 
notch 8 to notch 9 without the use of the 
resistor. Referring to film 52 (Figure 1) 
it will be observed that during the transi¬ 
tion the tractive effort fell from 8,700 
pounds per axle in notch 8 to 7,580 pounds 
per axle during the transition; the trac¬ 
tion motor current fell from 3,530,peak 
amperes per motor to 2,880 peak amperes 
per motor and then rose again to 3,900 
peak amperes per motor in notch 9 after 
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the transition was completed, this cur¬ 
rent corresponding to 8,910 pounds per 
axle as measured on the film. Also to be 
observed are the very high peaks in small 
preventive-coil voltage, which curve goes 
clear off the bottom edge of the film to a 
value impossible of determination. The 
rms value of the preventive-coil voltage 
for notch 8 is 43.5 volts, and for notch 9 is 
49.8 volts. 

Film 53 (Figure 2), taken immediately 
after film 52, with the transition resistor 
functioning, shows the very striking im¬ 
provement obtained. In this case the 
tractive effort per axle moved gradually 
from 11,180 pounds per axle to 11,900 
pounds per axle some time after the transi¬ 
tion was complete. The increase in trac¬ 
tion motor current was also gradual, rais¬ 
ing from 3,680 peak amperes in notch 8 to 
3,820 peak amperes during the transition, 
then to 4,090 peak amperes after the 
transition was complete. The preventive- 
coil voltage is kept down to its normal 
value ; the increase during the transition 
1S only to 91 volts rms as compared with 
the nominal rating of the preventive coil 
of 128 volts. 

Pennsylvania Railroad locomotive 4819 
was subsequently equipped with a pafe of 

resistors, a pair of resistor contactc^the 
^$9 Transactions 


Figure 3. Transformer, pre¬ 
ventive coil, and resistor tran¬ 
sition circuits for New York, 
New Haven, and Hartford 
Railroad locomotive 0361 


necessary relays, and the controller modi¬ 
fications required for satisfactory opera¬ 
tion with the idea of obtaining road ex¬ 
perience with the scheme. 

The equipment was kept on this loco¬ 
motive for a considerable period, but as 
the railroad company was reluctant to 
permit its operation without the attend¬ 
ance of a manufacturer’s representative, 
only a very limited experience was ob¬ 
tained. During this period certain control 
difficulties were encountered which made 
the scheme of getting the resistor switch 
closed before the tap switch opened, and 
then opening the resistor switch after 
the next higher tap switch had closed, 
somewhat unreliable. However, there 
was a noticeable improvement in locomo¬ 
tive acceleration and a very marked re¬ 
duction in the amount of arcing on the tap 
switches, both in noise and the amount of 
visible arc, during the time the resistor 
transition equipment was working. 

The equipment was subsequently re¬ 
moved from Pennsylvania Railroad loco¬ 
motive 4819, and returned to the manu¬ 
facturer’s plant for reconditioning. 

Service Experience on New York, 
New Haven, and Hartford 
Railroad 

Having observed the performance of 
Pennsylvania Railroad locomotive 4819 
with the resistor transition equipment 
functioning, New Haven representatives 
expressed interest and a desire to have the 
equipment turned over to them for use 
and service experience on one of their 
locomotives, in order to explore fully the 
possi£^ities of improved locomotive per¬ 
formance apd reduced tap-switch maim 
teriance; • "S ';. 

New Haven electric locomotive 0361 
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(Figure 6) was selected for the installation 
of the resistor transition apparatus. This 
locomotive is one of six built by the 
General Electric Company in 1938 and 
used in main-line passenger service be¬ 
tween New York and New Haven. A 
brief description of the locomotive fol¬ 
lows: 

Class. 0361-0366 

Service. Passenger 

Power supply. 1 11,000 volts, 26 cycles, 

I. a-c, 660 volts, d-c 

Wheel arrangement. 2 C + C2 

Number and type of trac¬ 
tion motor. 6G£d-622 

Total weight... 432,000 pounds 

Weight on drivers. 273,000 pounds 

Length between coupler 

pulling faces. 77 feet 0 inches 

Over-all width. 10 feet 2 inches 

Height over a-c panto¬ 
graphs down.. 14 feet 8 inches 

Maximum tractive e'ort 

(25% adh.). 68,500 pounds 

Continuous tractive effort.. 24,100 pounds 
Speed at continuous tractive 

effort. 56.0 miles per hour 

Continuous rated horse¬ 
power. 8,600 

Photograph. Figure 0 

This locomotive has 22 tapping con¬ 
tactors and 20 a-c controller notches with¬ 
out intermediate buck-boost notches. No 
sequence relay interlocking is provided. 

The application was made while the 
locomotive was in the shop for its first 
truck overhaul and traction-motor com¬ 
mutator turning after making a total mile¬ 
age of 263,000, It was released from the 
shop July 16, 1941, after making various 
yard tests to determine that the new ap¬ 
paratus was functioning properly. Before 
assignment to any revenue trains, how¬ 
ever, it was given a series of light runs on 
the main line, still further to insure that 
operation was correct. 

In order to find out if duty on the tap¬ 
ping contactors was actually lessened by 
reason of the elimination of severe cur¬ 
rent and voltage transients in the pre¬ 
ventive coils, new tips and arc chutes 
were installed on all such contactors. 
On subsequent periodic inspections burn¬ 
ing and wear of tips and arc-chute sides 
could be compared with conditions on 
similar locomotives without the resistor 
transition. 

The transformer and preventive coil 
connections for this locomotive are as 
shown in Figure 3. The control circuits 
in Figure 4 show the master controller and 
the relay circuits associated with the op¬ 
eration of the resistor transition switches 
TCl and TC2. Figure 5 is a sequence 
diagram for the operation of the relays, 
tap switches, and resistor transition con¬ 
tactors for certain representative steps 
The following is a brief description of 
the operation of the control circuits 
which have as their function the clos¬ 
ure of the resistor transition switch 
before the opening tap switch breaks its 
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Figure 4. Control circuits for resistor con¬ 
tactors 

63, 65—Blower contactors 
RThh, RTH2 —Thermostats 
RTR —17 LV40H11 relay 
TCI, TC2 — ME- 432 contactors with inter¬ 
locks and short travel 

TC'W, TC2V—17/VIVZl 2/41 valves with 
interlocks on TCI and TC2 
T/M, TR2 — MLV28K relays with special 
slow drop-out coils 


contacts, and thereafter the holding of the 
resistor transition switch closed until the 
next tap switch is closed. 

Upon the movement of the master con¬ 
troller from one notch to the next, a seg¬ 
ment between notches gives an impulse 
of electric energy to an appropriate wire 
which is connected to the magnet valve of 
the resistor transition switch it is desired 
to close. The operating coil of the mag¬ 
net valve is wound for approximately 
half the normal control voltage of the 
system so that its operation will be very 
fast. The coil is protected against the 
control voltage, should the controller be 
left midway between notches, by a re¬ 
sistor that is shorted out of the circuit by 
a relay (TRI or TR2), whose circuits are 
made up before the transition is initiated, 
as described later. Should the controller 


contacts (TRI, TR2) are in series 
with the holding circuit to the mag¬ 
net valve of the particular switch in¬ 
volved. The transition relay has a time 
delay built into it of sufficient duration to 
keep its contacts closed until enough time 
has elapsed for the transition of the main 
tap switches to have been completed. 
At the end of the prescribed time the 
transition relay operates, opening the 
holding circuit and causing the transition 
contactor to open. The interlocks on the 
transition contactor (TCI, TC2) again 
make up the circuit to the transition 
relay, which again “picks up” and is 
then ready for a repetition of the same 
cycle when it is initiated by an impulse 
from the master controller. There are 
two sets of relay equipments, one for each 
transition resistor. 


lation from the transformer radiator, 
it would be permissible to let them stay 
on the preventive-coil bus energized 
continuously without damage to them¬ 
selves. They have a very high tempera¬ 
ture coefficient of resistance so that, as 
they heat up, they inherently reduce the 
current flowing through them. However, 
in order to protect the adjacent equip¬ 
ment and cab structure from excessive 
heat, it was considered desirable to add 
the thermostat to each resistor. 

The resistor transition switches are 
standard tap switches equipped with a 
reduced tip gap to obtain short travel 
and space filler to reduce the surplus 
volume in the cylinder. Minimizing the 
clearance volume of the cylinder reduces 
the volume of air required to start the 
switch moving, and reducing the switch 
travel cuts down the time required for 
closure. These refinements in the switch, 
combined with a magnet valve that is 
operated on approximately twice normal 
voltage, suffice to give a switch with the 
required operating speed. 

This arrangement of the control circuits 
appears to have been eminently satisfac¬ 
tory, and where the segments in the mas¬ 
ter controller have been properly aligned 
so that the impulse to the magnet valve 
is started before its corresponding tap 
switch has been de-energized, no difficulty 
has arisen in insuring that the resistor 
switch is closed before the tap switch 
breaks its contacts. In normal notching 
the duration of the impulse from the mas¬ 
ter controller is of the order of Vioo of a 
second. 

When the trial of resistor transition on a 
New Haven electric locomotive was first 
considered, two trains immediately came 
to mind as offering the best chance to ob¬ 
serve the effects. These two trains were 
exceptionally heavy morning and night 


remain between notches, the relay is de¬ 
energized by interlocks on the resistor 
switches, thereby inserting the protective 
resistance in series with the magnet valve 
coil. Attached to the armature pf the 
magnet valve is an auxiliary normally 
open contact (TCI V, TC2V) which 
“makes” upon the initial travel of the 
armature before the latter starts to open 
the air valve. This contact forms a hold¬ 
ing circuit from the battery to cause the 
magnet valve to continue to close, thus 
operating the air valve and supplying air 
to the cylinder of the contactor, regard¬ 
less of the length of time the impulse re¬ 
mains on the wire from the controller. 
The transition switch closing its inain 
contacts also opens the circuit to the 
transition rday by means of inter¬ 
locks. Another set of transition relay 


The resistors are located over the ex¬ 
haust air stream from the radiator of the 
main transformer, and the control is so - 
interlocked with the blowers that it will 
not operate unless the blowers are run¬ 
ning. As another safety factor a thermo¬ 
stat has been placed over each resistor 
so that, when they exceed a safe tem¬ 
perature, the thermostat will dose', 
energizing the thermostat relay (RTR) 
which latches in its energized position 
and, de-energizes the resistor transition 
circuits. The resistor transition equip¬ 
ment cannot then be operated until the 
resistor has cooled, and the thermostat 
relay has been reset by hand. The re¬ 
sistor thermostats are in the nature of 
“backup” protection, as the resistors 
themselves have been designed liberally 
enough so that, with the aid of the vend-. 



Figure 5. Sequence diagram for representa¬ 
tive notch transitions with transition resistors 
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commuter trains operating as local ex¬ 
presses between New York and New 
Haven; each required higher locomotive 
output than any 'other passenger train 
handled electrically. The electric loco¬ 
motives regularly assigned were the 0361- 
0366 class. Short-time load demands, 
when operating the two trains in question, 
reach a peak of 7,600 horsepower, more 
than twice the continuous rating. These 
peak demands come about through fre¬ 
quent stops on a fast schedule for half of 
the run in each direction. 

These two trains therefore were selected 
for the initial test runs. Other trains 
were handled as the locomotive was used 
in the regular 0361-0366 pool. 

Two results of the resistor transition 
were immediately apparent. One was 
the virtual elimination of the usual bark¬ 
ing of contactors on heavy current dur¬ 
ing acceleration. The second was the 
smoothing out of the tractive effort incre¬ 
ments on acceleration, resulting in less 
tendency for the locomotive drivers to 
slip. This was remarked upon almost im¬ 
mediately by those operating the locomo¬ 
tive. 

At first, the resistor transition appara¬ 
tus was cut out except when a road fore¬ 
man or others familiar with the equipment 
were riding the locomotive. In a short 
time, however, it became apparent that 
it could satisfactorily be left cut in, de¬ 
pending in the event of trouble on the 
thermostats or the instructions issued to 
the crews for cutting it out. The latter 
was a simple process, involving only the 
opening of a small double pole, single- 
throw control knife switch which made the 
transition contactors inoperative and re¬ 
turned the locomotive to normal opera¬ 
tion. 

Experience in regular operation since 
this time has developed practically no 
trouble, and the equipment has been con¬ 
tinually in service and cut in, except for 
several instances of thermal relays trip¬ 
ping, probably due to enginemen operat¬ 
ing in between notches on the master 
controller, and one period of approxi¬ 
mately two weeks due to an error in judg¬ 
ing the position of the timing relay con¬ 
tacts. The eight months of use have 
demonstrated that the resistor transition 
equipment is reliable in its operation 
without any more attention than is given 
other electric apparatus on the locomo¬ 
tive. 

The duty on tapping contactors has 
been lessened. Unfortunately, due to 
operating conditions, there-was no oppor¬ 
tunity to determine quantitatively how 


Figure 6. New 
York, New Haven, 
and Hartford Rail¬ 
road Company loco¬ 
motive 0361 upon 
which resistor tran¬ 
sition equipment is 
operating 



much benefit was obtained, but qualita¬ 
tively much benefit was observable. This 
means that aside from the operating ad¬ 
vantages already described, there was a 
reduction in maintenance of tapping 
contactors, which is an important item on 
a-c electric locomotives. Against this, 
however, must be placed the additional 
maintenance of the resistor transition 
equipment, particularly the contactors 
and the segments and fingers on the mas¬ 
ter controllers. 

Another feature of the equipment is 
that a certain amount of care must be 
taken by the engineman when operating 
the controller. The control-circuit scheme 
is based on a train of events initiated by 
an impulse from the controller, and subse¬ 
quent impulses must be spaced far 
enough apart in time so that the initial 
train of events has been completed, or 
else the most desirable operation is not 
obtained. When accelerating from stand¬ 
still, a short pause normally occurs be¬ 
tween each two notches, and the opera¬ 
tion is always correct, but in notching on 
or off too fast when up to speed, the resis¬ 
tor transition may be only partly effec¬ 
tive because of lack of time between 
notches. This is only of interest from the 
standpoint of duly on preventive coils and 
tapping contactors; tractive effort con¬ 
siderations are not critical under these 
conditions. 

Conclusions 

While the resistor transition equip¬ 
ment was applied to a New Haven 
passenger locomotive as representing one 
of the latest type of a-c locomotives in 
service, it would seem that the applica¬ 
tion would find its greatest usefulness in 
freight locomotives where smooth-start¬ 
ing tractive-effort characteristics are prac¬ 
tically a necessity, and where starting 
duty is both prolonged and severe. 

In general, the resistor- transition 


scheme, developed and applied as de¬ 
scribed, has given gratifying results in its 
apparent improvement in the accelera¬ 
tion of the locomotives to which it has 
been applied, through the eduction in 
the arcing duty on the tap switches as 
evidenced by the almost complete lack 
of any arc noise and the very much 
smoother operation of the locomotive 
when notching. 

Although the resistor transition has a 
beneficial effect on tap-switch surges after 
closure of the higher tap switch during a 
transition, because of the fact that it will 
prevent saturation, particularly of the 
large preventive coil, it is still necessary 
to analyze carefully each case to insure 
that excessive tap-switch surges are not 
obtained with the given values of series 
air-core reactance in the small coils. The 
fact that the transition resistor is still 
energized after the next higher tap switch 
has closed means that the current flow¬ 
ing through the resistor is superimposed 
upon the small preventive-coil exciting 
current, with the result that the surge 
current may actually not be greatly 
different from what it would have been, 
had a resistor not been connected to the 
circuit. However, with some combina¬ 
tions of equipment, the presence of the 
resistor will result in a definite reduction 
in the surge, and each case must therefore 
be analyzed on the basis of its own merits. 

A further study of the scheme and its 
application would seem to be warranted 
for heavy duty a-c freight and passenger 
locomotives. 
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Synopsis : The increased demand for alumi¬ 
num, magnesium, chlorine, copper, and zinc 
for war purposes has made the electrolytic 
processes for these materials the largest con¬ 
sumers of electric energy in this country. 

The most frequently encountered d-c and 
voltage requirements of these four principal 
electrolytic processes are discussed. An 
illustrative current-time and voltage-time 
characteristic curve for starting a chlorine 
cell line is shown, and the requirements that 
such characteristics impose on the electric 
equipment are discussed. The current- 
voltage characteristics of aluminum, mag¬ 
nesium, chlorine, and zinc cell lines are also 
•shown. 

A typical installation of conversion equip¬ 
ment for an electrolytic process plant is 
.given, and the reasons for selecting the par¬ 
ticular types of electric equipment and its 
physical and electrical arrangement are 
•discussed. 

As part of this discussion, there are in- 
•cluded characteristic curves of rectifiers 
showing the effect of ignition control on 
power factor for 6-, 12-, and 36-phase com¬ 
binations. A table giving a "rule-of- 
thumb” relationship between the number of 
phases and kilowatt limits which have been 
found in practice to provide operation rea¬ 
sonably free from telephone interference is 
included. There is also given a tabulation 
of phase shifter combinations, by means of 
which multiphase operation can be obtained 
with various combinations of standard six- 
phase rectifier transformers. 

T HE electrochemical industry has very 
recently become one of the most im¬ 
portant consumers of electric energy in 
the United States with increasing produc¬ 
tion of ahiminum and magnesium and, in 
the near future, will become an even 
more important user. The “Big Four” 
•of the electrochemical industry—alumi¬ 
num, magnesium, chlorine, and the sister 
metals, copper and zinc—have now in¬ 
stalled over 2,500,000 kw. of conversion 
apparatus of all types in this country, 
-and the end of the year 1942 will see an 
-additional million kilowatts installed in 
these four branches of the electrochemical 
industry. 

This conversion equipment operates at 

Paper 42-138, recommended by the AIEE com¬ 
mittee on el ectrochemistry and electrometallurgy 
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almost 100 per cent load factor and con¬ 
verts power at a yearly rate of 25,000,- 
000,000 kilowatt-hours, or nearly one 
quarter of the total energy used for all 
industrial purposes. This percentage 
may at the end of this year well increase 
to perhaps 40 per cent of the total indus¬ 
trial power. 

There are many other electrochemical 
processes of less importance. Perhaps 
the next largest in installed conversion 
capacity produces fused sodium chloride 
with approximately 60,000 kw. Follow¬ 
ing this in importance are processes for 
production of hydrogen, manganese, 
potassium perchlorate and sodium chlo- 
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Figure 1. Chlorine cell-line characteristic 

rate, and other similar processes. The 
application problems are similar to those 
of the four major industries. 

While these figures include conversion 
apparatus of all types (rectifiers, rotary 
converters, and motor generator sets), the 
rectifier is now the prevalent choice of the 
industry for converting such large 
amo unts of power into direct current. 
Since 1937 very few large electrolytic in¬ 
stallations using rotating conversion 
equipment were made in this country or 
in central Europe. During the last two 
or three years, the ignitron-type rectifier 
has been chosen for most of the installa¬ 
tions in this country, although the multi¬ 


anode type of rectifier is still the choice of 
foreign designers. 

The application engineer dealing with 
the electrochemical industry is at a cer¬ 
tain disadvantage compared with applica¬ 
tion engineers for other industries, inas¬ 
much as the chemical industry has pub¬ 
lished very little data concerning their 
electrical requirements. This may be 
attributed to the fact that electrochemical 
processes and techniques are often of a 
highly secret nature, not only in time of 
war, but also under peacetime conditions 
when the process is a matter of competi¬ 
tive endeavor. The electrical-applica¬ 
tion engineers would welcome more 
complete and precise knowledge of the 
electrical characteristics of the various 
electrolytic cells, presented not from the 
point of view of the chemist, but from the 
point of view of the electrical engineer. 
A few typical characteristics are discussed 
below, but this subject needs considerably 
more analysis. 

Electrochemical Process 

Characteristics 

Aluminum 

A typical electrolytic ceil line or “pot” 
line for the production of aluminum con¬ 
sists of a number of cells connected in 
series and is supplied with a normal direct 
current of 60,000 amperes at perhaps 650 
volts. Such a line may require very little 
adjustment in d-c voltage except for 
minor variations of cell resistance and of 
the counter electromotive force of the 
cells. Adjustable voltage is however 
required, if the number of cells is de¬ 
creased below normal, or for baking out a 
new or “green” cell line. The variation 
of the a-c supply voltage may require 
means of maintaining pot-line current 
and voltage at a constant value. Means 
for accomplishing such voltage regulation 
will be discussed later. Under ordinary 
operating conditions, after such a line is 
once put into operation, it will run for 
months or even years, with a voltage and 
current variation of not more than five or 
ten per cent. 

Another typical aluminum cell line 
with cells of the so-called Soderberg type 
has a normal capacity of 32,000 amperes 
at 650 volts. With this type of cdl more 
frequent adjustment in the d-c voltage is 
found very useful for the purpose of 
starting “green” cells or baking out cell 
linings. 

Magnesium 

As far as the application of the electrical 
conversion equipment is concerned, a 
magnesium cell-line is very similar to the 
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aluminum line. The magnesium cell line 
may have a normal d-c rating of 60,000 
amperes at 600 volts, although a large 
installation is now in the process of erec¬ 
tion which, based on European practice, 
will use a large number of 20,000-ampere 
350-volt cell lines. Another installation 
is using 32,000-ampere 600-volt lines. 

Wider adjustment in the d-c voltage is 
required on a magnesium cell line as com¬ 
pared with one for aluminum, because a 
new cell line is usually started with only a 
few cells and is built up over a period of 
several weeks by. adding new cells in 
series. Both in this country and abroad, 
installations have been made with a wide 
range of adjustable d-c voltage, even 
though normal operation is at practically 
constant voltage. 

Chlorine 

• Typical chlorine cell lines use from 7,500 
to 10,000 amperes at 500 to 700 volts, de¬ 
pending upon the type of cell used or the 
number of cells connected in series. 
Some cells are designed for 1,800 to 2,000 
amperes, and four or five of these may be 
connected in parallel On a common d-c 
bus. Usually each 7,500- or 10,000- 
ampere cell line is supplied from one 
rectifier unit, without interconnection 
with other cell lines on the d-c side except 
in case of emergency. This arrangement 
provides flexibility to meet the day-to-day 
variations in cell-line requirements. Such 
lines axe operated at essentially constant 
d-c voltage. Figure 1 shows typical 
voltage- and current-time curves for a 
chlorine line which is placed into opera¬ 
tion for the first time. 

It should be pointed out that these 
curves are not based on tests, as the 
authors might desire, but on previously 
published information and on theoretical 
considerations. 

The Figure 1 shows an initial instan¬ 
taneous peak rising to perhaps 125 per 
cent, after the cell line is first thrown on 
full voltage and before the counter elec¬ 
tromotive force or battery action of the 
cell is established, a phenomenon which 
happens within a few cycles. The 
sodium-chloride solution initially has a 
high resistance, while it is cold and dilute. 
For the next six or eight hours the current 
rises as the resistance decreases with in¬ 
creasing concentration of the solution. 

The initial voltage reduction to 60 or 70 
per cent required of the conversion equip¬ 
ment to keep down the initial inrush of 
current is well within the capability of 
ignition control of a rectifier. Minor 
adjustments in the voltage required from 
day to day are also usually made by 


voltage changes may be obtained with 
taps on the rectifier transformer as will be 
discussed later. 

It should be noted that the character¬ 
istics of the individual cells are somewhat 
obscured if a number of lines are operated 
in parallel. 

Copper and Zinc 

A typical copper or zinc cell line is 
quite different from the chlorine line as 
regards the conversion equipment. A 
zinc line may require about 10,000 am¬ 
peres at 500 to 600 volts, depending on 
the number of cells connected in series. 
Foreign installations have been made us¬ 
ing voltages up to 800 or 850 volts. For 
normal operation the cell line is operated 
at substantially constant d-c voltage. 
Usual applications require some trans¬ 
former taps for d-c voltage adjustment on 
a cell line as the number of cells in series 
are changed. 





Figure 2. Electrolytic cell-line characteristic 

Since, however, the electrolytic produc¬ 
tion of copper or zinc is a batch process, 
where a cell is periodically taken out of 
service for the purpose of stripping copper 
or zinc from the electrodes, the cell-line 
voltage must at the same time be lowered 
to such a low value that the disconnection 
of one cell may be made at slightly above 
zero current. The voltage reduction 
required to accomplish this is approxi¬ 
mately 25 per cent, usually obtained by 
ignition retard. 

Figure 2 shows a typical voltage-cur¬ 
rent characteristic of a zinc line. It is 
easily understood that the removal of one 
cell from the circuit by means of short- 
circuiting this cell should, from the stand¬ 
point of operation, be done as quickly as 
possible in order to revert to full current 
and full production without too much 
loss of time. 

It is important that some cell current 
be maintained, at least at a low value, at 


all times to prevent the copper or zinc 
already deposited from going back into 
solution. 

Figure 2 also shows cell-line character¬ 
istics for other cell lines. Chlorine has a 
counter electromotive force of approxi¬ 
mately 66 per cent. For alumina dis¬ 
solved in cryolite, the authors estimate a 
counter electromotive force of about 30 
per cent based on the theoretical voltage 
of dissociation of 1.38 volts per cell and 
the approximate total voltage drop of 5.9 
volts per cell. The counter electromotive 
force of fused magnesium chloride based 
on similar data is shown to be approxi¬ 
mately 35 per cent. The authors have no 
accurate data on the length of time for 
which this counter electromotive force 
persists after an interruption in the cur¬ 
rent supply. 

Some cell fines have their mid-point 
grounded through a resistor for the pur¬ 
pose of lowering the cell potential to 
ground. Such installations usually have 
a relay and alarm system in the ground 
connection to notify the operator of 
accidental grounds on the cell circuit. 
Grounding the mid-point of the cell fine 
seems to be common practice abroad but 
is only occasionally used in this country. 
The disadvantages of its use are slightly 
more electrical losses to ground because 
of current bypassing some cells. 

Selection of Electric Equipment for 
Electrochemical Processes 

Rectifiers Versus Rotating Appa¬ 
ratus 

The mercury-arc rectifier has become 
so well established in the electrochemical 
field that it is hardly necessary to dwell 
at great lengths on the advantages it has 
over rotating apparatus. However, it is 
desirable to review very briefly some of 
these advantages. 

The space requirements for the installa¬ 
tion of rectifiers are quite moderate, and 
no reinforced foundations are needed such 
as are required for rotating apparatus. 

In the larger units at 600 volts direct 
current, the rectifier-conversion equip¬ 
ment may be installed for approximately 
$35 to $40 per kw. This includes the 
incoming 13.8 kv 60-cycle a-c switchgear, 
autotransformers, rectifier apparatus, ca¬ 
ble and copper bus bars for the main d-c 
bus, building, and installation labor. 
This approximate installation cost figure 
would cover a layout as shown in Figures 
5 A and 5B. 

An especially important consideration 
in wartime is the fact that the amount of 
particularly scarce materials, such as cop¬ 
per and steel, is considerably less in a 
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rectifier installation than in rotating 
apparatus. Incidentally, it is for this 
reason that the rectifiers have for some 
time been more widely used in Europe 
than they have been in this country. 

The efficiency of the modem ignition- 
rectifier equipment in the voltage range 
around 600 volts is in excess of 96 per 
cent, including the transformer losses and 
the power consumed by the rectifier 
auxiliary equipment, such as pumps and 
ignition apparatus. 

The efficiency of the conversion equip¬ 
ment is of special importance in the elec¬ 
trochemical industry, because these proc¬ 
esses operate at close to unity load factor, 
and the electric energy which the conver¬ 
sion equipment supplies over a year’s 
time may cost as much or more than the 
cost of the conversion equipment itself. 

An operating advantage of the rectifier 
installation over a rotating-apparatus in¬ 
stallation is particularly emphasized by 

Table I. Phase Shifters Required for Multi¬ 
phase Operation 


Rectifier Transformers 


Phase- 
Shifting Number 

Auto- of 

transformers Phases 


Number 

of High- 
6-Phase Voltage 
Units Connections Required Operation 


1 .. 

2 .. 

3.. 

4.. 

5.. 

6 .. 

7.. 

8 .. 


. Delta or wye... None. 0 

| X delta |. None . 12 

11 wye i 

tl tye*}.210-degree.18 

(2 de,ta |.216-degree..24 

12 wye J 

f 3 delta ....... 2 12-degree 1 

12 wye.2 8-degree I 

|jj delt M..410-degree.36 

13 wye J 

f 4 delta) (24.29-degree > 
3wy£ }■••• 28.67- d egree ...42 

i o wye j f 2 12 .86-degree) 

(4 delta.218-degree ) 

14 wye..47*/j-degree 1. 


the problem of restarting a large-capacity 
cell line after a complete power failure or 
shutdown. Assuming that such a cell 
line is supplied from six 10,000-ampere 
rotary converters, it is necessary after a 
power failure to restart and resynchronize 
all of the rotary converters with the d-c 
breakers open. Since it is impossible to 
close all of the d-c breakers simultane¬ 
ously, one of the rotary converters will 
assume the entire load, its breaker will 
trip off on overload, and succeeding break¬ 
ers will follow. 

To meet this problem with rotary con¬ 
verters, a large cell-line breaker is re¬ 
sorted to, which may be rated 60,(100 
amperes continuously. By using this 
rather unwieldy device, all of the rotary 
converters may be paralleled on the d-c 
bus with this celi-line breaker open arid 
then the breaker closed. 


A rectifier application easily circum¬ 
vents this problem. With rectifiers, all 
d-c and a-c breakers are closed with the 
ignition circuit de-energized. The pot- 
room load is picked up by energizing the 
ignition circuits of all rectifiers simul¬ 
taneously. No cell-line breaker is needed. 
It is obvious that the time element, in re¬ 
establishing service after a power inter¬ 
ruption, is very small indeed for a rectifier 
station as compared with a rotary con¬ 
verter installation. 

Rectifiers provide a certain amount of 
d-c voltage adjustment by means of 


Figure 3. 


Large rectifier sub¬ 
station 


an over-all efficiency of about 95 per cent. 
The lower arc drop and the high efficiency 
result from the fact that the anode en¬ 
cased in a single tank can be placed closer 
to the mercury-pool cathode. 

Because each anode is confined in a 
relatively small tank compared to the 
large multianode arrangement, with the 
ignition it is possible to make much 
tighter vacuum seals, and therefore better 
to maintain the vacuum. Furthermore, 
if a tank leaks, or trouble develops with 
one tank, it is a relatively simple matter to 
replace this tank, whereas it is much more 



ignition retard, which allows quick and 
easy compensation for changes in the a-c 
supply voltage or for changes in the cell¬ 
line conditions; whereas with rotary con¬ 
verters, the use of boosters must be re¬ 
sorted to. It should be pointed out, 
however, that the continuous use of igni¬ 
tion control is not resorted to in practice 
beyond four or five per cent, since a wider 
use is accompanied by lowering of the 
power factor and an increase in the tend¬ 
ency of the rectifier to arc back. 

All in all, it may be fairly stated that 
the many advantages of rectifiers over 
rotating apparatus makes their selection 
for a large electrochemical installation a 
foregone conclusion. 

A considerable advance in the art of 
rectifier design is represented by the 
single-anode rectifier tank. As illus¬ 
trated in Figure 3, these single-anode 
tanks or ignitions are assembled in 
groups of 12 to supply 5,000 cathode 
amperes. This ignition design has re¬ 
sulted in an increase of efficiency by a 
reduction of the arc drop to 20 volts or 
less; which, for such installations, means 


serious when a large multianode tank has- 
to be taken out of service. For these 
reasons the single-anode ignition rectifier 
is now the choice of the electrochemical 
industry, foreign countries excepted. 

Selection of Rectifiers 

Figured shows the general arrangement 
of an electric system for three 60,000- 
ampere 600-volt electrolytic cell lines. 
While this sketch does not represent in 
detail an actual installation, nevertheless 
all of the features shown are commonly 
installed, and the sketch will serve as a 
basis for discussion of the various reasons 
why the equipment shown was selected. 

Each 60,000-ampere cell line operates 
as a unit. Therefore, the largest avail¬ 
able size rectifier units are chosen, in 
order to obtain maximum economy in 
first cost. The rectifier transformers are 
selected so as to supply two rectifier units 
from one transformer, or a total of 10,000 
d-c cathode amperes. This is about the 
upper limit. The masirnmti of 10,000 
cathode amperes d-c per rectifier trans¬ 
former has been found both in this coun- 
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try and abroad to be a conservative upper 
limit because of large copper sizes to be 
bandied, stresses in the transformer dur¬ 
ing arc-baclc, and for other design reasons. 
Thus the logical choice of rectifier units 
for this case is the 5,000-ampere, 12-anode 
ignitron, similar to those shown in Fig¬ 
ure 3. 

In view of its relative simplicity of de¬ 
sign and sturdiness of construction, the 
six-phase double-wye or quadruple-wye 
secondary connection is most widely used, 
both here and in foreign countries. Some 
12-phase rectifier transformers have, of 
course, been used for small installations. 
As shown on Figure 4, the transformer 
selected has quadruple-wye secondary 
connections. Two wye, with their inter¬ 
phase winding, supply one 5,000-ampere 
rectifier, and two duplicate wye, with 
interphase winding, supply the other 
rectifier. 

Number op Phases 

As the six-phase, 10,000-ampere cath¬ 
ode d-c rectifier transformer is selected, 


spread telephone interference, if no co- 
ordinative measures are taken. There¬ 
fore, the number of phases should be 
selected with reference to the ratio of the 
total rectifier capacity and the total sys¬ 
tem capacity supplying the rectifier in¬ 
stallation. 

Table II contains a “rule of thumb” of 
rectifier kilowatt ratings and number of 
phases selected for 60-cycle rectifier opera¬ 
tion. This table is, of course, subject to 
interpretation and should be used with 
extreme caution, since, for instance, there 
have been some cases of telephone inter¬ 
ference caused by 200-kw rectifiers at the 
end of a long feeder. It is, however, 
generally applicable to rectifier installa¬ 
tions on relatively large power systems; 
and so far as the authors know, there have 
been no cases of telephone interference 
caused by rectifiers in industrial plants 
within the limits shown in Table II. 

The total kilowatts and the number of 
rectifier transformers on each pot line 
indicate in accordance with Tables I and 
II that the installation here discussed 
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there are now required six such units to 
supply the 60,000-ampere pot line. This 
is a total of 36,000 d-c kw. Investiga¬ 
tions of rectifier wave shape and its influ¬ 
ence on telephone communications indi¬ 
cate that the telephone influence is, to a 
very large extent, dependent on the 
characteristics and the total installed 
capacity of the a-c supply system, to 
which the rectifier installation is con¬ 
nected, and also on the number of phases 
selected. It has been fairly well estab¬ 
lished that such an amount of power 
operating at six phase would cause wide- 


should use 36-phase relationship. Since 
there are six six-phase units, the rectifier 
tubes will fire in 36-phase relationship, if 
the primary voltages are shifted by ten 
degrees for each rectifier unit. 

Table I gives a convenient reference 
for the number of phase shifters and the 
degree of phase shift required for com¬ 
binations of six-phase transformers for 
multiphase operation. The use of 18- 
phase operation is inadvisable, because 
its principal harmonics are the 17th and 
19th, having the greatest audio-sensi¬ 
tivity. The 36-phase relationship elimi¬ 


nates theoretically all harmonics below 
the 35th. 

It has generally been found impractical 
to make sufficiently accurate estimates of 
the telephone influence in advance of a 
rectifier installation, because of the many 
variables and unknowns, which allow 
only approximate estimates of the tele¬ 
phone influence. Therefore, it has be¬ 
come the practice, supported by experi¬ 
ence, to evaluate only approximately the 
telephone influence and choose the num¬ 
ber of phases in some such “rule-of- 
thumb” fashion as shown in Table II. 

If it should ever become necessary in a 
specific case, remedies such as increasing 
the number of phases or a-c line filters 
can be applied after the installation has 
been made. 

It should be clearly borne in mind that 
the foregoing discussion refers to a 60- 
cycle supply. Since telephone influence 
is sensitive to certain harmonics, Table II 
does not apply to 25-cycle systems. An 
installation with the same number of 
kilowatts should have a little over double 
the number of phases for a 25-cycle sys¬ 
tem as it has for a 60-cycle system. 

In addition to the reduction in tele¬ 
phone influence, the multiphase operation 
offers definite economic advantages, since 
the increase in the number of phases im¬ 
proves the. power factor as indicated in 
Figure 6. This figure is based on design 
data of an actual installation whose basic 
unit is the six-phase transformer. It can 
be seen that when the number of phases is 
raised from 6 to 36, the power factor im¬ 
proves from 92 to 95 at zero ignition re¬ 
tard. The increase in, the number of 
phases also reduces the losses. 

Instead of using basic six-phase trans¬ 
former units, it is possible to use basic 12- 
phase transformer units. Such 12-phase 
transformers are much more commonly 
used in Europe than in this country, 
although they may be considered prac¬ 
tical devices and have a definite field of 
application for smaller installations. All 
interphase transformers, indicated in 
Figure 4, are usually built in the common 
transformer tank. 

The introduction of the phase-shifting 
autotransformer, as shown in Figure 4, 
results in some additional reactance in the 
circuit which would cause it to take 
slightly less load than a circuit •without 
phase shifter. However, such unequal 
load distribution is easily compensated by 
a slight amount of ignition retard on the 
unit without phase shifter, and it is not 
considered necessary to insert any exter¬ 
nal reactance, although this is the practice 
in foreign countries. 

The rating of rectifier transformers for 
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chemical installations is on a basis of 45 
degrees centigrade temperature rise for 
continuous full load. This conservative 
rating for the transformers has universal 
acceptance in this country for electro¬ 
chemical service, because the load factor is 
almost 100 percent, and such installations 
may run for years under this full load con¬ 
dition. The 45 degrees centigrade tern- 


cell line with 100 per cent current at all 
times, a 10,000-ampere spare unit should 
be provided. 

D-C Voltage Control 

The installation illustrated by Figure 4 
is assumed to require operation at d-c 
voltages as low as 100 for starting up a 
new cell line with only a few cells. Fur- 
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perature rise greatly reduces the mainte¬ 
nance on the oil and also provides some in¬ 
herent spare capacity for emergencies, 
when it may be necessary to run the cell 
line on a reduced number of rectifiers, 
while one unit is undergoing maintenance. 

With conservative design margins in 
both transformers and rectifiers, and 
with the high degree of reliability of 
modern rectifiers, such an installation as 
shown in Figure 4 would not normally 
require additional spare capacity. If the 
cell line is run with five instead of six 
units the overload is 20 per cent. It is 
generally practical, although not always 
desirable, to reduce the cell-line load 
while the single unit is off the line for 
maintenance. If it is essential to run the 


thermore, the a-c voltage supply is as¬ 
sumed to vary five or six per cent from 
day to day, a condition which would cause 
the cell-line current to vary a slightly 
greater percentage. Both these condi¬ 
tions are frequently met in actual opera¬ 
tion. 

It is quite inadvisable to reduce the 
voltage from 600 down to 100 volts by 
ignition control. Figure 6 indicates that 
voltage reduction by ignition control, 
even as little as 16 per cent, reduces the 
power factor from 95 per cent to 82 per 
cent. Furthermore, operation of mer¬ 
cury-arc rectifiers with a large amount of 
ignition retard, for a long period of time, 
will increase the frequency of arc-backs. 
Experienced rectifier operators, therefore, 
use as little ignition retard as possible, 
and the application of ignition control 
should be limited to such cases where the 
voltage reduction is of only temporary 
character, as, for instance, when starting a 
cell line, where ignition retard of 30 to 40 
per cent is permissible for a few minutes. 

The other method of d-c voltage con¬ 
trol, which uses a change of rectifier- 
transformer voltage, is hot connected 
with these drawbacks. If only five or ten 
per cent change of d-c voltage is required 
over a long period of time, as would be 
the case for a chlorine line, this change 
should be obtained by taps in the rectifier- 
transformer high-voltage winding. These 
taps would be changed with the trans¬ 
former de-energized, as such changes are 
sufficiently infrequent to make an inter¬ 
ruption for this purpose acceptable. 

However, with the change of d-c volt¬ 
age required in the case of the installation 
here discussed, the only practical way of 
accomplishing this change of a-c voltage 
is through the use of an autotransformer 
with no-load taps. In this particular 
case the autotransformer would be sup¬ 
plied with seven no-load taps from 100 to 
600 d-c volts rectifier output. Since 
these rather large changes in d-c voltage 
are required only once in several weeks, as 
a number of cells are added or removed 
from the circuit, changing these taps 
with the cell line de-energized imposes no 
serious hardship on the cell-room opera¬ 
tor. 
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Figure 5B. Typical rectifier substation 
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In addition to the no-load taps, the 
autotransformer should in this case have 
load-ratio control to provide a plus or 
minus 60 d-c volts adjustment within the 
range of any of the seven taps of the no- 
load tap changer. This results in ex¬ 
tremely flexible control and permits the 
operator to compensate for fluctuations in 
the incoming a-c power supply and also to 
bridge the gap between the no-load taps. 
The total range of 120 d-c volts load ratio 
control has been covered with 16 and 32 
steps. Load-ratio control is also quite 
useful to the operator in maintaining con¬ 
stant cell-line current, as cell conditions 
change, and operators, who have thi s 
tool available, attest to its usefulness for 
this purpose. 

The autotransformer with these fea¬ 
tures is also a tool for reducing the d-c 
voltage for the purpose of baking out a 
“green” cell line or for short-circuiting 
the d-c bus and simultaneously baking 
out all rectifier units themselves when 
they are first installed. 

An exactly similar result can be ob¬ 
tained by the use of an induction voltage 
regulator when due attention is paid to 
the shifting of the primary voltage supply 
with respect to the ignition-system volt¬ 
age. Induction voltage regulators are 
somewhat more expensive but are fre¬ 
quently used abroad. 

With such flexible tools for voltage con¬ 
trol available, it is not necessary to use 
any considerable amount of ignition con¬ 
trol, except to balance the load between 
the various rectifier units. 

The load-ratio control feature of the 
autotransformer makes possible auto¬ 
matic kilowatt input control for the pot 
line. This feature is not required by the 
cell-room operator, who will generally 
take all the kilowatts he can obtain, but 
by consideration of power contract 
formulas. By using constant kilowatt 
control, the load factor can be main¬ 
lined at better than 98 per cent, and, 
with some power contract formulas, this 
feature alone will pay for the autotrans- 
former very quickly. 

It will be noted from Figure 4 that two 
autotransformers are chosen for each pot 
line. Each autotransformer is of suffi¬ 
cient size to supply with normal tempera¬ 
ture rise fotur rectifier transformers and, 
in. an emergency, five rectifier trans¬ 
formers. This spare capacity is required 
for reliability. When one autotrans¬ 
former is out of service for maintenance of 
load-ratio control , contacts, or in the 
event of failure of a cable connection to 
the main bus, the cell line can be operated 
for the duration of the emergency at five- 
sixths capacity. 


Autotransformers, which are usually 
wye-connected, often have a tertiary 
stabilizing delta winding, as indicated in 
Figure 4. This tertiary winding will be 
of a certain minimum size as dictated by 
design consideration. If designed for a 
standard voltage commonly used to sup¬ 
ply auxiliary plant load, the tertiary wind¬ 
ing can be made to serve a double purpose. 
In a particular case, each tertiary winding 
was designed for 3,000 kva at 2,400 volts. 
This provides a very economical source of 
plant power, since no additional 13.8-kv 
high-voltage switching is required to 
make it available, and very little addi¬ 
tional copper in the tertiary winding. 

The autotransformer winding, 1 being 
13.8-kv wye-connected, provides a con¬ 
venient means of grounding the neutral of 
the 13.8-kv system. While not shown by 
Figure 4, in an actual installation all six 
of the autotransformer neutrals are 
brought through disconnecting switches 
to a common grounding bus; and this bus 
is connected to ground through a current 
limiting resistor. Such neutral ground- 


Table II. “Rule-of-Thumb" Kilowatt Ratings 
and Phases for 60-Cycle Rectifier Operation 
on Relatively Large Power Systems 


Kilowatts 

Phases 

1,000- 2,000. 


2,000- 6,000. 

. 12 

6,000-20,000. 

. 24 

20,000-30,000. 

. 30 

30,000-60,000. 

. 36 

50,000 and up. 



ing greatly facilitates the relaying of the 
system and adds to its reliability and 
safety. 

Automatic Current Regulation 

Automatic current regulation can be 
furnished by means of regulators operat¬ 
ing on the rectifier ignition circuits. In 
general, such devices are not required for 
electrochemical installations, because the 
conditions are sufficiently constant, and 
they have been applied only to meet 
special conditions. They may be justi¬ 
fied when the a-c system voltage varies, 
and it is desired to keep the d-c pot-line 
current constant. They are also of value 
where the rectifier must parallel with other 
conversion units of dissimilar character¬ 
istics. . 

Where such devices are used, the 
amount of ignition control is limited, and 
the undesirable effects on power factor 
are avoided. 'Where they are used in 
conjunction with load-ratio-control auto¬ 
transformers, the ignition control is 
limited to perhaps five or six per cent 
range, and when these limits are reached, 


the load-ratio-control autotransformer 
taps are automatically changed by the 
regulator. 

D-C Switchgear 

High-speed d-c switching, particularly 
where more than one rectifier supplies 
the same load, is considered a highly de¬ 
sirable application requirement. By 
high-speed switching is meant a d-c cir¬ 
cuit interrupting device which will begin 
to open in one-half cycle or less, and will 
therefore limit the peak current, and will 
completely interrupt it in approximately 
one cycle. The primary oil switch in the 
supply circuit to the rectifier transformer 
will have a normal operating time from 
six to eight cycles and would permit arc- 
back currents to reach undesirably high 
values. 

Two methods of high-speed d-c switch¬ 
ing are in common use: The older 
method uses a high-speed cathode breaker 
which trips on reverse current and re¬ 
moves the faulty rectifier from the d-c 
bus. Since the short circuit still exists on 
the secondary circuit of the rectifier trans¬ 
former, it is necessary to attempt either to 
extinguish the arc in the rectifier by igni¬ 
tion blocking, or to open the main oil 
switch. 

The second method of applying high¬ 
speed switching is the use of the high¬ 
speed anode breaker as indicated in 
Figure 4 and Figure 4A. The use of the 
high-speed anode breaker is an important 
development in the application of recti¬ 
fiers, and, while there have been some 
papers written on this subject, the authors 
feel that it is desirable to review briefly 
the reasons for their wide acceptance by 
the operators. 

The use of an anode circuit breaker pro¬ 
vides the best protection not only for the 
rectifier but for the process being supplied 
by direct current, since its use gives a 
greater guarantee of continuity of service. 
The high-speed anode circuit breaker has 
one pole placed in each anode circuit and 
replaces a single-pole high-speed cathode 
breaker. 

Referring to Figure 4A, normal current 
flow at a given moment is indicated by 
the solid-line arrows. When an arc-back 
occurs, one of the anodes (the right-hand 
one, not supposed to be carrying current 
at that instant) allows current to flow in 
the reverse direction. It will be seen 
that an arc back therefore causes two 
short circuits, one on the d-c bus indicated 
by the “abnormal” dotted arrow marked 
X, and the other on the a-c system indi¬ 
cated by the “abnormal” dotted arrow F. 

It is desirable to remove these short 
circuits quickly. An interrupter in the 
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anode circuits removes the short circuits 
from the a-c and the d-c systems simul¬ 
taneously. 

The high-speed anode circuit breaker 
opens in response to the reverse direction 
of current in the anode. The current 
peak is limited to one-half cycle or less 
and the current completely interrupted in 
approximately one cycle. 

• In comparison, the high-speed cathode 
circuit breaker would only interrupt the 
feedback from the d-c bus into the faulty 
anode, but some additional means has to 
be used to remove the short circuit from 
the a-c system, either by opening the 
primary oil circuit breaker or by attempt¬ 
ing to suppress the arc in the rectifier by 
ignition control, while the use of the high¬ 
speed anode circuit breaker goes directly 
to the source of the trouble and quickly 
and promptly interrupts the anode cir¬ 
cuit. It should be noted that the use of 
an anode circuit breaker is not a substi¬ 
tute for a primary oil circuit breaker, but 
only a supplement of it. Transformer 
fault protection and normal switching 
generally require the use of primary cir¬ 
cuit breakers when such large transformer 
unit is connected to an a-c bus. 

Some of the specific advantages of high¬ 
speed anode circuit breakers, particularly 
in those cases where more than one recti¬ 
fier supplies a common d-c bus, are: 

(a) . The transformer is protected against 
the high currents which may result when a 
rectifier arcs back. Such high currents im¬ 
pose very severe stresses on the transformer. 

(b) . The other rectifiers are protected 
against supplying large d-c currents to the 
faulty rectifier. Such protection against 
heavy currents reduces materially the tend¬ 
ency for the normal rectifiers to arc back 
“sympathetically.” 

(c) , The remaining normal anodes on the 
same rectifier are not called upon to supply 
heavy currents to the faulty anode, and their 
tendency to arc back, either immediately or 
in the future, is greatly reduced. Arc-backs 
beget arc-backs. 

(d) . The use of anode breakers, with high¬ 
speed reverse-current trip on each pole, 
greatly simplifies the protective control sys¬ 
tem. There are no additional relays nor 
wiring to go wrong. 

(e) . When one rectifier transformer sup¬ 
plies two rectifiers, as is usually the case in 
electrochemical work, the use of high-speed 
anode circuit breakers will remove one of 
them on arc-back and permit the other to 
continue in uninterrupted service. 

The principle of the high-speed anode 
circuit breaker has been well proven in 
service. It is so fundamentally a correct 
device for the protection of mercury-arc 
rectifiers that future electrochemical 
application without them will be rare 
indeed. 

It will be noted from Figures 4 and 4A 


that a semihigh-speed cathode breaker is 
indicated. These semihigh-speed cath¬ 
ode breakers provide overload protection 
in the forward direction, since highrspeed 
anode breakers which trip on reverse 
current are not particularly well suited to 
trip on straight overloads in the normal 
direction. The semihigh-speed cathode- 
breaker overload trip is given a slight 
time delay to permit the breaker to stay 
in until the high-speed anode breaker has 
cleared the arc-back. The semihigh- 
speed cathode breaker is also useful for 
normal emergency trip of the entire cell 
line. 

Station Control 

The station operator’s control devices 
for controlling a station similar to that 
shown in Figures 3 and 4 are concentrated 
on an operator’s control board. 



XM VOLTAGE REDUCTION BT IGNITION CONTROL 
100* D-C CURRENT OUTPUT 

Figure 6. Power-factor characteristics for 
varying amount of grid control 

I 

The operator’s functions in energizing 
such a cell line or taking it off the line are 
relatively simple. For energizing the cell 
line, the auxiliary circuits for water and 
vacuum pumps are energized, and then 
the a-c circuit breakers are closed. The 
anode and cathode breakers are next 
closed with the ignition circuit de¬ 
energized. The ignition circuit is then 
energized, permitting the rectifiers to take 
load. As previously mentioned, the d-c 
breakers cannot be closed with the igni¬ 
tion circuit energized, because the first 
breaker closed will trip again due to over¬ 
load. 

For some types of cell lines, and under 
some conditions, the operator may wish to 
start the cell line with the lowest possible 
d-c voltage permitted by ignition control, 
and energize the ignition circuit only 


after it has been retarded. All of these 
operations are performed at the operator’s 
control board shown in Figure 3. 

A cell line can be de-energized by sim¬ 
ply tripping the cathode breakers. If 
one of the cathode breakers should lag 
materially behind the others, it will be 
forced to interrupt the entire cell-line 
current which represents an exceedingly 
heavy duty. If the operator desires and 
has the time, he may reduce the current 
interrupted by these breakers by first 
reducing the voltage and current on the 
entire cell line through the ignition con¬ 
trol. 

The power to cell lines should not be 
interrupted by de-energizing the ignition 
circuit. If this is attempted, the entire 
cell-line current somewhat attenuated 
will be finally transferred to a single 
anode. This is a serious overload for the 
particular anode and may cause serious 
damage to it. Even if all the cathode 
breakers are tripped simultaneously, they 
will open at slightly different moments. 
However, the magnetic energy stored in 
the cell-line circuit is dissipated quickly 
and without harm in the arc chutes of the 
cathode breaker. 

Another method of de-energizing the 
cell line is to open the main a-c feeder 
breakers, a method which would corre¬ 
spond to the case of a complete power 
failure. Except for increased mainte¬ 
nance on the breaker, such interruption 
will not have any particularly bad effects, 
because the energy flow from the system is 
interrupted, and the current is transferred 
finally to the last conducting anode, only 
after it has died down to a relatively low 
and safe value. 

Such stations as those illustrated by 
Figures 3 and 4 are continuously attended. 
The operations under normal circum¬ 
stances are relatively simple and are 
usually confined to the observation of the 
instruments and the rectifiers. Where no 
automatic current nor voltage regulation 
is used, it is necessary to adjust the 
voltage from time to time by operating 
the tap changer or load-ratio control of 
the transformer, and perhaps occasionally 
to balance the load between the rectifiers 
by means of a slight amount of ignition 
control. 

Temperature-Regulating Equipment 

The losses in the rectifiers are usually 
removed by water cooling. There are a 
, few installations of air-cooled rectifiers in 
Europe but no important installations in 
this country. In water-cooled rectifiers, 
the coolant is usually recirculated through 
some form of heat exchanger. Where the 
raw water supply is sufficiently cool, 
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c l*»gn , and abundant, these heat exchang¬ 
ers are generally water-to-water. Where 
the water supply is less favorable, these 
heat exchangers may be water-to-air. 

The temperature-regulating heat ex¬ 
changers as shown in the typical station 
layout of Figitre 5 are usually located 
directly beneath the rectifier and the 
coolant continuously circulated between 
the rectifier and the heat exchanger. 
For most efficient rectifier operation, the 
temperature of this coolant is maintained 
at approximately 47 degrees centigrade. 
Thermostatically controlled valves on 
the heat exchanger maintain this tempera¬ 
ture by automatically controlling the 
amount of raw cooling water flowing 
through the heat exchanger. 

The recirculated liquid coolant is 
usually distilled water and may be treated 
with sodium dichromate to inhibit corro¬ 
sion. These water-to-water heat ex¬ 
changers can be manufactured for cooling 
water temperatures as high as 35 de¬ 
grees centigrade (95 Fahrenheit). For a 
36,000-kw rectifier installation considered 
in Figure 4, there would be required 420 
gallons per minute of 85 degrees Fahren¬ 
heit raw cooling water. 

In water-to-air heat exchangers, the 
coolant is also continuously circulated 
between the heat exchanger and the recti¬ 
fier. A by-pass valve, thermostatically 
controlled, will pass more or less of the re¬ 
circulated coolant through the heat ex¬ 
changer while the fans run continuously. 

Heat exchangers, when sodium-di¬ 
chromate corrosion inhibitor is used, are 
at cathode potential and are therefore 
usually insulated from ground. Rubber 
hose is used to connect it to the rectifier 
and to the raw water supply. 

The use of water-to-air heat exchangers, 
because of blower losses, may lower the 
station efficiency perhaps one tenth of one 
per cent, but since these blowers operate 
at full speed only a few months in the 
summer time, this is not an important 
consideration. The choice of water-to- 
water or water-to-air heat exchangers 
should only be considered from the stand¬ 
point of expense and quality of the raw 
water supply available. The installed 
cost of the water-to-water heat exchang¬ 
ers is considerably less than water-to-air, 
if the raw water is delivered to the build¬ 
ing at no cost. 

Station Arrangement 

A typical station arrangement for a 
large electrochemical installation is shown 
in Figures 5A and 5B. 

The transformers are installed outdoors 
and are usually of the oil-insulated self- 
cooled type. 
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The temperature-regulating heat ex¬ 
changers are installed on the first floor of 
the main rectifier building directly below 
each of the rectifiers to which they are 
connected. For such large installations 
this arrangement gives the best economy 
of building space. 

The rectifiers are mounted on the sec¬ 
ond floor at about the same elevation as 
the transformer secondary connections. 
Bus connections to the individual rectifier 
anodes are made preferably below the 
rectifier assembly. The cathode connec¬ 
tions to the cathode breakers are also 
made from below. In this particular 
illustration, the neutral or negative con¬ 
nection from the interphase transformer 
is carried across the station directly below 
the roof. 

The d-c breakers may be installed 
either on the ground floor or on the recti¬ 
fier floor. An argument in favor of in¬ 
stalling them on the rectifier floor is that 
the operator is then able to see that the 
breakers on a particular rectifier are open 
when work has to be done on this rectifier. 
However, space is generally available in 
the basement, and a narrower building 
results if these devices are placed in the 
basement. 

On the second or rectifier floor of the 
building, is placed the operators’ control 
board as illustrated in Figure 3. The 
control boards for two or even three pot¬ 
line equipments may be grouped together 
and under the control of one operator. 

On the ground floor, aisle space is pro¬ 
vided so that a portable degassing trans¬ 
former may be moved from one rectifier 
to the other for initial degassing, or for de¬ 
gassing after a single unit has been re¬ 
turned to service after repairs. 

The control cubicles containing the 
control devices for the pump and other 
auxiliaries for each rectifier are installed 
on the end of each rectifier. 

The a-c switchgear in this particular 
illustration of Figure 5A is shown located 
in a separate building with the two auto¬ 
transformers adjacent thereto. 

It should be noted that this installation 
is typical of many electrochemical instal¬ 
lations in that all of the 13.8-kv power 
cable enters the transformers and switch- 
gear through pot heads, and there are no 
exposed 13.8-kv bushings in the system. 
This protection is a matter of some im¬ 
portance to those electrochemical installa¬ 
tions where corrosive atmospheres or con¬ 
ducting dust is present. 

A-C Power Supply 

Reliability of power supply for electro¬ 
chemical installations is considered essen¬ 
tial, since loss of power even for a short 


time may be very costly, in addition to 
being naturally objectionable from the 
standpoint of the operator. In the case 
of chlorine cell lines, loss of power requires 
the immediate stoppage of auxiliary gas 
pumps and of the feed to the cells; other¬ 
wise chlorine gas may be liberated in the 
cell room with undesirable effects on the 
operators and the surrounding neighbor¬ 
hood. With aluminum and magnesium 
plants, the loss of power for an hour or 
more may cause the cells to freeze. In 
general, loss of power may mean an inter¬ 
ruption of production for a much longer 
period than the duration of such power 
interruption and may require a costly and 
slow restarting of the process. 

Therefore, the electric equipment and 
its power supply, which are the heart of 
this process, must be of the most reliable 
type and must include such spare capac¬ 
ity as may be indicated by experience. 
Even the best or most efficient or most 
reliable electric equipment will have an 
installed cost not usually exceeding 30 per 
cent of the total installed cost of the en¬ 
tire electrolytic plant which it supplies. 

As shown in Figure 4, two autotrans¬ 
formers supply each pot line so that the 
reliability of power supply is insured, at 
least on a reduced basis if one autotrans¬ 
former or its cable feed is lost. Each 
autotransformer has a continuous rating 
of two thirds of a pot line. 

By proper separation of circuits, even 
these large electrochemical installations 
may be kept within a 500,000-kva short- 
circuit capacity breaker. Normal dis¬ 
tribution voltage in well over 90 per cent 
of the electrochemical installations in the 
United States is 13.8 kv. 

The double bus systems shown on the 
output side of the autotransformers per¬ 
mit any of the six main rectifier trans¬ 
formers to be connected to either of the 
autotransformers. While not indicated 
in Figure 4, the double bus system per¬ 
mits the autotransformers to be connected 
to different bus sections with no inter¬ 
connections between feeders. This would 
be particularly important, if each auto¬ 
transformer is fed from a different bus sec¬ 
tion in the powerhouse, and these power¬ 
house bus sections are tied together 
through a synchronizing or transfer bus. 
The fact that there is no interconnection 
on the output side of the autotransformers 
avoids any possibility of by-passing the 
synchronizing bus. 

The outdoor substation supplying the 
three pot lines should logically have 45- 
degree transformers, to be consistent with 
the rectifier transformer practice. In the 
arrangement shown in Figure 4, the main 
stepdown transformers are provided with 
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fans, so that, in the event of the loss of one 
bank, the fans can be started on the re¬ 
maining two banks, and power transferred 
to them through the transfer bus. 

The transfer bus is normally discon¬ 
nected and the bus sections A, B, and C 
are independent, thus localizing the effects 
of short circuits and other disturbances. 

Because of the current-carrying capac¬ 
ity required on the main outdoor trans¬ 
former bank, Figure 4 indicates that the 
delta for the secondary windings of these 
transformers is made on the metal-dad 
bus by using two 2,000-ampere, triple¬ 
pole breakers. This is a method fre¬ 
quently resorted to in order to obtain the 
necessary current-carrying capacity in 
metal-clad switchgear. 

The system should, of course, be sup¬ 
plied with two-incoming high-voltage 
lines, in accordance with the standards of 
reliability required. Since interruptions 


on the incoming high-voltage lines are the 
most frequent, the cost of high-voltage 
circuit breakers and protective relaying is 
justified. 
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Factors Affecting the Mechanical 
Deterioration of Cellulose Insulation 


F. M. CLARK 

ASSOCIATE AIEE 


Synopsis: The rate of mechanical deteriora¬ 
tion of cellulose insulation is dependent on 
the conditions of its use. Those factors of 
major importance are the temperature ap¬ 
plied and the presence of oxygen and 
moisture. • Moisture even in small amounts 
greatly affects the mechanical stability of 
the cellulose insulation. In general, the 
mechanical life of the insulation is reduced 
by half for each doubling in water content. 
Deterioration promoted by oxidation is most 
effective at temperatures below 120 degrees 
centigrade and is accelerated by the presence 
of moisture. 

The rate of deterioration for substantially 
dry insulation at temperatures above 120 
degrees centigrade is ■ dependent upon its 
previous history. Intermittent exposure to 
high temperature effects are additive. The 
“eight-degree-centigrade rule,” indicative .. 
that the rate of mechanical deterioration is 
doubled for each eight-degree^centigrade in¬ 
crease from a base temperature of 120 de¬ 
grees centigrade or higher, applies most 
closely for practical use when the insulation 
under study has lost more than 50 per cent 
of its tensile strength. 

C ELLULOSE insulation is widely used 
as the dielectric in high-voltage elec¬ 
tric apparatus. Like mineral oil with 
which it is usually associated, cellulose 
in commercial practice is subject to chemi¬ 
cal change to an extent which is depend¬ 
ent upon the conditions of its use. The 
deteriorating effects of temperature and 
oxygen are generally recognized and have 
been the subject of exhaustive research 
and discussion. The effect of moisture, 
as described in this paper, has not been 
carefully evaluated in previous studies of 
cellulose stability, despite the fact that it 
appears to play a dominant role in the 
chemical and mechanical changes ex¬ 
hibited by the cellulose when exposed to 
temperatures within the range encoun¬ 
tered in the commercial use of transformers 
and other high-voltage electric apparatus. 

As a material for insulating electric ap¬ 
paratus cellulose is used in a variety of 
forms. In its widest application cellulose 
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is used in the form of paper sheets or 
tapes for the insulation of conductors 
which may vary greatly in size and shape. 
In some applications it is subjected to 
relatively low electric stresses and serves 
chiefly as a spacing material for the sepa¬ 
ration of adjacent conductors. In other 
applications it is subject to severe elec¬ 
tric stress which in the case of capacitors 
and similar apparatus may be as high as 
300 or 400 volts per mil. In most of its 
uses the cellulose is impregnated with 
mineral oil or varnish or both. It may, 
on the one hand, be found in apparatus 
operating under conditions allowing more 
Or less free access of air or, on the other 
hand, in apparatus where contact with air 
or other source of oxygen is substantially 
eliminated by the use of hermetically 
sealed containers or by other means. In 
all of its applications, however, it is essen¬ 
tial that chemical deterioration of the 
cellulose, resulting in the loss of dielec¬ 
tric efficiency and mechanical strength, 
shall be completely eliminated or care¬ 
fully controlled in order that the insula¬ 
tion may be able to withstand the severe 
electric and mechanical stresses set up, 
npt only in the normal use of the appara¬ 
tus but also under short circuit or over¬ 
load conditions. 

One of the most difficult of all engineer¬ 
ing problems is the translation of labora¬ 
tory “life” data into terms of practical 
usage. The present paper concerns itself 
entirely with laboratory data correlating 
those factors of time, temperature, mois¬ 
ture, and oxidation which have been 
found to be important in affecting the 
mechanical stability of cellulose insula¬ 
tion. The results obtained are reported 
in order to assist the engineer in his ef¬ 
forts to use materials efficiently. The rela¬ 
tive importance of the deteriorating fac¬ 
tors investigated can only be finally de¬ 
termined from a study of the results ob¬ 
tained under the conditions of commercial 
use. 

Objects of Investigation 

In a previous paper 1 it has been re¬ 
lated that the chemical and mechanical 
deterioration of cellulose is a complicated 
phenomenon greatly influenced by the 


decomposition products formed as a re¬ 
sult of the chemical changes involved. 
Among those products are organic acids, 
water, hydrocarbons and their deriva¬ 
tives, and gases such as the oxides of 
carbon. It has been demonstrated that 
once initiated the chemical changes in¬ 
volved are accelerated to a degree de¬ 
pendent on the retention of the decom¬ 
position products. The present paper 
has as one of its objects the evaluation of 
the influence exerted by the presence 
of moisture on the mechanical stability of 
cellulose when aged under conditions 
which do not allow the escape of the de¬ 
terioration products formed. 

It has already been shown 2 that cellu¬ 
lose sheets or tapes will deteriorate me¬ 
chanically when heated even in the ab¬ 
sence of oxygen. The pyrochemical ef¬ 
fect as contrasted to the effects of severe 
oxidation become pronounced as the tem¬ 
perature is raised above 120 degrees centi¬ 
grade. Cellulose when heated passes 
through a "stable period” during which 
the mechanical properties are maintained. 
The presence of oxygen is chiefly effective 
in reducing the duration of this “stable 
period.” It is a further object of this 
paper to demonstrate the effect of mois¬ 
ture on the duration of this “stable 
period.” 

Cellulose insulation as in transformers 
is subject to wide variations in tempera¬ 
ture. Under overload conditions local¬ 
ized temperatures are obtained far in ex¬ 
cess of those normally associated with the 
daily use of the apparatus. Engineering 
practice is to assume that the effects of 
such abnormal temperatures are additive. 
It is another object of this paper to exam¬ 
ine the validity of such an assumption. 



Figure 1. Showing the effect of testing con¬ 
ditions on the mechanics! stability of 0.003- 
inch Manila insulating paper when aged 
under mineral transformer oil at 100 degrees 
centigrade 
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Figure 2. The tensile strength of vacuum- 
dried and oil-impregnated 0.003-inch Ma¬ 
nila Insulating paper as affected by aging in 
sealed containers under oil, the surface of 
which was in contact with oxygen gas 

Chemical reactions involving organic 
materials are accelerated by heat. In a 
general .sense, it is accepted that such 
chemical reactions are increased twofold 
for each ten-degree-centigrade increment 
in temperature. Montsinger in previous 
publications 3 ’ 4 has called attention to the 
importance of properly evaluating the 
influences of temperature as a critenon 
of the ability of transformer insulation to 
withstand the effects of temporary over¬ 
loads encountered in the use of trans¬ 
formers. He has suggested the “eight- 
degree rule,” indicative that the rate of 
the mechanical deterioration of cellulose 
doubles for each eight-degree-centigrade 
rise in temperature. It is a final object of 
this paper to demonstrate the rate of cellu¬ 
lose deterioration as affected by tempera¬ 
ture increase under widely Afferent con¬ 
ditions of possible use. 

Testing Technique 

Experience in the study of cellulose de¬ 
terioration at elevated temperature dem¬ 
onstrates the necessity of closely control¬ 
ling all those factors which have long been 
recognized as of fundamental importance 
in the study of sludge formation in min¬ 
eral transformer oil. 6 ' 6 The temperature 
must be carefully controlled. In order to 
obtain duplicate test results, the tempera- 
time should be controlled to ±0,5 degree 
centigrade. 

The testing receptacle in which the 
cellulose is aged must be carefully selected 
if reproducible results are to be obtained. 
Access of air or other gases must be con¬ 


different results (Figure 1) accompanying 
a change in the conditioning treatment of 
the insulation or in the design of the vessel 
used for the aging only serve to empha¬ 
size the confusion which may arise when 
details of this type are ignored. 

In the “sealed-tube” tests hereinafter 
described, the tube is of Pyrex glass and 
measures 200 millimeters in length and 
25 millimeters in diameter. When sealed 
it has a volume of 59 milliliters. The con¬ 
ditioned oil and the oil-immersed paper 
insulation fill the tube to the 50-milli¬ 
liter mark, the remaining 9 milliliters 
being filled with the stated gas condi¬ 
tioned as described. The paper used is 
cut before conditioning in strips, each 
one-half inch wide and ten inches long. 
The paper used throughout this study is 
0.003-inch Manila cable paper. Ten 
strips of such paper, conditioned as de¬ 
scribed, are used in each test. This gives 
a ratio of approximately one-quarter 
pound of paper per gallon of oil. . The 
tensile strength of the paper is determined 
in a room maintained at 65 per cent rela¬ 
tive humidity, 70 degrees Fahrenheit. 
The oil-impregnated papers are tested 
immediately after having been taken from 
immersion in the oil The tensile strength 
is determined in a Schopper testing ap¬ 
paratus, The results reported are the 
average of ten individual tensile strength 
tests. 

The mineral oil used throughout this 
paper is a typical American transformer 
oil (58 seconds Saybolt Universal viscos¬ 
ity at 37.8 degrees centigrade) and is 
manufactured from Gulf Coast crude. 
Before use it is completely degassed and 
dried. During test it is saturated with 
the gas with which it is in contact, as is. 
described in each particular instance. 


recognized as difficult and subject to varia¬ 
tion because of the instability of the 
cellulose itself. Urquhart and Williams 7 
have determined that oven drying at 110 
degrees centigrade are as satisfactory as 
vacuum drying over phosphorous pen- 
toxide at 15 degrees centigrade. Such 
methods may be well suited for roughly 
determining the water content of cellu¬ 
lose containing large amounts of mois¬ 
ture, such as is present in ordinary paper 
exposed to atmospheric conditions, but 
they fail to give accurate test values 
when the water content of the paper is 
materially reduced. 

A satisfactory method of test for de¬ 
termining the water content of insulating 
papers has been established as follows: 

Approximately 50 grams of paper, pref¬ 
erably cut into pieces about three by 
three-fourths inches in size (less weight of 
paper if suspected to be high in water 
content, more weight if suspected to be of 
low water content) is immersed quickly in 
500 milliliters of dry liquid such as mineral 
transformer oil contained in a thoroughly 
dry 1,000-milliliter round bottom flask. 
Dry nitrogen gas is passed through the 
liquid at the rate of 100 milliliters per 
minute with a fritted gas washing tube to 
obtain the best dispersion. The tem¬ 
perature of the liquid is raised to 110 
degrees centigrade plus or minus two 
degrees. The gas after passing from the 
liquid-paper suspension is passed through 
two liquid air-cooled traps connected in 
series where the moisture and other vola¬ 
tile materials are condensed. The outlet 
for the nitrogen gas is protected by a con¬ 
ventional drying tube to prevent suck 
back of atmospheric moisture. The nitro¬ 
gen gas is passed through the test flask 
for three hours after which the water col¬ 
lected in the liquid air traps is quantita¬ 
tively determined. The nitrogen gas 
treatment is repeated in three-hour 
steps at 110 degrees centigrade until all 
water has been driven from the paper 
under test. The quantitative test for the 
water collected is carried out as follows: 

Ten milliliters of an acetyl chloride 
Solution in dry benzene (118 grams per 
liter of solution) are added to a dry 250- 
milHliter glass stoppered flask and cooled 
in an ice bath. Two milliliters of dry py- 
ridene are added dropwise to the acetyl 
chloride solution with continual shaking. 
A white precipitate of acetyl chloride- 
pyridene complex is formed. 

The frozen condensate in the traps is 
dissolved in 25 cubic centimeters of dry 
acetone and added to the cold acetyl 
chloride-pyridene complex. The acetone 
is added in 5-5-2.5-2.5 milliliter portions 
to the first trap and in 5-2.5-2.5 milliliter 

Transactions 743 


trolled. The ease of escape of products 
formed as a result of the. deterioration 
must be clearly described and evaluated 
in terms of practical usage. The widely 


Moisture Determination 

The problem of determining the mois¬ 
ture content of cellulose sheets has been 
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Figure 3. The tensile strength of vacuum- 
dried and oil-impregnated 0.003-inch Ma¬ 
nila insulating paper as affected by aging in 
sealed glass containers under oil, the surface 
of which was in contact with oxygen gas 



Figure 4. The tensile strength of vacuum- 
dried and oil-impregnated 0.003-inch Ma¬ 
nila insulating paper as affected by aging in 
sealed glass containers under oil, the surface of 
which was in contact with nitrogen gas 


the marked effect of moisture on the me¬ 
chanical life of the cellulose insulation. 

Expression of Test Results 


portions to the second trap. The stop¬ 
pered flask is then removed from the ice 
bath and allowed to stand at least 15 and 
not more than 30 minutes with occasional 
shaking out of contact with direct sun¬ 
light. Four milliliters of dry ethyl alco¬ 
hol are added and the mixture is well 
shaken. Sixteen milliliters more of dry 
ethyl alcohol are then added and after 
being shaken and allowed to stand for 
five minutes, the mixture is titrated with 
0.5 normal sodium hydroxide to a phenol 
phthalein end point. A blank test is run 
with all conditions identical in order to 
correct for residual moisture in the re¬ 
agents and apparatus. The amount of 
moisture in the paper, expressed in terms 
of its dry weight is then calculated. 

Using this procedure definite re¬ 
producible .test results have been ob¬ 
tained. Care must be taken, however, to 
avoid decomposition and subsequent 
removal of the “water of constitution" 
from the cellulose sheet. If the analysis 
be carried beyond the point at which 
the water evolution from the paper drops 
to zero, subsequent heating will result 
eventually in some decomposition of the 
cellulose. 1 The formation of water as a 
result of this decomposition will obscure 
the real moisture content determination. 

The determination of the moisture con- 
of 3> cellulose sheet is difficult and 
fraught with many technical pitfalls. 
The method described gives results which 
appear lower than those heretofore re¬ 
ported for mineral oil-treated cellulose 
insulation. 11 Pending further experi¬ 
mental data, the moisture contents de¬ 
scribed in subsequent paragraphs might 
well be considered as “relative" rather 
than as fixed and absolute values. Such 
a precaution in no wise dimmi^s the 
importance of the studies demonstrating 
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Because of its greater degree of re¬ 
producibility, the tensile test has been 
adopted as the gauge of mechanical 
strength of the cellulose sheet and its 
rate of deterioration. Typical time rela¬ 
tionships are illustrated in Figure 2. Be¬ 
cause of the difficulty in clear presenta¬ 
tion, however, such relations are not gen¬ 
erally used in this paper. The semiloga- 
rithmic relationship between the tensile" 
strength and the duration of aging have 
been found to be better suited for clear 
presentation (Figure 3). 

The Effect of Temperature 

There are many technical processes 
which employ cellulose products at high 
temperature. This has led to the initia¬ 
tion of many researches concerned with 
the stability of cellulose products over 
short periods of heating. The general 
conclusion reached has been that cellu¬ 
lose suffers some decomposition at tem¬ 
peratures above 150 degrees centigrade. 
The problem of the insulation engineer 
however is the problem of time and tem¬ 
perature. The stability of cellulose dur¬ 
ing short periods of heating 1 '® are fre¬ 
quently misleading. Knecht 8 has shown 
that, when cotton is heated for 336 hours 
at 80 degrees centigrade, chemical changes 
occur which endow the cellulose with re¬ 
ducing powers. It is the effect of these 
often overlooked chemical changes, cul¬ 
minating in mechanical deterioration, 
with which this paper is concerned. The 
time of heating is obviously of impor¬ 
tance. 

The effect of time and temperature 
over the range from 75 to 200 degrees cen¬ 
tigrade on the tensile strength of vacuum- 
dried and oil-impregnated 0.003-inch 
Manila paper is illustrated in Figure 2. 
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During the aging runs the insulation was 
immersed in dry oil in sealed Pyrex glass 
tubes, the surface of the oil being in con¬ 
tact with oxygen as already described. 
The semilogarithmic relation of tensile 
strength and time of heating is illustrated 
in Figure 3. Figure 4 illustrates similar 
data for vacuum-dried, oil-impregnated 
0.003-inch Manila paper, the surface of 
the oil in which the paper is immersed 
being in contact with dry nitrogen gas. 
The marked effect of temperature on the 
mechanical stability of Manila paper is 
illustrated in Figure 5 which shows the 
“50 per cent life" in tensile strength over 



Figure 5. Showing the marked effect of tem¬ 
perature increase above 75 degrees centi¬ 
grade in the mechanical life of vacuum-dried 
and oil-impregnated 0.003-inch Manila in¬ 
sulation paper when aged in sealed glass con¬ 
tainers under oil, the surface of which was in 
contact with oxygen or nitrogen gas as 
indicated 
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Figure 6. The rate of mechanical deteriora¬ 


tion of vacuum-dried and oil-impregnated 
0.003-inch Manila paper becomes more sen¬ 
sitive to temperature increase as the deteriora¬ 
tion progresses 

The effect is most pronounced when the tem¬ 
perature of test is below 120 degrees 
centigrade 

the temperature range from 75 to 200 de¬ 
grees centigrade. It is clearly evident 
that as the temperature rises above 75 
degrees centigrade the deterioration pro¬ 
ceeds at a rapidly increasing rate. It is 
the proper evaluation of this rapidly in¬ 
creasing rate of deterioration which is of 
fundamental importance in the applica¬ 
tion of cellulose insulation in high-voltage 
electric apparatus. 

Inspection of the data presented in Fig¬ 
ures, 2, 3, 4, and 5 at once leads to the 
conclusion that the rate of mechanical de¬ 
terioration of Manila insulating paper 
cannot be expressed in terms of any single 
temperature expression. Figure 6 plots 
as a semilogarithmic expression the rela¬ 
tion between the deteriorating mechanical 
strength and that temperature rise which 
is necessary in order to produce a twofold 
increase in the mechanical deterioration 
over the temperature range shown. For 
temperatures in the range from 75 to 100 
degrees centigrade the effect of tempera¬ 
ture change is extremely marked, whether 
the deterioration be produced in the pres¬ 
ence or absence of oxygen. In this range, 
an increase in temperature of but 2.4 
degrees centigrade will reduce the total 
life of the insulation by half. With tem¬ 
peratures of 120 degrees centigrade and 
higher, however, the deterioration is less 
sensitive to temperature ihcrease. To 
double the rate of deterioration for these 
higher temperatures (reduce the total 
life by half), an increase ranging between 
approximately seven and ten degrees 
centigrade is necessary. The relation of 
the temperature of the aging to that tem¬ 
perature increase necessary to produce a 
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twofold rate of deterioration when the 
tensile strength has been reduced to -50 
per cent and zero per cent of its initial 
value is illustrated in Figure 7. The so- 
called “eight-degree rule” suggested by 
Montsinger is a good practical compro¬ 
mise for the higher temperatures of use 
(120 degrees centigrade and higher) when 
the tensile strength has been reduced to 
less than about 50 per cent of the initial 
value. 

i 

The Effect of Oxygen 

The problem of evaluating the practical 
effect of oxygen on the mechanical 
strength of cellulose insulation during the 
normal use of a transformer or similar 
apparatus is difficult, because of the wide 
differences in transformer designs. The 
transformer designs of greatest impor¬ 
tance for consideration, however, are the 
hermetically sealed type containing a gas 
cushion and the conservator type. Each 
of these has a limited supply of available 
oxygen. In the conservator transformer 
the amount of oxygen is limited to that 
carried into the transformer as an ab¬ 
solution in the mineral oil. 

In the'hermetically sealed 
transformer the amount of 
oxygen is limited to that 
present in oil solution and 
in the gas cushion when 
the transformer is sealed. | 

When this gas cushion con- < |g 

sists of nitrogen gas, the yi 

amount of oxygen available * 

O O 

# & 

Figure 7. The "eight-degree S u 

rule” correlating temperature « £ 

increase and mechanical de- ►* w 

terioration of vacuum-dried £ “ 

and oil-impregnated 0.003- 12 

inch Manila paper applies with p P 

practical accuracy when the 
paper has deteriorated to at 
least 50 per cent of its initial 
value at temperatures of 120 
degrees centigrade and higher 
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within the transformer is negligible if the 
mineral oil is properly deaerated before 
the transformer is sealed. 

In the laboratory study of the effects of 
oxidation on the mechanical strength of 
the cellulose insulation, an attempt has 
been made to exaggerate the hermetically 
sealed transformer design. The sealed 
tubes have been filled with oil and the oil- 
immersed insulation to 85 per cent of the 
volume. The gas cushion occupies the re¬ 
maining 15 per cent of the volume. These 
are the approximate relationships of oil 
to gas volumes in the average hermetically 
sealed transformer. The effect of oxida r 
tion has been exaggerated by the use of 
pure oxygen in the gas space. Pure oxy¬ 
gen has been used to exaggerate the oxi¬ 
dation possibilities, since in a previous 
publication 8 the presence of air has been 
demonstrated to be of negligible oxidation 
effect within the duration of the labora¬ 
tory tests made. The use of this type of 
test arrangement is considered to be more 
severe than the conditions which are met 
in either the conservator or the hermeti¬ 
cally sealed type of oil-filled transformer. 

It has been suggested 10 * 18 that the effect 
^pf oxygen on the mechanical deterioration 
of oil-treated cellulose insulation involves 
consideration of the acids formed as a re¬ 
sult of the oxidation of the oil itself. In 
a general sense this is true. Therefore, 
since the most corrosive acids formed both 
from the oil oxidation and from the oxi¬ 
dation of the cellulose are volatile at the 
temperature of the tests described, sealed 
containers have been used for the aging 
study. This insures that all products of 
decomposition and oxidation, whether 
from the oil or from the cellulose, are re¬ 
tained within the test receptacle. From 
the practical standpoint this procedure is 
justified, since the mechanical deteriora- 
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Figure 8. The elimination of oxygen increases 
the initial stability of vacuum-dried and oil- 
impregnated 0.003-inch Manila paper over 
the temperature range 75-100 degrees centi¬ 
grade 

The total life of the insulation/ however is 
progressively less affected by the elimination 
of oxidation as the temperature of the aging 
is increased 

tion reported therefore includes considera¬ 
tion of the accumulated effects of all the 
oxidation and decomposition that occurs. 

In a previous publication 2 it was con¬ 
cluded that the “single effect of oxidation 
was restricted to the initial periods of 
treatment at temperatures lower than 120 
degrees centigrade. At higher tempera¬ 
tures pyrochemical decomposition occurs 
...” The' data presented extend and sup¬ 
port this conclusion and indicate that the 
major effect of oxidation is produced when 
the insulation is exposed to the lower test¬ 
ing temperatures. At 75 degrees centi¬ 
grade the deterioration due to oxidation 
becomes more pronounced as the mechani¬ 
cal aging progresses. At higher tempera¬ 
tures the pyrochemical decomposition of 


the cellulose tends to reduce the effects 
of oxidation. 

Figure 8 illustrates the effect of oxida¬ 
tion on the deterioration of the vacuum- 
dried and oil-impregnated 0.003-inch 
Manila paper for two degrees of deteriora¬ 
tion. Curve A illustrates the increased 
life of the insulation which is obtained as 
a result of the elimination of oxidation 
when the mechanical strength has been 
reduced to 89 per cent of its initial tensile 
strength. This value.corresponds roughly 
to the end of the “stable period.” The 
effect of oxygen elimination increases with 
the temperature of the exposure. This 
supports the conclusion that the duration 
of the “stable period” is reduced by oxida¬ 
tion processes. When, however, the total 
life of the insulation is considered (tensile 
strength zero), curve B supports the con¬ 
clusion that the occurrence of pyro¬ 
chemical decomposition during the later 
stages of the cellulose aging becomes more 
pronounced with the higher testing tem¬ 
peratures and reduces the beneficial ef¬ 
fects normally associated with the elimi¬ 
nation of oxygen. 

Intermittent Aging 

The total aging of cellulose insulation 
when exposed intermittently to high tem¬ 
peratures necessarily includes the deterio¬ 
ration which occurs during the . heating 
and cooling periods. To determine 
whether the intermittent application of 
high temperature is strictly additive, the 



Figure 10. The effect of intermittent heating 
at 150 degrees centigrade on the mechanical 
strength of vacuum-dried, oil-treated, and oil- 
immersed 0.003-inch Manila insulating paper 
in the presence of oxygen 

greater degree of deterioration the effect 
of intermittent aging appears less than 
additive, although the differences ob¬ 
served do not appear of major signifi¬ 
cance. Pending further investigation, it is 
concluded that the results obtained jus¬ 
tify the engineering practice which con¬ 
siders the effects of intermittent heating 
at high temperature to be additive. 
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Figure ?. The mechanical aging of vacuum- 
dried, oil-treated, end oil-immersed 0.003- 
inch Manila insulating paper at 150 degrees 
centigrade in the presence of nitrogen; gas Js 
•n additive function of the total period of 
heating when intermittently applied 


insulation contained in the sealed glass 
tubes was heated as rapidly as possible by 
immersion in an oil bath maintained con¬ 
tinuously at 150 degrees centigrade, and 
cooled rapidly by transfer to an oil bath 
maintained continuously at 25 degrees 
centigrade. This reduced the effect of the 
heating and cooling periods to a mini¬ 
mum. The effect of such intermittent 
heating and cooling on the tensile strength 
of vacuum-dried, oil-impregnated, 0.003- 
inch Manila insulating paper aged under 
mineral transformer oil at 150 degrees 
centigrade is illustrated in Figures 9 and 
10. The intermittent aging relation was 
obtained by heating the insulation at 150 
degrees centigrade for four equal periods 
of time. Between these heating periods 
the insulation was maintained at 25 de - 
grees for 24 hours. In the absence of oxy¬ 
gen, the effect of intermittent heating has 
been found to be strictly additive within 
the limits of experimental error (Figure 9). 
In the presence of oxygen (Figure 10) the 
additive effect again appears to be within 
the limits of experimental error until the 
insulation has lost approximately 50 per 
cent of its initial tensile strength. For a 


The Effect of Moisture on the 
Tensile Strength 

Inspection of the data presented (Fig¬ 
ure 6) correlating the effect of tempera¬ 
ture on the rate of mechanical deteriora- 
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£ WEEKS OF AGING AT IOO°C 

Figure 11. Showing the effect of moisture 
retained by cellulose in its normal condition 
on the mechanical stability of 0.003-irich 
Manila insulating paper during an aging run 
at 100 degrees centigrade in sealed glass tubes 

During the aging the insulation is held under 
mineral transformer oil, the surface of which is 
in contact with nitrogen gas 
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Figure 12. Illustrating the color darkening 
which accompanies the mechanical deteriora¬ 
tion obtained when 0.003-inch Manila paper 
is aged in sealed tubes for two weeks at 120 
degrees centigrade in the presence of moisture 

Samples 282, 294, and 306—paper aged after 
having been vacuum dried and impregnated 
with mineral transformer oil, the surface of 
which is in contact with oxygen, nitrogen, and 
air respectively 

Samples 258, 270, and 318—paper aged 
immersed in mineral transformer oil without 
previous drying, the oil being in contact with 
oxygen, nitrogen, and air respectively 


tion leads to the observation that as the 
deterioration progresses it becomes more 
sensitive to temperature change. Thus, 
although in the early stages of heating, 
the paper deterioration increases approxi¬ 
mately twofold for each seven to ten de¬ 
grees centigrade rise in temperature, when 
the tensile strength has been reduced to 
as low as 25 per cent of its initial value, 
the rate of deterioration doubles for an 
increase of only about 2.4 to 9 degrees 
centigrade, depending on the testing tem¬ 
perature. This acceleration of the de¬ 
terioration has been traced 1 to the effect 
of decomposition products retained in 
the body of the cellulose. Among such 
decomposition products is water. Because 
of the ability of water through ionization 
and otherwise to activate many of the 
products (adds and addic materials) 
formed when cellulose undergoes deterio¬ 
ration, it is not unexpected to find that 
the mechanical strength of cellulose insu¬ 
lation is affected by the presence of mois¬ 
ture in even small amounts. Figure 11 
illustrates the greater stability in the 
tensile strength of 0.003-inch Manila in¬ 
sulating paper which is obtained when the 
insulation is freed of its moisture before 
exposure to high temperature. In one 
instance the paper is heated under oil at 
100 degrees centigrade without vacuum 
drying. In the other instance the paper 
is first vacuum dried to a low moisture 
content. The greater mechanical insta¬ 
bility of the undried paper is accompanied 
by other visual evidence of greater chemi¬ 
cal change. In contrast to the dried 
paper, the undried insulation after aging 


is darkened, reacts acidic, and smells 
strongly of a caramel odor, characteris¬ 
tic of overheated cellulose. Figure 12 il¬ 
lustrates the marked darkening in color 
which accompanies the greatly acceler¬ 
ated mechanical deterioration in the cel¬ 
lulose sheet when aged in the presence of 
moisture, even though the possibility 
of oxidation be eliminated by the use of 
nitrogen gas. 

The data of Figure 11 are obtained as a 
result of an aging run in sealed glass 
vessels. It is suggested that the extreme 
variations reported in Figure 1 are due 
to the difference in the design of the aging 
vessel. On the one hand, the moisture 
and other volatile products originally pres¬ 
ent or formed during the test were al¬ 
lowed easy escape since the vessel was 
open to the air. On the other hand, the 
moisture and volatile products were com¬ 
pletely retained in the sealed tube during 
the aging run. The wide difference in 
the test results reported in Figure 1 and 
in Figure 11 illustrates the wide variation 
which can be expected when the insulation 
is aged without careful attention to all 
of the conditions affecting the chemical 
stability of the cellulose. Not the least 
of these conditions is its moisture content. 

The Effect of Moisture on the Rate 
of Deterioration as Affected by 
Temperature and Oxidation 

The presence of moisture in cellulose 
insulation is of such importance in its 
effect on the mechanical Stability at high 
temperature that it tends to modify the 
relationships set up for the dried insula¬ 
tion. To illustrate this, 0.003-inch Ma¬ 
nila insulating paper containing 1.5 per 
cent moisture has been immersed in oil 
and aged at 100 and 120 degrees centi¬ 
grade in sealed glass tubes of the type al- 
• ready described, the surface of the oil 
being in contact with oxygen or nitrogen 
gas. The results obtained are illustrated 
in Figure 13. 

It has already been shown in Figure 8 
that with dry insulation the presence of 
oxygen produces its maximum effect on 


the total life is increased about 2.5 times 
when an inert gas such as nitrogen is sub¬ 
stituted for oxygen, thereby eliminating 
substantially all of the deterioration at¬ 
tributed to oxidation. When, however, 
there is a substantial amount of moisture 
present, its deteriorating influence ac¬ 
centuates the effect of oxidation. Figure 
14 based on the data of Figure 13 demon¬ 
strates that in the presence of moisture 
the elimination of the oxidation reaction 
at 100 degrees centigrade has a more 
pronounced effect than is associated with 
elimination of oxygen on the life of the 
dried paper insulation. 

In like manner, the effect of tempera¬ 
ture increase on the aging of Manila in¬ 
sulating paper is materially modified by 
the presence of moisture. The deteriora¬ 
tion becomes less sensitive to temperature 
change. This is illustrated in Figure 15. ' 

Quantitative Effects of Moisture 

The quantitative study of the effects 
of moisture on the mechanical aging of 
cellulose is made difficult by the fact that 
the equilibrium which exists between the 
amount of water retained by the cellu¬ 
lose and that present in the mineral trans¬ 
former oil in which it is immersed shifts 
with changes in temperature. 9 The 
higher the temperature, the less water is 
retained by the cellulose. In the data re¬ 
lating to the water content of the cellu¬ 
lose in this and subsequent sections, the 
value given is the total water content of 
the oil and cellulose insulation within the 
sealed container at 25 degrees centigrade. 
At this temperature under the experi¬ 
mental conditions existing, substantially 
all of the water present is held by the 
cellulose and is so reported. 

In order to eliminate the effects of oxi¬ 
dation which vary with the temperature 
of aging and the moisture content of the 
cellulose insulation, a typical set of test 
results, describing the deterioration of 
oil-impregnated and oil-immersed 0.003- 
inch Manila paper aged at 120 degrees 
centigrade in the presence of nitrogen, is 
selected to demonstrate the influence of 


the total life of the 
insulation when 
the aging is carried 
out at the lower 
testing tempera¬ 
tures. At 75 de¬ 
grees centigrade 


Figure 13. The ag¬ 
ing of 0.003-Inch 
Manila insulating 
paper containing 1.5 
per cent moisture 
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Figure 14. The importance of oxidation in 
promoting the mechanical deterioration of 
0.003-inch Manila insulating paper is ma¬ 
terially increased when the aging of the oil- 
treated and oil-immersed insulation is carried 
out in sealed tubes in the presence of moisture 
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moisture. The insulation was first vac¬ 
uum dried at 100 degrees centigrade for a 
period of time ranging from less than one 
hour to more than 100 hours, after which 
it was impregnated with gas-free, dry 
mineral transformer oil and sealed at 
once in glass vessels partially filled with 
the oil and oil-immersed insulation as 
already described. The gas with which 
the oil was saturated and with which the 
oil surface was in contact was dry nitro¬ 
gen. The water content of the assembly 
was determined at the start of each aging 
run. The effect of moisture was marked. 
The total life of the insulation was re¬ 
duced from a total of 3,700 hours (22 
weeks), characteristic of the well-dried 
insulation, to a life of less than 100 hours 
(0.6 week), when the paper was substan¬ 
tially undried and contained about eight 
per cent moisture. Figure 16 represents 
the relationship found to prevail in a typi¬ 
cal series of test results obtained simul¬ 
taneously. As illustrated in Figure 17, 
there exists a logarithmic relation between 
the water content of the cellulose insula¬ 
tion and that period of time necessary to 
produce a given amount of mechanical 
deterioration in the cellulose sheet when 
aged at 120 degrees centigrade under the 
conditions applied. 

In a previous paragraph it has been 
demonstrated that the effect of oxidation 
during the mechanical aging of cellulose 
insulation materially shortens the “stable 
period during which the insulation wn 
be heated at high temperature without 
evidence of mechanical deterioration. 
The effect of the initial water content of 
the cellulose of this “stable period” has 
been found to be negligible. In Figure 16 
the stable period is shown to be approxi¬ 
mately 40 hours, irrespective of the initial 
water content of the Manila insulating 
paper. Since oxidation is effective in de- 
terminmg the length of this “stable 
period” it is at once obvious that other 
testing factors which affect the oxidation 
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Figure 15. The presence of moisture in in¬ 
completely dried, oil-treated and oil-im¬ 
mersed 0.003-inch Manila insulating paper 
exaggerates the effect of temperature increase 
from 100 to 120 degrees centigrade during 

the major part of the mechanical life 

The greater initial resistance to temperature 
increase characteristic of the well-dried insu¬ 
lation, however, is reduced as the result of 
water formation as the deterioration progresses 

reaction are of importance in determining 
its duration. 

Because of the importance of mechani¬ 
cal stability in many of the dielectric ap¬ 
plications of cellulose in electrical appara? 
tus, the marked influence of moisture on 
the mechanical life of the insulation as¬ 
sumes practical value. Cellulose is a 
hygroscopic material and rapidly absorbs 
moisture from the surrounding medium. 9 
The absorption of this moisture is ef¬ 
fective in determining the subsequent 
rapidity in mechanical deterioration. 
From the data of Figure 16 it is obvious 
that, when oxidation is eliminated, the 
absorption of even small amounts of 
moisture by the dry insulation will ma¬ 
terially reduce its mechanical life. Con¬ 
versely, it is obvious that the absorption 


of relatively large amounts of moisture 
will have less effect on the aging of the 
improperly dried insulation. The rela¬ 
tionship is illustrated in Figure 18. 

To double the rate of mechanical de¬ 
terioration in oil-treated and oil-immersed 
Manila paper in the absence of oxidation, 
the amount of moisture addition neces¬ 
sary is dependent upon the degree of de¬ 
terioration which is selected for study. 
The total life of the insulation is halved 
(the deterioration rate doubled) by the 
addition of water equal to approximately 
100 per cent of that originally present in 
the insulation. Thus, with a water con¬ 
tent of 0.05 per cent, the life of oil-treated 
and oil-immersed Manila paper in the 
absence of oxygen is approximately 4,000 
hours. With the absorption of an equal 
amount of moisture to give a total water 
content of 0.10 per cent, the total life of 
the insulation at 120 degrees centigrade 
is reduced to about 2,000 hours. On the 
other hand, to reduce by half the total 

Figure 16. The effect of moisture content on 
the mechanical life of oil-impregnated and oil- 
immersed 0.003-inch Manila insulating paper 
when aged at 120 degrees centigrade in 
sealed glass containers, the oil surface being 
in contact with nitrogen gas 








Figure 17. Under the conditions of test applying for the data of Figure 
13, the water content of the cellulose insulation bears a logarithmic 
relation to the period of heating necessary to produce a given amount 



PER GENT MOISTURE ADDITION NECESSARY TO DOUBLE RATE OF DETERIORATION 

Figure 19. Illustrating the semilogarithmic relation which exists be¬ 
tween the degree of mechanical deterioration of oil-treated. and 
oil-immersed 0.00.3-inch Manila insulating paper and the amount 
of moisture addition necessary to double the rate of deterioration 
(halve the life) when heated in sealed glass vessels, the surface of the 
oil being in contact with nitrogen gas 


of mechanical deterioration 
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Figure 18. The elimination of moisture from 
cellulose insulation before being subjected to 
high temperature produces a rapidly increasing 
life as the moisture content is reduced below 
three per cent 


Data based on the ultimate life values illustrated 
in Figure 16 


life of the same insulation containing ,3.16 
per cent water from its value of 140 hours 
aged at 120 degrees centigrade, the addi¬ 
tion of approximately 4.4 per cent more 
water is necessary. The relationship be¬ 
tween the degree of mechanical deteriora¬ 
tion of the oil-treated and oil-immersed 
0.003-inch Manila insulating paper and 
the amount of moisture necessary to 
double the rate of deterioration (halve the 


content of the insulation. Figure 19 also 
indicates that the effect of water additions 
becomes more pronounced as the degree of 
deterioration of the insulation progresses. 
This supports the observation that those 
reagents active in promoting mechanical 
deterioration include acidic products 
formed as a result of the initial chemical 
changes, the action of which is made more 
severe because of the presence of moisture. 

Summary Conclusions 

The general conclusions which are 
drawn from this investigation are: 

1. The rate of mechanical deterioration in 
cellulose insulation depends on the condi¬ 
tions of its use. Among those factors of 
major importance are the temperature ap¬ 
plied and the presence of oxygen and mois¬ 
ture. 

2. As the temperature is raised above 76 
degrees centigrade, the mechanical deterio¬ 
ration of cellulose insulation proceeds at a 
rapidly increasing rate. 

3. Oxidation is most effective on the total 
mechanical life of the cellulose when the 
insulation is aged at temperatures below 
120 degrees centigrade. 


perature increase above 120 degrees centi¬ 
grade is dependent upon its previous history. 
The "eight-degree rule,” indicative that the 
rate of mechanical deterioration is doubled 
for each eight-degree-centigrade increase 
from a base temperature of 120 degrees 
centigrade or higher, applies most closely 
for practical use when the insulation under 
study has lost more than 60 per cent of its 
initial tensile strength. 
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Steady-State Theory of the Amplidyne 

Generator 
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Synopsis: The fundamental steady-state 
theory of the amplidyne generator is pre¬ 
sented in this paper together with methods 
for calculating the characteristics of the 
generator from the machine constants. Ex¬ 
perimental data obtained on a test machine 
are compared with calculated results to 
show the accuracy of the methods and to 
substantiate the theory. The effects of such 
factors as brush losses, commutation, and 
overcompensation and undercompensation 
on the operation of the generator are ex¬ 
plained. Overcompensated and undercom¬ 
pensated machines are treated from the, 
standpoint of both steady-state operation 
and electrical stability. Methods are given 
for the determination of the machine con¬ 
stants from open-circuit and short-circuit 
tests performed on the machine. This 
method offers the advantage that the ma¬ 
chine constants so determined apply for 
actual conditions of operation and need not 
be modified to include the effects of such fac¬ 
tors as brush and commutation losses, eddy 
currents, and hysteresis. 


T HE amplidyne generator which has 
found wide industrial application in 
various types of control apparatus is 
closely related from the standpoint of 
operating principle to the Rosenberg 
generator and the metadyne, differing 
principally in the manner in which it is 
used. The Rosenberg generator is a con¬ 
stant current source of d-c electrical 
energy; the metadyne in its usual form is 
a machine for converting constant poten¬ 
tial d-c energy into constant current d-c 
energy, while the amplidyne generator is a 
dynamoeleetric power amplifier. , 

One of the outstanding features of the 
Rosenberg generator is that the open- 
circuit output voltage varies with the 
square of the speed for constant field ex¬ 
citation. 2 Therefore, the polarity of the 
machine is independent of the direction of 
rotation. When the terminal voltage is 
maintained constant, by a storage bat¬ 
tery, for instance, the o utput current is 
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essentially independent of the speed for 
very wide limits of speed variation. Be¬ 
cause of these particular properties, this 
generator in conjunction with storage 
batteries has been widely used for train 
lighting service. 1 ' 8 ’ 4 

Although the Rosenberg machine was 
first described ip 1905, 1 apparently little 
was known as to the variety of character¬ 
istics this type of machine would assume if 
other coils in addition to the primary field 
were used in providing excitation. An 
investigation of this nature, conducted by 
J. M. Pestarini in France and published in 
1930, 6-7 led to the conception of the 
metadyne. As defined by Mr. Pestarini, 
the metadyne is a generalized d-c machine 
consisting of a d-c armature and commu¬ 
tator, any number of field poles each of 
which may be excited in any manner, and 
any number of brushes arranged to bear 
on the commutator in positions for which 
satisfactory commutation can be ob¬ 
tained. In accordance with this defini¬ 
tion, all rotating d-c machines including 
the ordinary d-c generator are metadynes. 
In common usage, however, the term 
“metadyne” refers only to those several 
forms of d-c machine which convert con¬ 
stant potential energy into constant cur¬ 
rent energy. The “figure-eight-con¬ 
nected” metadyne was found suitable for 
electric locomotive control and was suc¬ 
cessfully applied to many of the electric 
railways in France 6 and later to electric 
traffic systems in England. 8 ’ 9 Modifica¬ 
tions of this general scheme have been 
used in this country for control of the 
locomotives of modem streamlined trains. 

Investigation by the General Electric 
Company of possible applications of dif¬ 
ferent forms of the metadyne to the con¬ 
trol of industrial apparatus led to the de¬ 
velopment of the amplidyne genera- 
tor. 12-14 This machine, which falls into 
the general class of metadynes designated 
as “cross-connected,” represents a gen¬ 
eralization of the Rosenberg generator in 
which the field poles are excited by several 
coils supplied from different sources either 

internal or external to the machine. 

The amplidyne generator is used princi¬ 
pally as an element of control mechanisms 
and plays a part similar to that of the 
ordinary Vacuum tube. It absorbs weak 
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current or voltage signals, amplifies them, 
and delivers them to the next unit of the 
control mechanism at a greatly increased 
power level. This machine offers the 
principal advantage that it may be built 
at very reasonable cost to deliver large 
power outputs. On the other hand, it is 
limited in application because of its com¬ 
paratively slow speed of response. The 
time lag between a change in the input 
signal and the corresponding change in the 
output is comparatively large, because the 
machine consists entirely of highly induc¬ 
tive circuits. Its chief field of application 
is in control mechanisms operating on d-c 
or very low-frequency a-c signals. Essen¬ 
tially, the maximum available output 
voltage varies inversely with the square of 
the frequency of the applied signal. 

The amplidyne generator is applicable 
to both "open” and “closed-cycle” con¬ 
trol. The greater field, however, is in 
closed-cycle-control mechanisms because 
of certain inherent differences between the 
two types, as well as the more general use 



Figure 1. Essential elements and connections 
of the amplidyne generator 

in recent years of closed-cycle control. 

Open control is that type of automatic 
control in which the quantity (time, volt¬ 
age, displacement, and so forth) which 
actuates the control mechanism is essen¬ 
tially independent of the control opera¬ 
tion. A simple example of this type is the 
automatic-starting compensator used for 
starting induction motors, synchronous 
motors, and so forth. These devices 
initially connect the machine terminals to 
a reduced voltage supply. By means of a 
time relay full line voltage is applied to 
the machine after normal speed is at¬ 
tained. This mechanism is a time-oper¬ 
ated open-control device since it allows a 
definite time independent of acceleration 
for the starting period. “Closed-cycle” 
control is that type of automatic control 
in which the quantity which actuates the 
control mechanism is affected by the con¬ 
trol operation. A good example of this 
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Figure 2 (left). Cal¬ 
culated curves illus¬ 
trating the nature of 
the open-circuit 
characteristics of the 
ampiidyne generator 

Figure 3 (right). Cal¬ 
culated curves illus¬ 
trating the nature of 
the short - circuit 
characteristics of an 
undercompensated 
ampiidyne generator 



type is automatic sliip steering. Here, 
the angle between the ship compass and 
the hull is used to control the rudder, and 
this angle in turn is affected by the rudder 
operation. 

In the first type of control the source of 
the controlling quantity usually has suffi¬ 
cient power to operate the control mecha¬ 
nism directly. In the second type the 
source of control usually is some fonn of 
measuring instrument which seldom can 
deliver any appreciable amount of power. 
Therefore, the original signal must be 
amplified in order that sufficient power be 
available to drive the control mechanism. 
The ampiidyne generator provides a very 
satisfactory means of obtaining the neces¬ 
sary power amplification when a d-c con- ‘ 
trol signal is used, and when a large 
amount of power is required to drive the 
control mechanism. 

Closed-cycle-control mechanisms usu¬ 
ally operate on the difference of two 
quantities, that is the difference between 
the desired quantity and the quantity 
which actually results from the output of 
the control mechanism. In the ideal case 
this difference would be zero, but this 
result is never obtained in practice. 
Comparison with the ideal, however, fur¬ 
nishes a standard by which the actual 
operation of the control mechanism may 
be judged. 

In studies of the operation of a control 
mechanism the over-all behavior of the 
complete system including all main and 
control units must be analyzed, and the 


individual units so designed and adjusted 
that stable operation of the entire system 
is obtained. At the same time, the 
operation must be compared with that of 
the ideal in order that actual working 
tolerances may be kept to a satisfactory 
minimum. It is essential, therefore, that 
the operation of each individual unit, par¬ 
ticularly in the control system, be expres¬ 
sible in simple quantitative terms. The 
load-voltage characteristic equation of the 
ampiidyne generator (equation 14 of the 
appendix) defines the over-all operation of 
this machine and may be used in such 
analyses. It is valid for any type of load 
supplied by the generator, provided that 
the range of operation on the magnetiza¬ 
tion curve is sufficiently low that satura¬ 
tion effects are negligible. In most con¬ 
trol applications this condition would be 
fulfilled, since a linear relationship be¬ 
tween the signal and the output from the 
amplifying unit is usually desirable. 

In instances where satisfactory opera¬ 
tion is not attained for one reason or 
another, a comprehensive knowledge of 
the behavior of the various units com¬ 
prising the control mechanism is necessary 
in order that proper adjustments or modi¬ 
fications may be made. Other character¬ 
istics of the ampiidyne generator such as 
the variation of voltage and short-circuit 
current with speed and the effects of vari¬ 
ous coils on these characteristics provide 
this information. Overcompensation 
and undercompensation are necessary con¬ 
siderations, because these factors influence 


the stability of- the machine. Generally 
speaking, overcompensation results in a 
higher output for the same signal input 
but causes inherent tendencies toward 
instable operation. 

The essential electric elements of the 
ampiidyne generator are an ordinary d-c 
armature and commutator, two complete 
sets of brushes spaced 90 electrical degrees 
apart, and windings connected as shown 
in Figure 1. The signal to be amplified, 
usually direct current, is applied to coil s. 
Current in this coil gives rise to a flux in 
the main axis of the machine, that is in the 
axis in line with the brushes A A'. Mo¬ 
tion of the armature conductors in this 
flux generates a voltage in the cross axis, 
that is between the brushes BB\ Since 
these brushes are connected electrically, a 
current flows which produces a flux in the 
cross axis by virtue of armature reaction. 
The coil qB may be omitted in an actual 
machine but is included in the figure, since 
commutating poles used to secure good 
cross-axis commutation produce an effect 
on the machine constants similar to that 
of the coil qB. If present, this coil may 
be connected so as to add to or subtract 
from the magnetomotive force produced 
by the current flowing in the armature 
coils. The armature rotating in the cross- 

Figure 5. Calculated curves illustrating the 
nature of the load characteristics of the ampii¬ 
dyne generator and the effect of different 
degrees of main-axis compensation on these 
characteristics 





Figure 4 (left). Cal¬ 
culated curves illus¬ 
trating the nature of 
the short - circuit 
characteristics of an 
overcompensated 
ampiidyne generator 

The machine is un¬ 
stable even in the 
steady state for any 
speed above the 
critical speed 
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axis flux gives rise to a voltage in the main 
axis which appears between the brushes 
AA*. This is the source of the output 
voltage of the machine. The purpose of 
the coil dA is to compensate for ar ma ture 
reaction in the main axis. 

Open-Circuit Characteristics 

The open-circuit or no-load character¬ 
istics of 'the amplidyne generator are ex¬ 
pressed by equations 8, 9, and 10 of the 
appendix. The signal current is a func¬ 
tion only of the signal voltage and the re¬ 
sistance of the signal coil. The cross-axis 
current varies linearly with the speed, and 
the output voltage varies with the square 
of the speed. The nature of these charac¬ 
teristics is illustrated by the calculated 
curves of Figure 2. The cross-axis cur¬ 
rent and the output voltage on open cir¬ 
cuit are independent of the number of 
turns in the compensating coil dA. 

The magnitude of the open-circuit volt¬ 
age of the machine is governed by the 
mutual inductance between the signal 
coil and the armature and by the two 
cross-axis constants L AA and M a _ qB . 
With other factors constant, doubling the 
number of turns in the armature coils in¬ 
creases the output voltage eight timw jf 
the coil qB is not present. In order to 
obtain a high output voltage, the cross¬ 
axis circuit resistance must be low as this 
factor appears in the denominator of the 
open-circuit voltage equation. The volt¬ 
age acting in the cross axis is usually 
quite small, of the order of a few volts, so 
that brush drop represents a considerable 
portion of the total cross-axis circuit re¬ 
sistance. It is imperative, therefore, that 
material of very low contact resistance be 
used for the cross-axis brushes. 

Short-Circuit Characteristics 

The short-circuit characteristics of the 
amplidyne generator are expressed by 
equations 11, 12, and 13 of the appendix. 
The signal current depends only upon the 
signal voltage and the resistance of the 
signal coil. The nature of the two current 
characteristics depends upon the degree of 
compensation of the machine, that is upon 
the relative number of turns in the com¬ 
pensating coil dA., These characteristics 
are illustrated for an undercompensat ed 
machine by the calculated curves of 
Figure 3. The cross-axis current i B has 
an initial slope the same as that of the 
open-circuit cross-axis current curve. 
The slope, however, decreases with in¬ 
crease in speed becoming zero when the 
condition 5 (L AA -M A . a ^(L AA ~M A . SB ) 

~ ^aRb is satisfied. As the speed in- 
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creases further, the cross-axis current de¬ 
creases and approaches zero asymptoti¬ 
cary. 

The short-circuit current i A) beginning 
with an initial slope of zero, increases with 
the speed approaching asymptotically a 
definite finite value which depends upon 
the degree of compensation of the mg. 
chine. As the ratio RaR b /(L aa -M a . qB ) 
is made smaller by careful design of the 
machine, the short-circuit current ap¬ 
proaches more closely the asymptotical 
value for any given maximum speed. 

The asymptotical value of the short- 
circuit current, as obtained from the limit 
of equation 13 as 5 becomes infinite, is 
given by the ’expression M A . s i s /(L AA - 
M A - dA ). With the compensating coil dA 
connected in the usual manner with re¬ 
gard to polarity, the value of the asymp¬ 
tote becomes larger and larger as turns are 
added to the compensating coil. When 
the number of turns are such that M A ^ dA 
is equal to L AA , the asymptote disappears, 
and the short-circuit current varies di¬ 
rectly with the square of the speed of the 
machine. This condition may be used to 
define the boundary between overcom¬ 
pensation and undercompensation in the 
main axis. If the number of turns in thp 
compensating coil are further inc reased so 
that M A ~ dA is greater than the value 
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Figure 6. Experimental curves illustrating the 
effect of hard carbon brushes 

For satisfactory operation the speed would have 
to be restricted to a maximum of 1,000 rpm 
and the signal current to 2.5 amperes. Brush 
drop resulting from higher speeds and signal 
currents causes excessive distortion as indi¬ 
cated by the crowding of the curves of (a) 
and the nonlinearity- of the curves of (b). 
Compare with the curves of Figure 7 which 
were obtained from the same machine using 
graphite brushes 
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of the asymptote becomes nr . ^ 
the speed-current curve has a * ' 
ity at the point where S 2 (M A ; ‘ 
(L AA ~M A . qB )=R A R B . Thi¬ 
ef-an overcompensated madid „ - 
in the steady state for speed* ’ 
critical speed represented by i . 
tion. At this critical speed tl;< . 
becomes unstable, and the ?.f ’ 
current increases without s' 
higher speeds, theoretically, t* "\ 
reverses direction and decreased- , 
eally to the value given by tin* 1 
expression. The curves for tin' ; 1 
illustrated in Figure 4 were 
the basis of the same const a* ‘ * 
curves of Figures 2 and 3 exe» r ? 
value of the constant M A _ dA \\ A ' \ 
approximately 20 per cent. 1 ? 9 
represents a machine approxid 
per cent overcompensated; Um* * 
are six per cent more turns in *' 
pensating coil dA than those trf- * 
critical compensation as defined * * 
relation L AA = M A _ dA . 

Load Characteristics 

The load characteristics of ihr 
dyne generator are expressed by • 

14 and 15 of the appendix. !>*•* ? 
signal current and speed the 11** 
straight lines. If the machine »% 
compensated, the lines are drnnptn 
is of negative slope, at any const** > 1 
If overcompensated, the lines ;»»** 
ing at low speeds and are rising, t H 
positive slope, at high speed. 'H-, 
voltage load-current charactering 
comes horizontal when the » 
ship SKL AA ~M A _ dA )(L AA -‘ At * 
—R a R b is satisfied. If the 5 
critically compensated, the curve 
ing, but the slope is independent 
speed of the machine. The dfe* | 
ferent degrees of compensation # 
load characteristics is illustrate^ , 
curves of Figure 5, which were 
for a three per cent overcomj#i u 
critically compensated, and a 
cent undercompensated machin*. * 
tively. For all three sets of m* * 
speed is the same and is greater ^ * 
critical speed at which instability 4 3 
for the overcompensated nine) 1 
short-circuit. M 

Low cross-axis circuit resist 
necessary for high output from 
chine since the factor R B appea*,/ * 
denominators of all terms. If ^ * 
duced to half its original value, br^ ** 
cepts of the load-voltage loai| % 
curve are doubled, and the 
available power output is inereau V 
times for the same signal cunjN; 

bj 
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speed. The maximum available power 
output is equal to one-fourth the product 
of the two intercepts of the load-voltage 
load-current characteristic curve. 

A critically compensated ma chine is 
stable in the steady state, regardless of the 
speed or the type of load. An overcom¬ 
pensated machine becomes unstable and 
builds up as a series generator for certain 
conditions, depending upon the speed of 
the machine, the degree of overcompensa¬ 
tion, and the type of load supplied. If 
the machine supplies a constant imped¬ 
ance load, stable operation in the steady 
state occurs as long as the condi¬ 
tion (R A +R L )R B > SKM A . dA -L aa ) X 
(L AA —M A - qB ) is fulfilled. The resist¬ 
ance of the load impedance is R L . Thus, 
in the practical application of an over¬ 
compensated machine, instable operation 
may result if the load resistance is too low 
or if the speed of the machine is too high. 

A critically compensated or overcom¬ 
pensated amplidyne generator may dis¬ 
play a form of transient instability char¬ 
acterized by the output voltage, and also 
by the output current, building up to a 
very high value before coming to the final 
steady-state value when a sudden increase 
of load occurs. Transients of this charac¬ 
ter arise from the magnetic coupling be¬ 
tween the compensating coil, the main- 
axis armature circuit, and the signal coil. 
In general, the compensating coil is more 
closely coupled with the signal coil than is 
the armature, because of the air gap. 
For critical compensation, the compen¬ 
sating coil must contain a few more turns 
than the equivalent number of turns on 
the armature. Thus, a sudden change of 
current in the load circuit will induce a 
current in the signal circuit of such direc¬ 
tion as to increase the strength of the 
main-axis flux. This, in turn, causes a 
greater output voltage and greater output 
current from the machine. In some cases 
this action may be cumulative and result 
in free oscillation. In order to eliminate 
the possibility of transients of this charac¬ 
ter, the number of turns in the compen¬ 
sating coil dA must be reduced to the* 
point where the transient components of 
current induced in the signal coil by sud¬ 
den changes in the load current give rise to 
effects which oppose the original change of 
load current. Tliis condition is fulfilled 
when M dA _ a is less than M A - 8 , 

To obtain the maximum output for a 
given maximum speed and signal current, 
the degree of compensation of the ma¬ 
chine should be as high as possible. In 
order that the condition of critical com¬ 
pensation may be more closely approached 
without introducing tendencies toward in¬ 
stability, the eompensating coil dA should 
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be arranged with respect to the signal coil 
s so as to allow a lower coefficient of cou¬ 
pling between the two. This coefficient of 
coupling theoretically should be the same 
as that between the compensating coil 
and the armature. 

Experimental Data and Results 

In order to check experimentally the 
theory and equations presented in this 
paper, an amplidyne generator was con¬ 
structed from a General Electric type RI, 
three-horsepower, induction motor. The 
armature of this machine was used with¬ 
out modification since it was wound with a 
four-pole wave winding. The stator was 
rewound with a four-pole distributed 
winding, part of the slots being used for an 
interpole winding in order that satisfac¬ 
tory commutation could be obtained at 
the cross-axis brushes. The compensat¬ 
ing coil dA consisted of 14 turns per coil, 
four coils per pole, with taps brought out 
so that 9, 10, 11, 12, 13, or 14 turns per 



Figure 7. Experimental open-circuit char¬ 
acteristic curves of an amplidyne generator 
equipped with soft graphite brushes in the 
cross axis 

coil could be used. The signal coil was 
wound with five turns per coil, four coils 
per pole. The interpole winding con¬ 
sisted of 50 turns surrounding each of the 
four stator teeth located in the cross-axis 
neutrals. While this design is not par¬ 
ticularly efficient from the practical stand¬ 
point because of insufficient space for 
copper in the stator slots, it provides a 
satisfactory means for an experimental 
check of theory. 

In making adjustments for satisfactory 
operation of the machine, it was found 
that the higher taps of the compensating 
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winding gave so much overcompensation 
that they could not be used. The ma¬ 
chine would build up as a series generator 
to a very high value of armature current 
when the machine was loaded. On the 
highest tap the machine would oscillate at 
a frequency of approximately 80 cycles 
per second for very low values of load 
resistance. 

Physically, the amplidyne generator 
may be considered a two-stage amplifier. 
The first stage is represented by the volt¬ 
age generated in the cross-axis circuit by 
the flux produced in the main axis by the 
signal coil. The second stage is repre¬ 
sented by the voltage generated in the out¬ 
put circuit by virtue of the flux established 
in the cross-axis circuit by the cross-axis 
current. When load current flows in the 
output circuit a component of flux, in 
addition to that produced by the signal 
coil, is produced in the main axis. This 
component adds to the flux of the signal 
coil if the machine is overcompensated 
and subtracts if the machine is under¬ 
compensated. Thus, an overcompen¬ 
sated amplidyne generator is in effect a 
regenerative amplifier. It is unstable if 
too much of the output is fed back into 
the first stage of the machine by virtue of 
too many turns in the compensating coil. 
On the other hand, an undercompensated 
amplidyne generator is a degenerative 
amplifier and is quite stable. For this 
reason the tests were made with the com¬ 
pensating coil dA connected with nine 
turns per coil, giving a slightly undercom¬ 
pensated machine. 

Hard carbon brushes were entirely un¬ 
satisfactory, as illustrated by the curves of 
Figure 6, because of the comparatively 
low voltages generated in the cross-axis 
circuit. Soft graphite brushes gave very 
satisfactory operation, but in this case the 
adjustment of the interpole shunt was 
quite critical. Best conditions of cross¬ 
axis commutation were obtained with a 
diverter which would by-pass approxi¬ 
mately ten per cent of the total cross-axis 
current. 

The characteristics of the test machine 
after the necessary adjustments were 
made to secure satisfactory operation are 
illustrated by the curves of Figures 7, 8, 
and 9. According to theory, the curves of 
Figure 7a should be parabolas, while the 
curves of the other five figures should be 
straight lines. In actual operation of the 
machine several factors such as magnetic 
saturation and brush drop cause the 
curves to deviate from the theoretical 
form. 

The total ampere turns acting to pro¬ 
duce flux in the space between brushes A 
and B and between brushes A' and B' 
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(see Figure 1) is proportional to the sum 
of the ampere turns acting in the cross axis 
and the ampere turns acting in the main 
axis. The total ampere turns acting o 
produce flux in the space between brushes 
B and A' and between brushes B' and A 
is proportional to the difference between 
the ampere turns acting in the cross axis 
and the ampere turns acting in the ma i n 
axis. Thus, the total flux and the degree 
of magnetic saturation are greater in the 
air gap between brushes A and B and 
between brushes A' and B' than between 
brushes B and A' and between brushes B' 
and A. The total voltage generated in 
the cross-axis circuit is proportional to the 
total flux distributed around the armature 
between brushes B and B', and the total 
voltage generated in the output circuit is 
proportional to the total flux distributed 
around the armature between brushes A 
and A'. Since the same components of 
flux are involved in the generation of 
both of these voltages, the effects of mag¬ 
netic saturation appear simultaneously 
in both the cross-axis and main-axis cir¬ 
cuits. 

In Figure 7b, the 1,000-rpm curve is 
essentialy linear for signal currents up to 
four amperes, and the 2,000-rpm curve 
for signal currents up to two amperes. 
At higher signal currents magnetic satura¬ 
tion caused a decrease in the machinp in¬ 
ductances with the result that the curves 
fall below the points represented by the 
initial linear relationship. 

Since the measured resistance of the 

cross-axis circuit was slightly greater than 
one ohm, the change of the resistance of 
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Figure 0. Open-circuit speed characteristics 
of the first and second stages respectively of an 
amplidyne generator : 

Nonlinearity of the curves of(b).are an indica- 
tton of magnetic saturation of the machine 
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the graphite brushes with current was 
sufficient to cause a noticeable effect; 
This accounts for the upward turn of the 
0.5-ampere and 1.0-ampere curves of 
Figure 8a near 2,500 rpm. For the 2- 
ampere curve the effects of magnetic 
saturation were appreciable for speeds 
above 2,200 rpm (as illustrated by the 
corresponding curves of Figure 8b). The 
slight decrease in the generated cross-axis 
voltage at high speed due to saturation 
was offset by the decrease in brush re¬ 
sistance. The resulting curve of cross¬ 
axis current was linear. 

Characteristics of the Machine From 
Open-Circuit and Short-Circuit 
Tests 

In order to calculate the operating char¬ 
acteristics of the amplidyne generator, 
machine constants must be used which 
are valid for actual conditions of operation. 
The values of the constants are influenced 
by magnetic saturation, by brush losses 
and commutation, and by hysteresis and 
eddy current losses. Therefore, any set 
of constants obtained from direct meas¬ 
urements of the impedances or induct¬ 
ances must be modified to include these 
factors. Such modifications are difficult 
to make accurately, since the effects of the 
losses on the machine constants cannot be 
expressed in simple quantitative terms. 
The necessity for making modifications 
can be eliminated to a large extent if the 
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Figure 9. Open-circuit saturation curves of 
the first and second stages respectively of an 
amplidyne generator 

Nonlinearity of the curves of (b) results from 
magnetic saturation of the machine, while 
nonlinearity of the curves of (a) result from 
magnetic saturation and brush drop at the 
. cross-axis brushes 
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constants of the machine are calculated 
from test data from open-circuit and 
short-circuit tests performed on the ma¬ 
chine. 

The two constants B and C are calcu¬ 
lated from open-circuit test data in ac¬ 
cordance with the following equations 
which result from equations 19 and 20 of 
the appendix: 


B—is/Sis \ Open-circuit test data used 
C= Va/Sib ) in these equations 

The constants A and R A are calculated 
from short-circuit test data in accordance 
with the following equations which result 
from equations 21 and 22 of the appendix: 


Ra= CSis/u ) Short-circuit test 

A = (Bi s /i A ) — (Ra/CS 2 ) l data used in 

) these equations 

These four constants together with 
equations 19 to 28 are sufficient for the 
calculation of any of the steady-state 
characteristics of the amplidyne generator. 
The speed 5 in the equations above may 
be expressed in revolutions per minute 
instead of radians per second. In this 
case the speed 5 in equations i9 to 28 de¬ 
rived from these four constants must also 
be expressed in revolutions per minute. 

The accuracy of this method for deter¬ 
mining the characteristics of the ampli¬ 
dyne generator is shown by the curves of 
Figures 10 and 11, which were calculated 
on the basis of constants determined from 
open-circuit and short-circuit test data. 
For comparison actual test values are 
indicated by small circles and triangles 
plotted on the same axes. 

In Figure 10a, the test points of the 
open-circuit voltage and cross-axis cur¬ 
rent curves for one-ampere signal current 
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Figure 10. Comparison of calculated open- 
circuit and short-circuit characteristic curves 
with actual test data 
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fall above the calculated curves for speeds 
above 2,200 rpm. This discrepancy is 
due to the decrease in the resistance of the 
cross-axis brushes with increase in cross¬ 
axis current at the higher speeds. For the 
two-ampere signal .current curve of cross¬ 
axis current, the change in brush resist¬ 
ance with current was offset by satura¬ 
tion, with the result that the test points 
agree very closely with the calculated 
curve. The test points of the correspond¬ 
ing open-circuit voltage curve fall below 
the calculated curve for speeds above 
2,200 rpm because of saturation effects 
in the second stage of the machine. 

Conclusions 

Commutation and brush effects, par¬ 
ticularly in the cross-axis circuit, have a 
very pronounced effect upon the opera¬ 
tion of the amplidyne generator. Bad 
commutation and brush losses cause a 
considerable decrease in the available out¬ 
put. In order that the machine operate 
satisfactorily, the use of proper brush 
material and the realization of good com¬ 
mutation are imperative. To insure good 
commutation interpoles may be used to 
excellent advantage. The brushes in the 
cross-axis circuit must be of low resistance 
and produce as small a contact drop as 
possible. 

The characteristics of the machine may 
be calculated on the basis of open-circuit 
inductances and resistances. The con¬ 
stants used for calculations must corre¬ 
spond with actual conditions of operation; 
but the main- and cross-axis coils may be 
treated as magnetically independent. 
The speed voltages appear in the opposite 
axes from the fluxes which produce them. 
The effects of magnetic saturation appear 
in both the main- and cross-axis circuits 
simultaneously. Saturation effects are 
difficult to include in calculations, be¬ 
cause the degree of saturation changes 
with the speed and with the load. 



Figure 11. Comparison of calculated load 
characteristic curves with actual test data 


Constants for the calculation of the 
steady-state characteristics of the am¬ 
plidyne generator may be determined 
from open-circuit and. short-circuit tests 
performed on the machine. This method 
offers the advantage that the values so 
obtained apply for actual conditions of 
operation. For purposes of design the 
characteristics may be predicted on the 
basis of the inductance coefficients, which 
may be obtained by the methods used for 
the more standard electrical machines by 
calculation of the various flux linkages 
involved. This method, however, is sub¬ 
ject to considerable error because of the 
uncertainty of many factors, principally 
those relating to commutation, brush 
drop, and the associated losses. 

The output load-voltage characteristic 
of an undercompensated machine is 
drooping (of negative slope ) 1 for all condi¬ 
tions of operation. The corresponding 
characteristic of an overcompensated ma¬ 
chine may be either drooping or rising (of 
positive slope), depending upon the speed 
and the degree of overcompensation. Low 
speed together with a low degree of over¬ 
compensation gives a drooping charac¬ 
teristic which becomes horizontal and 
then rising if either of these two factors is 
sufficiently increased. A machine having 
a rising characteristic is unstable, even 
for steady-state operation, if the load re¬ 
sistance is less than a definite critical 
value which depends upon the slope of the 
characteristic curve. 

Transient instability may result in an 
overcompensated or in an undercom¬ 
pensated machine, if the mutual induct¬ 
ance between the compensating coil and 
the signal coil is greater than the mutual 
inductance between the signal coil and 
the armature. Transient instability aris¬ 
ing from this cause is characterized by the 
load current and the load voltage build¬ 
ing up to very high values before coming 
to their final steady-state values When a 
sudden increase of load occurs. With a 
sudden decrease of load, the opposite 
effect takes place. In some instances 
this action may be cumulative and may 
result in free oscillation of the machine. 
If the compensating coil is arranged so 
that a fairly high leakage flux exists' be¬ 
tween it and the signal coil, a greater out¬ 
put is available frohi the machine Without 
loss of stability. 

The open-circuit voltage varies directly 
with the square of the; speed, while the 
short-circuit current approaches asymp¬ 
totically a definite value which depends 
upon the signal current and the design of 
the machine. For maximum power out¬ 
put and; power amplification the speed 
should be as high as possible. 


The available power output and also 
the power amplification become infinite 
for d-c operation of the machine at con¬ 
stant speed as the resistance of the cross¬ 
axis circuit approaches zero. As the re¬ 
sistance of the signal coil approaches zero, 
the power supplied by the signal source 
approaches zero, and the power ampli¬ 
fication again becomes infinite. Since both 
of these resistances may be made quite 
low, the power amplification of an ampli¬ 
dyne generator operating on direct current 
is very high. The machine used in ob¬ 
taining data for this paper gave a maxi¬ 
mum value of approximately 300. This 
corresponds with an ordinary d-c genera¬ 
tor having a field loss of one third of one 
per cent. By use of a specially designed 
stator core which would allow more cop¬ 
per in the signal coil and interpole wind¬ 
ings, a power amplification of at least ten 
times this value could easily be obtained. 


Appendix. D-C Operation of 
the Amplidyne Generator 

If a d-c signal is applied to coil s (Fig¬ 
ure 1), the steady-state behavior of the ma¬ 
chine is expressed by the following equations: 

eg-igRg ( 1 ) 

e q -=i s Ra=KS<t> d 10~ i (2) 

c^uRa+Va^KS^ 10-8 ( 3 ) 

If the speed of the machine is measured in 
electrical radians per second, the constant 
K is the equivalent number of series arma¬ 
ture turns between opposite brushes, that is 
the number of series turns which would give 
the same number of flux linkages if each of 
these turns linked all the flux in either axis. 
The expressions K<j>d and K<f> 9 are the total 
number of armature flux linkages in the 
main and cross axes of the machine re¬ 
spectively. The total flux which is effective 
in producing speed voltage in the output 
circuit, that is 4>a, includes the mutual flux 
from coils dA and s as well as the leakage 
flux of the armature. Likewise, the total 
flux which is effective in producing speed 
voltage in the cross-axis circuit includes the 
mutual flux from coil qB as well as the 
leakage flux of the armature. In terms of 
open-circuit self- and mutual inductances 
the flux linkages in the main and cross axes 
are: 

K4>d — NA<t>d ~ ( MA-sh —LAAtA+ 

MA-dAUW (4) 

K<t> q = N A<t>q — (L^ ~ 10 8 (5) 

The negative sign is used before the 
mutual inductance Ma-hb, because the coil 
qB is assumed connected so as to compensate 
partially for armature reaction in the cross 
axis. This sign should be positive if the coil 
is connected the other way. Making use of 
these relations, equations 2 and 3 may be 
written: 

igSMA-t —^bRb —tAS(LAA—M a-aa) — 0 ( 6 ) 
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IbS{Baa —M A - tB ) - i A R A = Va (7) 

The open-circuit characteristics of the ma¬ 
chine are obtained from the solution of these 
equations with the load current i A equated 
to zero: 

( 8 ) 

iB*=i s SMA- t /RB (9) 

Va.** ia&M a—»(.Laa~ M a—qb) /Rb (10) 

The short-circuit characteristics of the 
machine are obtained from equations 1, 6, 
and 7 with the load voltage Va equated to 
zero: 


The equations given above may be simpli- 


fled by the following substitutions: 


A =(LAA-M A -dA)/RB 

(16) 

B = Ma-s/Rb 

(17) 

C— (Laa—Ma- 0 b) 

(18) 

In terms of these constants the charac¬ 
teristic equations are: 

Open-circuit characteristics: 

ib = BSi s 

(19) 

V A ^BCSHg 

(20) 


Short-circuit characteristics: 


Rb— Resistance of the cross-axis circuit. 
Includes the resistance of the arma¬ 
ture, the cross-axis brushes, and 
the cross-axis coil qB 
Ri —Resistance of the load impedance 
R s —Resistance of the signal coil s 
5—Speed in electrical radians per 
second 

Va —Output or load voltage 
<f > d —The total flux linking the armature 
in the main axis 

4 > q —The total flux linking the armature 
in the cross axis 
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i t =e s /R $ (11) 

_._ SM a ~ s Ra __. 

S 3 (Baa Ma— a a) (.Baa — Ma—qb) ~f- RaRb * 

( 12 ) 

S^Ma^Laa-Ma-qb) _. 

'^(BaA Ma -d a) (Baa ~ Ma —qb) *4“ RaRb * 

(13) 

If the machine is supplying a constant 
resistance load, the voltage Va in equation 
7 is replaced by iaRl in which Rz is the re¬ 
sistance of the load. The solutions for the 
three currents are exactly the same as the 
short-circuit characteristics except that the 
resistance of the main-axis circuit becomes 
(Ra+Rl) instead of R a . The load voltage 
is found from the relation Va^aRl after 
the currents are obtained. 

The load characteristics of the numbing 
are obtained from equations 6 and 7 by 
eli m i n ation of is and Va respectively: 


BR a S . 
tB ~ACS*+R A ** 

(21) 

BCS 3 . 

U ACS 3 +R a ts 

(22) 

Load characteristics: 


Va= -(ACS^Ra^a+BCSH, 

(23) 

i B = -AStA+BSt, 

(24) 

List of Symbols 


e a —Generated voltage in the main-axis 
or output circuit 

e a —Generated voltage in the cross-axis 
circuit 

e e —Voltage applied to the signal coil 
Baa The self-inductance of the armature 
between either the main-axis 
brushes or between the cross-axis 
brushes 


MA~d a —The mutual inductancebetween the 
armature and the compensating 
coil dA 


Y x - ~ ^ L ^-^A-dA){LAA-MA- nB ) +RaR*} 

Rb 


Rb 


(14) 


^ , SMA-,ig 

Rb Rb 


( 15 ) 


These latter two equations are valid 
regardless of the type of load supplied by the 
machine. Equation 14 expresses the rela¬ 
tion between the three variables Va, u, 
and i t , and may be used to define the over¬ 
all operation of the amplidyne generator in 
any control circuit in which it is connected, 
provided the machine operates low enough 
on the magnetization curve so that satura¬ 
tion effects may be neglected. 


Ma- 9 b —The mutual inductance between the 
armature and the cross-axis coil qB 
Ma - s -~The mutual inductance between 
the armature and the signal coil s 
M&a—s The mutual inductance between 
the compensating coil dA and the 
signal coils 

Ra Resistance of the main-axis circuit 
internal to the machine. Includes 
the resistance of the armature, the 
main-axis brushes, and the com¬ 
pensating coil dA 
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Synopsis: This paper presents a discussion 
and analysis of short circuits for low-voltage 
distribution systems. Many distribution 
systems are supplied from transformers con¬ 
nected in delta on the low-voltage side with 
the mid-tap of one secondary winding, or 
with one corner of the delta, connected to 
ground. As a result, short circuits on these 
systems often involve failure to ground, and 
an accurate analysis for these faults is of 
value. An original analysis of power-leg-to- 
ground and light-leg-to-ground short cir¬ 
cuits is presented together with formulas 
for line-to-line and three-phase faults. A 
study of short circuits on the secondary cir¬ 
cuits of single-phase transformers supplied 
from three-phase systems is also included, 
thereby giving a comprehensive treatment of 
distribution short circuits. The paper also 
includes a discussion of the effects of re¬ 
sistance in limiting short-circuit currents 
and the voltage rise of the secondary neutral 
above ground potential caused by trans¬ 
former failure and resistance to ground. 


fonder secondaries are connected in delta 
and the ground return is furnished by a 
connection to the mid-point of one second¬ 
ary winding. Other connections are in 
common use. Three-phase four-wire 
circuits may be supplied from trans¬ 
formers with the low-voltage secondary 
windings wye-connected with the neutral 
grounded, and transformers without mid¬ 
taps supplying three-phase three-wire 
240 volts often have one corner of the 
secondary delta connected to ground. 
This paper presents an analysis of power- 
leg-to-ground and light-leg-to-ground in¬ 
stantaneous symmetrical short-circuit 

POWER SERVICE 
240 VOLTS 

I II I 


this study it is assumed that the three 
transformers are identical. However, 
in solving practical problems differences in 
capacity may be accurately taken into 
account for power-leg-to-ground short 
circuits, and approximations may be 
introduced for light-leg-to-ground faults. 

Effect of Resistance in Limiting 
Low-Voltage Short-Circuit 
Currents 

Although resistance may produce a 
negligible effect in limiting short-circuit 
currents on high-voltage systems, it may 
have a considerable effect when faults 
occur on low-voltage circuits. 1 It is evi¬ 
dent that the higher the voltage, the 
higher are the ohmic values of equipment 
impedance. Therefore, impedances hav¬ 
ing about the same ohmic values regard¬ 
less of voltage rating may produce a 
negligible effect on high-voltage short- 
circuit currents when in combination with 
high-impedance equipment, but they 
may be very important on low-voltage 
circuits when connected in series with 
other low-impedance apparatus. 2 For 
120- or 240-volt circuits resistance is often 
the predominating current-limiting fac¬ 
tor, and omission of it (in the interest of 
simplicity) may lead to serious error. 
The importance of resistance is illustrated 
in Figure 2, wherein line-to-ground fault 
current* is plotted against ground or 
fault resistance for a few selected volt¬ 
ages. Resistance is included in both 
analysis and examples of the present 
discussion. 

Power-Leg-to-Ground 
Short-Circuit Analysis 

Transformers Connected in Wye- 
Delta 

It is apparent from inspection of Fig¬ 
ure 3, that a power-leg-to-ground short 
circuit is a special type of single-phase 
fault. The voltage effective in producing 
the fault current is V / 3£ J /2. The fault 
current is equal to the sum of two equal 
low-voltage secondary currents which are 
inphase with each other. Neglecting the 
effects of load and transformer exciting 
current, the instantaneous symmetrical 
secondary current is given by: 

_ V3E./2 _ 

ztl+z(s-p)+ 0.5z(s/t-s/i) 4-2z 

in which 

E ,=the voltage of the secondary winding on 
open circuit, in volts 

i* Refer to standard references for analysis of ordi¬ 
nary unsymmetrical short circuits (for example, 
reference 3 or 4). 
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D ISTRIBUTION transformer banks 
supplying 240-volt three-phase and 
120/240-volt single-phase loads generally 
have the mid-point of one secondary 
winding connected to ground. This is 
done to protect the low-voltage distribu¬ 
tion systems against high voltage in the 
event of transformer failure and to pro¬ 
vide a ground for the low-voltage systems. 
An accurate analysis of short circuits and 
related problems on these systems is 
important in the selection and setting of 
protective equipment and in reduction of 
personal and fire hazards. The ratings 
of these transformer banks are from about 
6 to 1,000 kva. The most common short 
circuit in conduits and machines is failure 
to ground. In addition to the unsym¬ 
metrical conditions imposed by a fault 
to ground, special considerations are re¬ 
quired, since it is assumed that the trans- 

Paper 42-88, recommended by the AIEE committee 
on power transmission and distribution for pres¬ 
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Ill., June 22-26, 1942. Manuscript submitted 
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Figure 1. Typical distribution transformer with 
mid-point of one secondary winding grounded 


currents and a discussion of short-circuit 
currents on distribution systems resulting 
from high-voltage transformer failures. 
Consideration of three-phase and line- 
to-line low-voltage short circuits and low- 
voltage short circuits on single-phase 
distribution transformers is also included. 

The schematic diagram of Figure 1 
gives the terminology and connections in 
common use for obtaining 240-volt three- 
phase three-wire and 120/240-volt single¬ 
phase three-wire services from a single 
transformer bank. For cases where the 
power load predominates, such as in 
industrial plants, the three transformers 
are ordinarily of the same capacity. 
Where single-phase loads predominate, 
for example, in rural installations, the two 
transformers used to furnish the power- 
leg are usually the same size, but they 
may he smaller than the third unit. In 
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Figure 2. Effect of resistance in limiting short- 
circuit currents 


ztl — the impedance of the transmission lin e 
and other series equipment in ohms re¬ 
ferred to the secondary voltage 

z (s-/>)=the impedance of the low-voltage 
secondary winding to the high-voltage 
primary winding in ohms (see Figure 3C) 

z (s/ 2 ~s/i) = the impedance of one-half the 
low-voltage secondary winding to the 
other one-half low-voltage secondary 
winding in ohms (see Figure 3C) 


greatest accuracy the actual single- 
phase reactance between the two 
high-voltage primary line conduc¬ 
tors carrying current should be used 

Z(p-s) = the impedance of the high-voltage 
primary winding to the low-voltage 
secondary winding in high-volt¬ 
age ohms. See Figure 3C. 

The primary line currents are obtained 
by inspection of Figure 3B: 

IA—lB~I*/n=Iif/2n, and 7 C = 0 ( 3 ) 

Transformers Connected in Delta- 
Delta 

The analysis for the case in which the 
transformers are connected in delta-delta 
is similar to that of the preceding deriva¬ 
tion with the exception of the modifica¬ 
tions required due to the high-voltage 
delta connection. See Figure 4. 

If = 21 .=-—--- (4) 

3zTL-rz(s-p)+0.5s(s/2-sfa)-\-2z 

For this case n-E^/E^E/E^ In 
terms of the transmission voltage and 
actual transmission impedances in high- 
voltage ohms, the fault current is given 
by 


voltage winding to the high-voltage 
primary winding in ohms, and 

Hs/z-p)=Z( P - s / 1 )/(2n) i * 
z (s/i-s )—the impedance of one-half the low- 
voltage winding to the entire low- 
voltage winding in ohms (see 
Figure 5D) 

s = the impedance of the external low- 
voltage circuit to fault, including 
arc, conductor, and conduit im¬ 
pedances, the resistance to ground, 
and the impedance of the ground 
return circuit, in ohms 

The positive- and negative-sequence 
impedances to fault are obtained from 
. inspection of Figure 5B. All impedances 
are actual ohms, or expressed in ohms 
referred to one-half the secondary voltage 



A. Schematic diagram with experimental 
values inserted 


2 ~The impedance of the external low-volt¬ 
age circuit to fault, including arc, con¬ 
ductor, and conduit impedances, the re¬ 
sistance to ground, and the impedance of 
the ground return circuit in ohms 


i p _ y/s^/n _ 

l3ZrL+Z(p- S )]/n i +().5s(s/ i -8/2)+2z 

(5) 

From inspection of Figure 4B 


The fault current is: 


Ip=21, 


__ V3E, 

ztl+Z(,<,- P ) +0.5 z(s/i-s/- 2 ) + 2 z 


( 1 ) 


Let 


lB~Ic~I»ln—Ip/2n, and I a =2Ij,—I F / n 

( 6 ) 

Light-Leg-to-Ground 
Short-Circuit Analysis 


the transmission-system voltage line-to- 
line, in volts 

n —E P /Et = E/ \/3E„ the transformer turn 
ratio • 

Then 

E,—E/n-s/Z 

and 

I*.. E/n _ 

[Zr&+Zip-$ ]/» J +0.5z( lS / 2 _ iS /g) +2z ^ 

where , 

Z rL =the impedance of the transmission 
system in high-voltage ohms. This 
assumes that the reactance of One 
wire to neutral is the same for both 
single-phase and three-phase bal¬ 
anced currents. This is true for 
circuits with equilateral spacing or 
completely transposed circuits. It 
is unlikely that the distribution 
feeder would be either equilaterally 
spaced or completely transposed be¬ 
tween the source and a particular 
transformer installation, and for 


Transformers Connected in Wye- 

Delta 

The light-leg-to-ground short-circuit 
analysis is developed from the method of 
symmetrical components as follows: The 
schematic diagrams of Figure 5 are based 1 
on the assumption that the system is 
entirely symmetrical. The dissymetry 
imposed by the terminal conditions which 
represent this type of fault is inserted in 
the analysis at the appropriate point. 

Let 

n —Ep/E, = E/ ■\/ZE a , the transformer 
turn ratio 

ztl' - the impedance of the transmission 
line and other series equipment in 
ohms referred to one-half the 
secondary voltage, that is, 

z TL ~Z Tll j = E TL /(2n) 2 where 

Z TIt =the impedance of the trans- ' 
mission line and other series equip¬ 
ment in high-voltage ohms 

Ha/i-p )=the impedance of one-half the low- 



-B- 


B. Equivalent circuit for analysis 



-c- 


C. Determination of transformer impedances 

Figure 3 Power-leg-to-ground short-circuit 
analysis 

Transformers connected in wye-delta 


on open circuit. Z% p is taken equal to 
Zip for determination of instantaneous 
symmetrical short-circuit currents. The 
proper generator impedances may be 
included in the terai Z TJj when transient 
or sustained currents are desired. 

The positive-sequence impedance to 
fault is 


Z\f — Ztl J rZ{&/<i-p) J rz 

The zero-sequence impedance to fault 
is obtained from Figure 50.: 

Zof = Z^s/z-S) -|- S 


The equations for a line-to-ground 

•The first subscript denotes, the winding upon 
which the impedance measurements are made, or 
the side to which they are referred. The second 
subscript refers to the winding short-circuited for 
the impedance test. See Figure 5 D. 
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A. Schematic diagram with experimental 
values inserted 



Figure 4. Power-leg-to-ground short-circuit 
analysis 

Transformers connected in delta-delta 


short circuit are. (see reference 3 or 4 for 
details): 


/i fr/'H, and ty— 


3E 


ZiF+Z'iF+Zw 


The voltage effective in producing fault 
current is EJ 2. Substituting the above 
expressions for the impedance to fault 
and the voltage effective in producing 
the fault current gives 




&E./2 


2 |sr//+S(«/2-» l+s(.V2-.s)+3s 


(7) 


if 1 


In terms of the transmission voltage 
and actual transmission impedances in 
high-voltage ohms, the above becomes 

_ s/3E/'2n __ 

2 [Z TL 4* Z (p _ ,<j/ 2 ) 1 /(2« ) *•+ 3(-8/ 2 <-s) + 3z 

(S) 

The primary currents are obtained from 
inspection of Figure 6: 

In = (/i +7a)/2« = 2/3(1 y/2n) ~Iy/3n, and 

Iji-h-lr/to. (9) 

Transformers Connected in Delta- 
Delta , 

The analysis for the case in which the 
transformers are connected in delta-delta 
is similar to the foregoing with exceptions 
which are apparent from inspection of 
Figures 7 and 8. 

Zif*= Z%y — Zfi! + z (s/2-f , )d" s 

For this case 

zr,J-Znj 

Zoy*=Z(s/t-s-p)4rZ 


in which 

s (s/ 2 -s-p) = the impedance of one-half the 
low-voltage secondary winding to the 
entire low-voltage winding and high-volt¬ 
age winding in ohms. See Figure 7D. 

Following the procedure of the previous 
derivation: 


Iy~ 


3E./ 2 


2 [stl ' + Hs/i -p) 1+2(s/ 2 -s-p)+3s 


( 10 ) 


Or, in terms of the transmission voltage 
and actual transmission impedances in 
high-voltage ohms 


Iy = 


3E/2n 


2[3.ZTL-\-Z(p-8/ i )\/(2-n) i -\-2(R/i-s-p) J r3z 

(ID 

The primary line currents are obtained 
from inspection of Figure 8. The zero- 
sequence currents circulate in both delta- 
connected windings, and the relative 
division could be worked out by using the 
methods developed for analyzing three- 
winding transformers. However, since 
the zero-sequence currents cannot pass 
from the delta into the high-voltage lines, 
this refinement is not necessary, and the 
line currents are determined directly 
from the positive- and negative-sequence 
currents as indicated in the figure. 

[ B ~I c ~I F /2n, and J A -0 (12) 

Three-Phase Short-Circuit Analysis 

Transformers Connected in Delta 
on Low-Voltage Side 

Although three-phase short circuits are 
of infrequent occurrence on distribution 
circuits, they occasionally occur on open 
. bus structures or in other equivalent 
locations. The fundamental equation 
for three-phase short-circuit current is 


EJ a/3 


** srA <r + z (s-p) , +s , 
in which 


(13) 


STL —■ 


- Zrh /[eJ^a] - z *' J3nl 


r < =ZrL /Lsyvt'J 




external circuit to fault in low-voltage 
ohms including conductor impedance and 
fault impedance, that is, the impedance 
of one of three assumed equal arcs to 
their common meeting point. 

Line-to-Line Short-Circuit Analysis 

Transformers Connected in Delta 
on Low- Voltage Side 

Line-to-line short circuits frequently 
occur on exposed wires and in open bus 
structures. This type of fault is probably 
most frequent on distribution systems 
where one corner of the secondary delta 
is connected to ground. Analysis is made 
by using the method of symmetrical 
components. 3 ’ 4 In terms of the open- 
circuit secondary voltage, the low-voltage 
fault current is 


Il-l-- 


E. 


(14) 


2 [s tl" +2(»<J - P) ' 1 + 2 

in which the quantities have been pre¬ 
viously defined. For this case z equals 
the total external impedance of the exter¬ 
nal circuit to fault in low-voltage ohms 
(in contrast to z' used for the three-phase 
analysis). 

Short Circuits on Single-Phase 
Transformer Secondary Circuits 

Transformers Supplied From Two 
High-Voltage Lines 

The problem of determining short- 
circuit currents on single-phase trans¬ 
former secondary circuits is so important 
that it deserves mention. If the trans¬ 
former and total external impedance to 
fault is referred to the high-voltage side, 
the equation is obtained from elementary 
methods by inspection: 


2ZTL4rZ(p-8)4-Z 
in which 


( 15 ) 


z ri *=the impedance of the transmission 
line and other series equipment in ohms re¬ 
ferred to the secondary voltage to neutral. 
For transformers connected in wye-delta 


Z — nH, the impedance of the external cir¬ 
cuit to fault in equivalent high-voltage ohms 

Or, the low-voltage secondary current 
equals: 


If — 


e k 


ZZTi/n 2 4-z(8-p)-\-£ 


(16) 


For transformers connected in delta-delta 

l[Ep/y/3y 


Z( 3 -P)'=Z(S-P)/ 3, the equivalent wye, or 
line-to-neutral impedance of the trans¬ 
former bank, in low-voltage ohms. 

s'= the line-to-neutral impedance of the 


Equations 15 and 16 give correct re¬ 
sults for symmetrical subtransient fault 
currents. The line-to-line fault analysis 
developed by using the method of sym¬ 
metrical components is a better approach 
from the. strictly technical viewpoint. 
This gives the same equations but has 
the advantage that the proper generator 
constants may be included in the trans- 
mission-systetrf impedance term and 
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A. Schematic diagram 




-0- Z S r S-S" az82 Sfc-& 2 


D. Determination of transformer impedances 

Figure 5. Light-leg-to-ground short-circuit 
analysis 


same as the above with the following 
modifications: The voltage effective in 
producing short-circuit current is - now 
E g /2, the ratio of transformation is 2 n, 
and the transformer impedance is 
z (s/t-p)- 

Short-Circuit Currents on 
Distribution Systems Resul ting 
From High-Voltage Transformer 
Failures 

During the initial stages of an internal 
failure between the high-voltage and 
low-voltage windings of a transformer, 
that is, before any of tie conductors have 
been opened due to arcing, the high- 
voltage fault current flowing through the 
low-voltage secondary windings induces 
compensating currents in the high-volt¬ 
age windings which circulate back through 
the high-voltage circuits. Also, under 
these conditions the transformer saturates 
because of high-voltage impressed on 
the low-voltage windings. Saturation 
neglected the requirement of equal and 



transformation squared (that is, n 2 ). 

For most practical distribution systems 
n 2 is large, and the additional current- 
limiting effect due to the transformer is 
small. For 2,400 delta 240-volt trans¬ 
formers n 2 = 100, and the additional 
impedance is one per cent of the trans¬ 
former leakage impedance (saturation 
neglected). 

Where the windings have been opened, 
and compensating currents cannot flow, 
the current-limiting effect of the trans¬ 
former is due to exciting impedance. 
Very high saturation results, and it has 
been suggested that the exciting im¬ 
pedance may approach leakage reactance 
in magnitude. Analysis for this case is 
similar to that in the preceding paragraph. 
The saturated exciting impedance in 
high-voltage ohms is reduced by the 
square of the turn ratio, and the effect 
of the transformer may be neglected as 
a first approximation. 

For unsymmetrical transformer fail¬ 
ures, such as a breakdown near the end 
turns or between the high- and low- 
voltage bushings, the effect of trans¬ 
former impedance is likewise small. The 
voltage effective in producing the fault 
current equals the vector sum of the 
voltage of the high-voltage system and 
the induced voltage of the secondary 
winding. In cases where the ratio of 
transformation is small, this effect may 



A. Schematic diagram 


Transformers Supplied From One 
High-Voltage Line and Neutral 

Analysis for this case is similar to the 
preceding analysis, and from the method 
of symmetrical components 

T _ae/V3 

BTi * 2Zri+^or £ +3Z ( p_ S )+3Z (17) 

or the low-voltage secondary current 
equals 

_ 3-gj _ 

(2ZrL+Z 0 rL)/M i -J-3z( 5 _p)-f-3z ( ' 18 ' ) 

in which Zq tl = the zero-sequence im¬ 
pedance of the transmission system in 
high-voltage ohms. 

The equations for line-to-ground faults 
on three-wire systems supplied from 
single-phase transformers having the 
mid-tap of the low-voltage secondary 
winding connected to ground are the 


opposing ampere turns is met, and the 
current limiting effect of the transformer 
is due to leakage impedance. Actually, 
because of saturation, the effective im¬ 
pedance may be somewhat less than" the 
leakage impedance. For purposes of 
illustration consider a three-phase dis¬ 
tribution transformer supplied from a 
transmission line of reasonable length 
and assume that short circuits occur 
between each high-voltage terminal and 
the corresponding low-voltage terminal. 
The impedance limiting the fault current 
is equal to the transmission-system im¬ 
pedance up to the transformer terminals 
in high-voltage ohms, plus the impedance 
of the transformer in low-voltage ohms. 
Thus, the additional impedance oppo sing 
the high-voltage short-circuit current 
flowing in the secondary winding equals 
the transformer impedance in high- 
voltage ohnis divided by the ratio of 



-c- 


C. Zero-impedance network 


D. Determination 
of transformer imped¬ 
ances 

-D- 

Figure 7. Light-leg-to-ground short-circuit 
analysis 

Transformers connected in delta-delta 
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B- 


Figure 8. Detailed 
current distribution 
for a light-leg-to- 
ground short circuit 
Transformers con¬ 
nected in delta-delta. 
Experimental values 
inserted 



be important. However, for cases where 
the ratio is 10/1 or greater, this effect is 
also small and may be neglected for 
approximate work. An internal failure 
between the windings introduces addi¬ 
tional complications, but it is unlikely 
that the fault current would be greater 
than that caused by breakdown near the 
extremities of the windings. Since the 
effects due to the transformer are rela¬ 
tively small, they may be neglected in 
estimating the high-voltage short-circuit 
current flowing to ground in low-voltage 
distribution circuits due to high-voltage 
transformer failures. Figure 13 gives a 
few of the laboratory connections used 
in the study of high-voltage transformer 
failures. The arrows represent the de¬ 
tailed current distribution and indicate 
the compensating primary currents in¬ 
duced by the high-voltage fault current 
flowing in the low-voltage secondary 
windings. 

It is believed that the total high- 
voltage short-circuit current produced in 
low-voltage distribution circuits due to a 
distribution transformer failure can be 
determined with an accuracy sufficient 
for most practical purposes by neglecting 
the effects of the transformer itself. 
Additional impedances, such as the resist¬ 
ance of ground return Circuit, must be 
included. It is obvious that the errors 
due to the approximation decrease as the 
impedance of the transmission system up 
to the transformer is increased, and 
conversely. It is believed this procedure 
is satisfactory for cases in which the 
feeder impedance is at least equal tq 50 
per cent of the transformer leakage im¬ 
pedance in high-voltage ohms. This 
analysis permits study of the effects of 
grounding resistances for distribution 
systems. It gives an approximate method 
of es timati ng the voltage to which 
a distribution system may rise above 



“8 3 4 

EXTERNAL CIRCUIT RESISTANCE 


Figure 9. Power-leg-to-neutral experimental 
short circuits 

Transformers connected in wye-delta 

ground because of transformer failure, 
and it is important in the study of pro¬ 
tective measures and shock hazard. 
Experience shows that the number of 
high-voltage failures in modem dis¬ 
tribution transformers are relatively small 
in comparison to the number in service. 
However, breakdowns occasionally occur, 
and a mathematical approach to the 
problem is of value. 

The total fault current in the low- 
voltage distribution circuit due to a high- 
voltage transformer breakdown is ob¬ 
tained from tiie conventional line-to- 
ground analysis, neglecting the effect 
of the transformer: 

y/SE 


Io= 


2Ztl+Zotl+3z 


m 



Figure 10. Power-leg-to-neutral experimental 
short circuits 

Transformers connected in delta-delta 



Figure 11. Light-leg-to-neutral experimental 
short circuits 

Transformers connected in wye-delta 


this fault current flowing through the 
impedance to ground equals: 

-\/3Ez 


ElT neutral—: 


( 20 ) 


The voltage rise of the secondary 
neutral above ground potential due to 


2Zrii~t’ZoTL~h3s 

in which z represents the grounding im¬ 
pedance (that is, resistance of driven 
ground in ohms), and other quantities as 
defined previously. 

Experimental Results 

Experiments were made on a laboratory 
model consisting of three reactors con¬ 
nected to simulate a short transmission 
line and four ten-kilovolt-ampere trans¬ 
formers having two. tapped primary and 
secondary windings, rated 500/100 volts. 
The experimental points and theoretical 
curves for power-leg-to-neutral and light- 
leg-to-neutral short circuits , are given in 
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Figure 12. Light-leg-to-neutral experimental 
short circuits 


Transformers connected in delta-delta 

Figures 9 to 12 inclusive. The fault or 
current in the external circuit was plotted 
against external circuit resistance. The 
calculations included all known resist¬ 
ances of the circuit, including the re¬ 
sistance of a water-box load connected to 
simulate the fault, conduit return, and 
arc resistance. Theoretical and observed 
currents have also been inserted in 
Figures 3A, 4A, 6, and 8, to check the 
determination of high-voltage line cur¬ 
rents. The transformers were connected 
500 to 200 volts for these tests, and for 

Figure 13. Study of effect of transformer 
in limiting short-circuit current for typi¬ 
cal high-voltage transformer breakdowns 



Figures 11 and 12 three transformers 
were used. For the tests of Figures 9 and 
10 four transformers were used; two 
transformers were connected in parallel 
to simulate the practical case where the 
lighting transformer had twice the ca¬ 
pacity of the power transformers. The 
agreement between observed and theo¬ 
retical values was believed satisfactory 
and is offered as substantiating the 
analysis. It was noted that the experi¬ 
mental values were slightly less than the 
computed curves, the discrepancy in¬ 
creasing for smaller values of resistance. 
The error was believed to be due to the 
resistance of the many leads and split- 
terminal socket connections which ob¬ 
viously could not be included in the 
analysis, to the fact that the system was 
not entirely symmetrical since the trans¬ 
formers and reactors did not have iden¬ 
tical impedances respectively, and to 
slight unbalances of the supply voltages. 
The poorest correlation was obtained for 
the power-leg-to-neutral short circuit 
with the transformers connected in delta- 
delta. It should be noted that the dis¬ 
crepancies were on the safe side, as the 
measured values were low. 

Several experiments were made to 
check the conclusions given in the dis¬ 
cussion of high-voltage transformer fail¬ 
ures. Short circuits with the transf ormers 
energized at reduced voltage were made 
to simulate primary to secondary failures 
using three transformers connected 
1,000/100, 1,000/200, and 500/500. 

Typical results for various fault locations 
for the 1,000/100-volt connection are 
given in Figure 13. If the winding cur¬ 
rents are multiplied by factors propor- 

• Figure 14. Short-circuit 
currents for 300-kva, 2,400- 
wye/240-120-volt trans¬ 
former and four - kilovolt 
feeder 

Fault resistance assumed zero 


tional to the turn ratio, primary and 
secondary ampere turns are in close agree¬ 
ment. The slight discrepancies from 
theoretical values are attributed largely 
to the effects of saturation and exciting 
current. This substantiates the state¬ 
ment that as long as compensating cur¬ 
rents flow, transformer leakage impedance 
rather than exciting impedance, is the 
most important factor in limiting the 
fault current. As was expected, the effects 
due to the transformer decreased as the 
ratio of transformation was increased. 
The greatest observed error for the 
1,000/100-volt connection was five per 
cent. For these tests the artificial trans¬ 
mission-line impedance was equal to 43 per 
cent of the transformer leakage impedance, 
and the ratio of Z aTL to Zi rfj was varied 
between 1.0 and 5.5/1. From this it was 
concluded that the effects of the trans¬ 
former may be neglected in approximate 
determination of the total short-circuit 
current in low-voltage circuits of practical 
distribution circuits because of high- 
voltage transformer failures for ratios 
of transformation of 10/1 or greater. 

Application 

For purposes of illustration, the results 
of this investigation were applied to a 
typical installation consisting of three 
100-leva 2,400/240-120-volt distribution 
transformers supplied from an infinite 
bus over a four-kilovolt feeder. The 
feeder was three-conductor 4/0 copper 
having the common horizontal spacing 
of 23-30-53 inches, and Z TL =0.3034-./ 
0.622 ohm per mile. It was assumed that 
X QTL ~3.5X TIt , The following constants 
were obtained from tests on one 100-kva 
unit, 

z (s~p) — 0.00691-f-/0.01805 ohm or 

0.012-f-j0.0329 per unit 
z (s/t—p) — 0.00277-f-jO.00528 ohm or 

0.01925-1-/0.0300 per unit 






scale for voltage cui 
resistance to ground 


*8+ 




2 ( 8 / 2 -a/ 2 ) — 0.00355+7 nil ohm or 

0.0246 + 7 O.OOO per unit 

The transformers were assumed con¬ 
nected in wye-delta with the mid-point 
of one secondary winding connected to a 
ground having a variable resistance (R) 
ohms. 

Figure 14 gives results for three-phase 
line-to-line power-leg-to-ground and light- 
leg-to-ground short circuits for various 
lengths of feeder up to ten miles. The 
fault or ground resistance was assumed 
zero for this case. It was noted that the 
light-leg-to-ground fault developed the 
greatest current, whereas the three-phase 
and power-leg short-circuit currents were 
approximately equal. Line-to-line short- 
circuit currents were the smallest and 
were equal to the three-phase value 
multiplied by 0 . 866 . 

The effects of fault resistance and resist¬ 
ance to ground are shown in' Figure 15. 
For this case the feeder length was as¬ 
sumed to be 2 V 2 miles, and the fault 
currents were determined for external 
circuit resistances of 0 to 0.7 ohm. The 
power-leg-to-ground fault current de¬ 
creased less rapidly than the light-leg fault 
current, the latter decreasing from its 
predominating value for zero resistance 
to values consistently below that of the 
other curves. It was interesting to note 
that if the line-to-line short-circuit current 
values are sketched in as a function of one- 
half the fault resistance, the Curve practi¬ 
cally coincides with the light-leg fault- 
current curve over the range covered in 
the figure. The important point brought 
out by the curves is the large current- 
limiting effect due to relatively small 
values of resistance. 


Figure 15. Short- 
circuit currents and 
voltage of secondary 
neutral for 300-kva 
2,400 - wye / 240- 
120-volt transformer 
and 2.5 miles of 
four-kilovolt feeder 


The relatively large effect of small im¬ 
pedances in limiting low-voltage short- 
circuit currents has economic importance. 
The impedance of current transformers, 
resistance of joints, and the reactance due 
to bends in busses and connections may 
result in a material decrease in the inter¬ 
rupting duty of auxiliary circuit breakers 
or fuses in comparison with the main 
circuit breaker. Consideration of these 
factors in choosing the location of circuit 
breakers may point to improvements in 
plant layout with significant savings 
for large capacity low-voltage installa¬ 
tions. Another aspect of this problem 
concerns the positive operation of circuit 
breakers or fuses. The protective devices 
would probably be set to clear for 150 to 
250 per cent rated current. Entering the 
curves with these current values indicates 
that an external circuit resistance in 
excess of only 0.06 to 0.10 ohm would 
prevent proper clearing of faults. The 
advantage of several subfeeders with low 
trip values instead of one or two main 
circuits with high trip values or large fuses 
is self evident. In cases where high 
current-rating fuses are required, some 
form of ground protection (at the main 
circuit breaker) may be desirable. 

The curve showing voltage rise of the 
low-voltage neutral above ground, due 
to a high-voltage transformer breakdown, 
was computed for resistances to ground 
of 0 to 7.0 ohms. It was found that the 
fault current would be limited to the 
rated low-voltage current of the trans¬ 
former for a ground resistance of about 
1.0 ohm. Hence, it was concluded that 
most transformer failures would be 
degred only by the protective, devices on 


Figure 16. Voltage of secondary neutral 
above ground due to high-voltage transformer 
breakdown for 300-kva 2,400-wye/240- 
120-volt transformer and four-kilovolt feeder 

the high-voltage side. During the time 
required to actuate the protective device, 
the voltage of the distribution system 
will be subjected to relatively high poten¬ 
tial above ground. For example,, the 
voltage above ground reaches 1,500 volts 
(the minimum dielectric strength of code 
rubber when new) for a ground resistance 
of three ohms, whereas a grounding re¬ 
sistance of five to seven ohms provides 
small protection indeed. The voltage 
rise of the secondary neutral above ground 
due to transformer failure for various 
resistances to ground is plotted as a 
function of four-kilovolt feeder length 
in Figure 16. 

The results of the study emphasize the 
importance of securing low resistance to 
ground and low return-circuit resistances 
for distribution systems. It is realized 
that it is often difficult if not impossible 
to obtain driven or buried grounds having 
resistances low enough to provide satis¬ 
factory protection for low-voltage dis¬ 
tribution circuits. This is particularly 
important for 240-volt three-phase three- 
wire installations where the mid-tap of 
one transformer is grounded and the 
neutral is not run into the plant. The 
author knows of one such installation 
consisting of a large transformer bank 
supplied over a regulated four-kilovolt 
feeder only a relatively short distance 
from the substation. The single driven 
ground at the transformer structure 
measured about 100 ohms. Although 
the plant conduits and equipment were 
apparently well grounded to the water 
system, little protection was actually 
afforded against either transformer break¬ 
down or short circuits involving a ground 
return within the plant. Although the 
above remarks refer to the examples 
chosen for study, somewhat similar con¬ 
clusions might result from analysis of 
many commercial installations. 
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Theoretical Possibilities in an Internally 
Heated Bimetal Type of Thermal \^att- 

Demand Meter 

EDWARD LyNCH 

MEMBER AIEE 


Synopsis: There are two generally recog¬ 
nized methods of measuring demand. The 
block-interval type has been used extensively 
where great accuracy is desirable, a simple 
explanation necessary, and a quick testing 
method essential, but the “logarithmic” 
type has received increased attention in 
recent years, and a greater dissemination of 
knowledge of its characteristics is desirable. 

A mathematical expression for “logarith¬ 
mic” average is given which can apply to 
a variable load as well as to a uniform load. 
It is shown that a meter with a simple ex¬ 
ponential time-deflection characteristic will 
indicate this “logarithmic” average, but 
that meters with characteristics obtainable 
in present commercial thermal meters will 
theoretically differ from it except when used 
with certain loads. 

The accuracy of commercial meters has 
increased in recent years. So besides indi¬ 
cating that the various types of character¬ 
istics available in commercial meters have 
apparently been satisfactory on normally 
encountered loads, it is shown that sturdiness 
and high torques are desirable features to 
sustain these accuracies. 

The internally heated thermal watt-de¬ 
mand principle is discussed, and the con¬ 
clusion is reached that by its use high torque 
can be obtained using the time tested bi¬ 
metal type of meter. In addition, the rapid 
diffusion of heat in the bimetal where it is 
generated theoretically allows shorter “heat¬ 
up” time when the meter is being tested and 


Paper 42-110, recommended by the AIEE com¬ 
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entation at the AIEE summer convention, Chicago, 
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results in a time-deflection characteristic 
much closer to the ideal ample exponential. 

D EMAND measurements when com¬ 
bined with watt-hour-meter read¬ 
ings have been recognized as giving a prac¬ 
tical basis for electricity charges. 1 * 2 In 
the United States demand meters operat¬ 
ing on the block-interval principle have 
been extensively used, and their operating 
principle and characteristics are well 
understood. 

There is another recognized method of 
measuring demand which has been used 
to a limited extent for the same purpose. 
It is the method utilized by thermal de¬ 
mand meters, and the resulting indication 
has been called the “logarithmic average” 
demand. A general explanation of meter 
design considerations which enter into 
this demand indication and the operating 
characteristics which they affect will be 
covered in the following discussion. 

Time Deflection Characteristic 

The block-interval meter indicates con¬ 
tinual arithmetic average maximum de¬ 
mand. The thermal meter obtains its 
average in a different manner, and it in¬ 
dicates a slightly different quantity which 
can be designated as contmuous logar¬ 
ithmic average maximum demand. On a 
constant load its reading changes rapidly 
at first and then more slowly until, in the 
case of a meter which reaches 90 per cent 


of its indication in 15 minutes, which by 
definition makes it a 15-minute demand 
interval meter, it would be within about 
one per cent of its ultimate in 30 min utes 
From this characteristic we see that any 
load on the meter during the 30 preceding 
minutes may have a readable influence on 
the demand pointer indication, but that 
the longer time that has elapsed, the less 
effect this load has on the reading. The 
indicating pointer on these meters is there¬ 
fore continuously changing its position as 
load changes occur according to what has 
been called a “logarithmic” average. 
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This average for a theoretical meter can 
be expressed as follows (see appendix B): 

where 

instantaneous deflection of pointer 
k—a design constant 
"w —load (which may vary with time) 
(=time at which deflection is W 
h “ time at which load is to 

On constant loads after about three de¬ 
mand intervals this “logarithmic” aver¬ 
age is identical with the arithmetic aver- 
age as given by a block-interval type of 
meter. 




This study would hardly be complete 
without one or two constructive sug¬ 
gestions. The goal must be as low a 
resistance to ground as possible. The re¬ 
sistances of the ground circuit must be 
maintained sufficiently low to insure 
positive operation of the protective de¬ 
vices in case of transformer failure. In 
addition, it would appear that consider¬ 
able protection would result if, in addi¬ 
tion to providing the best ground that 
can be reasonably obtained at the trans¬ 
former installation, the low-voltage neu¬ 


tral be carried along with the phase wires 
(regardless of whether or not it is to be 
used for power) and connected to the 
plant conduit system and grounded as 
effectively as possible oh the customer’s 
premises. The common neutral system 
of grounding would appear to provide an 
alternate method of accomplishing the 
same result. 
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Simple Exponential Is Ideal 

However, time-deflection characteris¬ 
tics of commercial thermal meters are not 
identical, and they differ from the char¬ 
acteristics of block-interval meters so that 
on fluctuating loads they can theoretically 
give slightly different readings. The fol¬ 
lowing discussion of theoretical and prac¬ 
tical time-deflection curves will indicate 
the desirability of a simple exponential 
characteristic for the thermal meter. 

Figure 1 shows typical theoretical time- 
indication characteristics of thermal me¬ 
ters when a constant load is applied. 
Curves a and b differ by the fact that the 
demand interval or time to reach 90 per 
cent indication is 15 minutes (k is 0.1535) 



A. Load cut to zero after equilibrium tempera¬ 
ture is reached 


stant applied load, whether or not the 
indication starts or ends at zero, and 
whether the indication increases or de¬ 
creases. It is interesting to note that the 
instantaneous deflection is equivalent to 
the sum of two hypothetical indications, 
one of which starts at zero and rises to the 
ultimate deflection of the meter, and the 
other of which starts at the initial indica¬ 
tion of the meter and reduces to zero, 
both following the locus given by equation 
2 . 

It is also interesting to note that k, 
which determines the demand interval has 
a dimension equivalent to the reciprocal 
of time and is a function of the heat in¬ 
sulation of the heated parts (increasing as 
the insulation decreases), and a function 
as well of the heat capacity of the heated 
masses (increasing as the capacity de- 



B. Constant load applied from zero 


Figure 2. Time-indication curves of typical thermal watt-demand meters 


for a, and 60 minutes (k is 0.0384) for b. 
Curves c and d have 15-minute demand 
intervals but start with an initial indica¬ 
tion. Each curve can be expressed by 
the “exponential” equation: 

W- WliX -€“**)+ W*fT kt ( 2 ) 

(See appendix A) 
where 

W =instantaneous deflection of pointer 
Wo =■ deflection of pointer at zero time 
Wi=> ultimate deflection for load involved 
e=2.718 

k —a design constant 
J=time 

(W, Wo, Wi must be expressed in the same 
units, and k must be in units the reciprocal 
of the units for t.) 

The well-known expressions W— Wo*~ kt 
and W** for the transient re¬ 

turn of the indication to zero when power 
is cut off, and the rise to ultimate deflec¬ 
tion when a constant load is applied from 
zero deflection, can be seen to be special 
cases of the above more general equation. 
Equation 2 holds for conditions of con¬ 
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creases). This same k represents in mag¬ 
nitude the reciprocal of the time that 
would be necessary to' attain proper de¬ 
flection if there were no heat escape. It 
also represents the reciprocal of the time 
necessary to accomplish a change in in¬ 
dication represented by the following frac¬ 
tion of the total change: 

The fraction is: 

1 —- | =0.632 approximately 

e/ 

If the load varies at a uniform rate (see 
appendix B), either increasing or decreas¬ 
ing, k has further physical significance be¬ 
cause 1 /k represents the time between the 
arrival at some particular watt load and 
the indication of that load by the meter, 
providing the rate has been uniform long 
enough (three demand intervals) for this 
time lag to become essentially constant. 
This time lag is independent of the rate 
of change of watts and the meter demand 
interval is directly proportional to it if we 
consider simple exponential characteris¬ 
tics. 

Lynch—Thermal Watt-Demand Meter 


Time-Deflection Curves in Meters 

No commercial meter in the past has, 
to the writer’s knowledge, attained ex¬ 
actly an indication given by equation 2. 
Curves e and/in Figures 2 A and 2B repre¬ 
sent typical time-deflection curves of ac¬ 
tual meters which have been converted to 
equivalent demand intervals in g and h 
and are plotted decreasing from an initial 
value on semilog co-ordinates in order to 
easily compare them with the straight 
line p of Wot~ n - 

An investigation of time-indication 
curves on any particular type of thermal 
meter indicates that there are small varia¬ 
tions from meter to meter in the demand 
interval due to limitations in manufac¬ 
turing control. We find also that in the 
same meter there are differences depend¬ 
ing on the conditions of load and ambient 
temperature. We can reason from this 
that for a “15-minute demand interval” 
meter the actual demand interval should 
not be less than 15 minutes under any 
normal conditions of use in order not to 
read high on certain conditions of load, 
and we find practically all meters on the 
market which are considered satisfactory 
today for use as 15-minute demand inter¬ 
val meters fall within limits from 15 to 
21 minutes interval. 

When we consider differences in the 
curves in Figures 2A and 2B, we find 
another fundamental characteristic which 
although small might appreciably affect 
the meter readings in certain isolated 
conditions. This effect is easily demon¬ 
strated by applying a load which would 
give about' full-scale deflection in 40 
minu tes and cut the load off at the end of 
five minutes. If we consider the “ex¬ 
ponential" characteristic as shown in p 
as a standard of comparison, we find that 
a meter with a characteristic similar to e 
may read high by eight per cent of full 
scale, and a meter similar to / may read 
low by eight per cent at the instant the 
power is cut off. These should not be 
considered as errors as the definition of 
the time-deflection characteristic deter¬ 
mines these differences. The meter follow¬ 
ing the d curve_will continue to rise for a 
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little time after the power is cut off but 
will not quite reach the maximum value 
reached by the “exponential” characteris¬ 
tic. Figure 3 shows this characteristic 
graphically. It will be noted that meters 
with the / characteristic lag behind 
changes in load, while meters with the 
simple “exponential” or the e type of 
characteristic will change direction im¬ 
mediately in the direction of the new load 
value. 


Simple Exponential Curve Desirable 

From this brief discussion we can reason 
that as far as thermal meters are con- 



Figure 4. Time-indication curves of special 
thermal watt-demand meter 


Cooling curves after loads as shown 

cemed, subject, of course, to any con¬ 
siderations which rate engineers may find 
of importance, the simple “exponential” 
time-indication curve published as char¬ 
acteristic of thermal meters is desirable. 
It is desirable if an acceptable time-indica¬ 
tion curve is to be defined, for it allows a 
relatively simple mathematical definition 
of the shape of the curve. And more im¬ 
portant is the fact that it is the only char¬ 
acteristic which will indicate “logarith¬ 
mic” average for aU types of loads. 

Multibranch Thermal Circuits 

The reason for the divergence of com¬ 
mercial-meter characteristics from the 
simple exponential has been attributed to 
diffusion. 

Figure 4 shows performance curves of a 
60-minute-interval thermal wattmeter 
illustrating an exaggerated condition of 
this diffusion which appeared in a paper 
presented by P. M. Lincoln before the 
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Institute. The design constant, k was 
treated as a variable to account for the 
results. A slightly different treatment of 
the curves may be of interest and offers 
some advantages from a mathematical 
point of view in determining their shape. 

The analogy shown in Figure 5 illus¬ 
trates that multiple-branch thermal cir¬ 
cuits may be expected to cool in a con¬ 
stant ambient according to the expo¬ 
nential: 

A n e~ knt ) (3) 

We can use the following expression to' 
predict changes in indication when any 
constant load is applied: - 

W=W a (Aifr klt +A *- k *.... +A n e~ knl )+ 

A n e~ knt ) (3a) 

In these equations A lt A 2 , k u k 2 , and so 
forth are complicated functions of the 
storages and heat-transfer coefficients of 
the various branches. The form W 0 
referred to in various literature on thermal 
demand meters has been referred to above 
as a special case of equation 2, and equa¬ 
tion 2 can be seen to be a special case of 
this more general equation 3a. 

P. M. Lincoln has shown that the 
simplified expression is inadequate to ex¬ 
plain the results of his tests unless we 
treat k as a variable. However, the re¬ 
sults shown in Figure 4 can be predicted 
approximately from an equation such as 
3, carried out to three terms as below: 

Indication*P^ o(0.19€ _0 -* ju -J-O.51e-® ,2302Z -|- 

O.3e-°* 019< (4) 

This curve is plotted in Figure 6 where 
the first term is given as a dotted line, the 
second term as a dash line, and the third 
term as a dot and dash line, and the total 
as a full line. This curve checks reason¬ 
ably with the per cent indication versus 
time curves (after ten-hour heating). 
Another group of curves (Figure 7) shows 
the heating curve for ten minutes at 145 
per cent load and the following cooling 
curve when the load is removed, as given 
by constants in equation 4. Crosses in¬ 
dicate points calculated by considering 
the multiple-branch circuit as used in 
equation 4, and the circles represent points 
taken from Doctor Lincoln’s meter data. 
The correlation is considered reasonably 
good for a first approximation of coeffi¬ 
cients and exponents in the above equa¬ 
tion. This allows us to think of meters of 
this nature as if they were the equivalent 
of multiple-branch thermal circuits with 

more than • one constant yfe. Thus. al¬ 
though such a meter reaches about 90 per 
cent of its final indication in 60 minutes, 

Lynch—Thermal Watt-Demand Meter 


its final indication within reading limits 
will depend on the coefficient and power 
terms of one or more of the terms in equa¬ 
tion 3. This may result in an extremely 
long time when considered from a testing 
point of view. In the above equation 4 
for the 60-minute characteristic shown in 
Figure 6, ki corresponds to a demand in¬ 
terval of about 2.5 minutes and k« to an 
interval of about ten minutes and £ 3 to 
an interval of about two hours. Doctor 
Lincoln has shown that meters with per¬ 
formance closer to the simple expression 
W— Wtf~ M can be built. 

Time-Indication Curves of “Square” 
Scale Meters 

When we consider the time-indication 
curves of a demand meter with a “square” 


A. Simple circuit 
Thermal Electric 



B. Multiple (two-branch) circuit 
Thermal Electric 



=02[Bi€“ 6i ‘+ v„ * V[B l e- b ' t + 

Sse -6 *] e 2 r 62 ‘l 

Bi, B 2 , bi, bt are functions of M b C b , M c C e , 
(hA) b , (hA) et (hA) be or Q, C a R b , R c , R bc 

Figure 5. Comparison of thermal and electric 
circuit 

Al=mass 
c = specific heat 
C =* capacitance 
h = heat transfer coefficient 
A «area 
R “resistance 
0 = temperature difference 
v =voltage 

0t »initial temperature difference 
V = initial voltage 
Oq “ambient temperature 
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scale such as those used for ampere de¬ 
mand, we encounter further characteris¬ 
tic differences. The time-deflection char¬ 
acteristic of the wattmeter (as a simple 
thermal circuit) in general form has been 
given in equation 2 for constant applied 
loads. The time-deflection characteristic 
of a “square” scale meter can be expressed 
similarly, but since the indication is not 
proportional to the deflection but is pro¬ 
portional to its square root, we find the 
expression for indication: 

A = Vi4o a <r**-Mi J (l -€"**) (S) 

where 

A “instantaneous indication on a “square” 
scale (constant load) 

A o=initial indication on a “square” scale 
di== final indication (constant load) 

This reduces A^~ k ^ 1 when load is cut 
off. This has the same form as Woe~ kt , 
and the cooling curve of time-indication 
will have the same general shape as the 
wattmeter, but since the exponent is k/2, 
it will take twice as long to cool to any 
percentage indication. 

If the load starts at zero indication 
equation 5 reduces to 

A —Ax's/ 

It can be seen that this does not have the 
same form as which is 

the equivalent on a uniform scale. These 
curves are shown graphically in Figure 8. 

It may seem desirable to keep the shape 
of the time-indication curves of “square” 
scale and uniform scale meters on increas¬ 
ing loads (starting at zero) as nearly alike 
as possible. It has been proposed to de¬ 
crease k for the ammeter to half the value 
for a wattmeter. This gives curve n 
shown in Figure 8 (as compared to curve 
f). It also gives a.cooling curve m which 
is indeed slower (compared to i). Such a 
meter not only will differ in basic con¬ 
struction but also will theoretically differ 
on varying loads when compared to the 
uniform scale meter. 

Another alternative suggested is to 
utilize the design and construction of the 
wattmeter, which requires changing the 
definition of demand interval so that the 
fraction of final indication of a “square’' 
scale meter is the square root of that of a 
uniform scale meter. Thus, if the watt¬ 
meter is kept at 90 per cent for the de¬ 
mand interval de finitio n, the ammeter 
would then be Vo.90=0.95 or 95 per 
cent. Such a meter does not have the 
same characteristic as a uniform scale 
meter, and its reading will differ on vary¬ 
ing loads when compared to the uniform 
scale meter. (See k and l of Figure 8.) 
However, if the basic characteristic of 
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interest is the heating effect, then the 
characteristic of this meter favorably com¬ 
pares with that of a uniform scale watt¬ 
meter. Perhaps in such a case, the scale 
marking should be in terms of amperes 
squared. 

It is interesting to note that differences 
of watt- and ampere-demand meter read¬ 
ings on normally encountered loads have 
been sufficiently small to allow the use 
of meters with many of the varying 
characteristics described above with satis¬ 
factory results. 

Operating Characteristics 

With a knowledge of the fundamental 
operation characteristic of thermal meters, 
let us consider how it is affected with time 
or with changing conditions, of load 
power factor, ambient temperature, and 
so forth. One of the important considera¬ 
tions in reliability of a meter of this kind 
is mechanical stability in which sturdi¬ 
ness of construction and constant friction 
are important factors. These factors are 
especially significant in meters which are 
to be maintained with a minimum of 
skilled servicing and equipment. Most 
meters with maximum indicating pointers 
have friction clutches to hold one pointer 
in the position of its maximum indication. 
Experience over a long period of time has 
shown that there is a more or less definite 
range of optimum friction in such cases. 
This is due to the fact that over the range 
that is normally used, the friction becomes 
more constant, the greater the magnitude 
of the friction. However, at the higher 
values of friction, its magnitude is objec¬ 
tionable, and at the very low values its 
variation with time, temperature condi¬ 
tions, and so forth, is equally objection¬ 
able. A value from 30 gram-millimeters 



Figure 6. Time-indication curve including 


components 
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up, in a design which has been used for 
many years, has proved very satisfactory 
as far as consistency is concerned. 

High Torque Desirable 

To utilize frictions of this order of mag¬ 
nitude and still have them only approxi¬ 
mately lVa or 2 per cent of the full-scale 
meter torque requires a meter torque of 
1,500 to 2,500 gram-millimeters or a torque 
gradient of about 20 to 35 gram-milli¬ 
meters per degree. Most thermal meters 
on the market today of the bimetal type 
do not utilize such high torques and rely 
on the lower friction torque remaining as 
constant as is required. The limiting 
features in obtaining higher torques are: 

1. The amount of bimetal that is used, 
which is limited by other considerations such 
as space, requirements, and so forth, and 
which has a definite influence, on the demand 
interval of the meter. 

2. The temperature at which the radiation 
or convection becomes an appreciable factor 
and the maximum temperature that the 
structure can stand. 

To increase the operating temperature of 
the temperature-sensitive element with¬ 
out raising the temperature of the in¬ 
sulating parts of the heater requires better 
efficiency of heat transmission from the 
heater to the heated element. In recent 
years progress has been made toward 
greater efficiency and at the same time to¬ 
ward limiting convection and radiation by 
resorting to a bourdon tube actuating 
element with its bulb covered by a ther¬ 
mos bottle. This has gone a long way to¬ 
ward the achievement of high torque with 
low watts input. Inherent in a bourdon- 
tube design, however, is the hazard of 
leakage, one that must be eliminated by 
proper design, taking into consideration 
the long ranges of loads, power factors, 
and ambient temperatures over which 
modern meters are expected to function, 
and realizing the pressures that are set 
up in the tubes to meet these conditions. 
Added to this problem is one of choosing 
the best liquid for the bourdon tube. The 
problem is to obtain one which will not 
cause difficulty at lower temperatures and, 
at, the same time, will have satisfactory 
temperature-expansion characteristics 
over the range required. With the use of 
demand meters in outdoor installations, 
this limiting feature assumes importance 
for temperatures below 32 degrees Fahren- 
heit and more especially, for temperatures 
as low as —40 degrees Fahrenheit, which 
although perhaps not common, might cer¬ 
tainly be encountered in some installa¬ 
tions. Many liquids are available and 
much experimental work has been done in 
this direction. 8 
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Internally Heated Bimetal System 

But when we consider difficulties of this 
nature together with others such as the 
hysteresis effects in bourdon-tube springs, 
and so forth, we realize the desirability of 
finding another method of attaining 
better heat-transmission efficiency which 
can be used with the time-tested bimptal 
spiral construction. Such a method is 
available if we heat the element by current 
through the bimetal itself. Here no loss 
is encountered, because the heat is gen¬ 
erated where it is wanted. We thus get 
the highest possible efficiency of trans¬ 
mission and can limit radiation by means 
of controlled surfaces and convection by 
means of limited air spaces which, be¬ 
cause of research work done in recent 
years, offers a practical solution. 

If this arrangement is utilized to obtain 
the maximum efficiency of heat trans¬ 
mission possible, full-scale torques of the 
order of 2,000 grams-millimeters are 
readily obtained, and we can continue to 
use the time-tested bimetals as the acti¬ 
vating element, where past experience and 
the vast amount of work that has been 
done by bimetal companies and meter 
manufacturers on heat treatment and the 
aging process insures stability of the bi¬ 
metal characteristics. Moreover, uni¬ 
formity of bimetal characteristics has re¬ 
cently been the subject of intensive 
investigation and has resulted in closer 
perfection of bimetal spirals with far more 
consistent characteristics than have been 
obtainable in the past. 

Effect of Temperature Coefficient of 
Bimetals 

One of the interesting phases encoun¬ 
tered in taking advantage of the internally 

Figure 7. Time-indication curves 

Constant load cut to zero before thermal 
equilibrium has been attained (showing 
components) 


heated principle is occasioned by the fact, 
that all suitable bimetals have a positive 
temperature-resistance coefficient. This 
has led to the following equations from a 
simple mathematical solution of Figure 10 
giving the indication of such a meter: 

W-Uwl cos -*J - 

(tfl+l ?*) 2 J 

Since 

I E 
B R1+R2 

Therefore: 

W=4EI cos / /n RlRl ]+ 

URi+R^y 

R1-R2 "| r iwRi--.fl) “| 

1 (R,+Ri)* J 

If: 


Ri—aRi where a may be a variable as load 
conditions vary 



This general equation enables us to 
make a selection of a value for a when the 
meter is not excited and a value for the 
ratio of I to I E which will give satisfac¬ 
tory values for W when El cos Q is kept 
constant, and ambient temperature, volt¬ 
age, power factor, or load is changed 
through limits ordinarily met in service. 
These are two design constants which the 
design engineer can vary to obtain the 
optimum condition for this sort of meter. 

When a is equal to 1.0, the last two 
terms of this equation disappear. How¬ 
ever, if a differs slightly from 1.0 we can 
take advantage of the changes in these 
last two terms with temperature, power 


factor, and so forth, to obtain some slight 
compensation for small inherent errors. 

An important bimetal characteristic 
which enables a simple mechanical con- 
. struction to meet these requirements is the 
fact that the torque per degree tempera¬ 
ture rise is independent of the length of a 
bimetal coil. We can therefore buck two 
bimetal coils on a single shaft to obtain 
complete temperature compensation at 
no load, and at the same time get the re¬ 
quired ratio in resistances by using coils 
of different lengths. Modern bimetal-coil 
manufacturing procedure has made pos¬ 
sible the satisfactory matching of coils of 
this nature. 

Data on Actual Meter 

It is interesting to note how these ob¬ 
servations are confirmed iu a sample 
meter built to take advantage of this high 
efficiency heat generation thus giving a 
high torque bimetal meter. Figure 9 illus¬ 
trates such a meter and Figure 10 gives 
its wiring diagram. The most important 
operation characteristics are tabulated in 
Table I and indicate the possibilities 
which may be utilized in development 
along these lines. Important is the fact 
that generation of heat in the bimetals 
allows such rapid diffusion of heat that 
there are possibilities that the necessary 
voltage heat-up before test can be short¬ 
ened and that the time deflection curves 
actually will follow the desirable simple 
exponential curve. 

Conclusions 

A great deal must be discussed in 
elaborating on the various time-deflection 
characteristics obtainable in thermal watt- 
demand meters but experience has in¬ 
dicated that since demand is not an exact 
quantity, and since rate structures must 
vary for different classifications of load, 











the various kinds of characteristics dis¬ 
cussed above all seem to be satisfactory 
for most demand measurements. 

Accuracy of thermal meters today is 
considerably better than it was several 
years ago, and sturdiness, together with 
high torque, are desirable qualities to 
sustain this greater accuracy. 

This high torque is obtainable with the 
time-tested bimetal type of thermal watt¬ 
meter by taking advantage of the "in¬ 
ternally heated" principle which gives 
maximum heat transfer efficiency and 
gives a time of response characteristic 
much closer to the ideal simple expo¬ 
nential than has been attained in com¬ 
mercial meters in the past. 

The preceding data of a typical meter 
developed to give high torque by means 
of internally heated bimetal construction 
indicates that a superior all-around meter 
has been designed, and that this principle 
of operation is worthy of consideration as 
the basic design of thermal watt-demand 
meters. 


Appendix A ' 1 


The general time-deflection response 
equation is developed here for a device 
indicating the difference in temperature of 
two Similar bodies connected by a thermal 
shunt when constant heat inputs (or zero 
input) is applied to each body, the bodies 
starting at any initial temperature or tem¬ 
perature difference. 

Let 


Hi = rate of heat applied to A (gram calories 
per second) 

H 2 =rate of heat applied to B (gram calories 
per second) 

ft=thermal conductivity from A or B to 
ambient (gram calories per second per 
degree centigrade) 

Q — thermal conductivity of shunt (gram 
calories per second per degree centi¬ 
grade) 

0oi“initial temperature of A (degrees centi¬ 
grade) 

002“initial temperature of B (degrees centi¬ 
grade) 

0i=instantaneous temperature of A above 
0oi (degrees centigrade) 

0 2 =instantaneous temperature of B above 
002 (degrees centigrade) 

M —heat stored in A or B per degree centi¬ 
grade (gram calories) 

The conservation of energy equations be¬ 
come 


Hidt -<2(0i - 02+0oi -0<a )dt =ft(0oi+0i)d*+ 

MdOi 

Hxdt-\-Q(,8\ — 02+0oi - 0<n)dt =ft(0oi+02)d*+ 

Mddt 

Let 


0oi —002 = Wo and (0oi+0i) — (0os+02) 
= W and 01—02= Ws 
d0i+rf02 = ^(0i +0a) =dWi 


The time-deflection response of thermal 
meters is proportional to the temperature 
difference W. 

Then by subtraction and substitution 

C Hi-Ho)dt-2Q(Wi+W Q )dt= 

h(Wi+W 0 )dt+MdW t 

dt M M M 

Let 

p=d/dt, and 1 = Heaviside’s unit operator 
(see reference 4) 


Prom simplJ^operational calculus 



l-e m 1 _ 1—e m 1 ]Wo 
By definition above 
W=W t +Wo 

t Hi-7*2-1 r -4±2Sfl 

iWJL 1 -' K r w * 

Let 


£4 


h+ZQlrrr [ ^-Ht 

irni.Tr 


h+2Q 

M 



#1-7*2 

h+2Q 


— Wi and 


h+2Q , 

~ir~ k 



Then 

w=Wi(i-(T u )+w<*r* 1 


Appendix B 






The response of an object such as a theo¬ 
retical thermal watt-meter is developed here 
for three conditions of loading: 

(а) . Where the load is any function of time. 

(б) . Where the load is constant. 

(c). Where the load increases at a constant rate. 

The response is of such a nature that it is 
directly proportional to the temperature of 
a mass where the mass is supplied with a 
heat input proportional to the load; and 
this input is utilized both in raising the 
temperature of the mass and in supplying 
the heat escape which is proportional to the 
temperature of the mass. 

Let 

ft=thermal conductivity from mass to 
ambient (gram calories per'^second 
per degree centigrade) 


Figure 9. Single-phase watt-demand meter 

15 amperes, 240 volts, 60-cycle, three-wire 


Figure 10. Wiring 
diagram for single¬ 
phase watt-demand 
meter 

1. Calibration ad¬ 

justment 

2. Kilowatt indica¬ 

tor 

3. Maximum - de¬ 
mand indicator 

4. Friction clutch 

5. Zero adjustment¬ 

spring 

6. Potential trans¬ 

former 

7. Thermostat metal 

,8. Current trans¬ 
former 

9. Drive gear 



LOAD 
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Table I. Characteristics of a|$5-Ampere 240-Volt Three-Wire Single-Phase Thermal Watt- 

Demand Meter 

(Typical Average Values for an Experimental Internally Heated Design) 


Torque (full-scale). 

Scale length. 

Power factor influence (7.2 kw) ( 0.5 pf lag. 

referred to pf 1.00 10.5 pf lead. 

Frequency influence 

referred to 60 cycles. 

Temperature influence (12.0 kw, 1.0 pf) i +50 C 
referred to 25 C 1 —20 C 

Voltage influence (10% change in voltage) 

referred to rated voltage. 

Rising time-deflection curve shape. 

Demand interval. 

Watts loss f Potential (240 volts)... 

( Current (12 kw, pf 1.0). 

Size. 


. 2,200 g-mm 
. Approximately 4 inches 
.Less than 2% 

.Less than 2% 

. Negligible 
Less than 2% 

Less than 2% 

.Less than 2% 

“Simple exponential” 

(Figure 2B, curve fi) 
Approximately 17 minutes 
2.5 
9.0 

Standard single-phase watt-hour 
meter size 



Figure 11. Indication lag of a thermal watt- 
demand meter on a constantly increasing load 

x—points for curve 


hf(t\) =rate of heat applied (gram calories 
per second) 

9 =temperature (instantaneous) of mass 
which is proportional to meter de¬ 
flection (degrees centigrade) 
l = time (minutes) 

W =angular deflection 

The conservation of energy equation be¬ 
comes 


hf(t 1 )dt=h0dt+Md9 

Then 

dQ h h 

J [ =J £ l f Vi)-6 ] = k [f(t l )-e] where &=»- 

Let 

d 

—and 1 = Heaviside’s unit operator (see 
reference 4) 

(p+k)9=kf(h) 1 

From Borel’s theorem: 

P l = e -«x 


y*(p)=f c/i) i 

e = ke ~ h(t ~ h) f(li)dk 


(la; 


This shows that the temperature 6 o: 
the indication W is proportional to the sun 


of all the instantaneous values of f{h) each 
multiplied by a factor, £-*(*-‘0, which de¬ 
creases exponentially as the time, t\, of 
the instantaneous value of f(t x ) is taken back¬ 
wards from the time, t. The value t is 
the time of the instantaneous value of the 
indication W or temperature 0 being con¬ 
sidered. 

(а) . This function, 

[f(h)]K k «- h) ]dk 

can be designated by definition as the 
logarithmic average of f(h) at any time, t, 
and is the value a simple theoretical thermal 
watt-demand meter indicates. 

(б) . If /(/i) is a constant such as W\ after 
starting from zero indication, the expression 
becomes 

JFi(l—€~ w ) 



. A A ... 
Al -k + k e 

where A =0.2 
Jt =0.135 

(demand interval = 17 minutes 


Also since the deflection, if it followed 
watts input, instantaneously would be pro¬ 
portional to At. 

And since the deflection, after (lie tran¬ 
sient term becomes small, is At—A/k; 
therefore the reading will lag in deflection 
by A/k, and since the rate of change of 
deflection is A, the reading will lag in time 
by l/k. 
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Practical Calculation of Circuit Transient 

Recovery Voltages 


J. A. ADAMS W. F. SKEATS 

ASSOCIATE AIEE MEMBER AIEE 

W HILE there have been a number of 
papers on recovery voltage and its 
effect on the operation of circuit-inter¬ 
rupting devices, and although the tran¬ 
sient recovery voltage and its character¬ 
istic are assuming a more important place 
in the design and application of circuit 
breakers with the growth and increasing 
capacity of power systems, there has not 
been available to the average power- 
company engineer a convenient method 
for determining this characteristic. The 
present paper offers such a method and 
also tabulates capacitance data for the 
more important circuit elements. 

This method was developed in con¬ 
nection with a survey conducted by the 
Association of Edison Illuminating Com¬ 
panies to obtain a comprehensive picture 
of existing circuit recovery-voltage con¬ 
ditions. In order to review the charac¬ 
teristics for practically all breaker loca¬ 
tions on the six power systems studied, it 
was necessary to develop a method that 
could be applied with minimum effort and 
time. The results of this survey are 
given in the companion paper, "Transient 
Recovery-Voltage Characteristics of Elec¬ 
tric-Power Systems,” by H. P. St. Clair 
and J. A. Adams. 11 

For different locations having the same 
voltage and short-circuit current duties, 
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mittee on protective devices for presentation at 
the AIEE summer convention, Chicago, III., 
June 22-26, 1942. Manuscript submitted May 4, 
1042; made available for printing May 19,1942. 
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is switchgear engineer for Allis-Chalmers Manu¬ 
facturing Company, West Allis, Wis. 


R. C. VAN SICKLE J. G. A. SILLERS 

MEMBER AIEE ASSOCIATE AIEE 

the transient recovery characteristic may 
vary with high-voltage values of approxi¬ 
mately the same magnitude occurring 
over a time range of almost one hundred 
to one. From one end of this range to the 
other considerable differences may occur 
in the performance of some types of 
breaker. However, a moderate change in 
time to the first high peak usually pro¬ 
duces a comparatively small change in 
breaker performance; a change in this 
tifflp of ten to one, for instance, might 
produce a two-to-one change in arc 
length. In this situation it will be obvious 
that high accuracy is not required in the 
determination of the recovery transient, 
so that approximations which might be 
intolerable in some other applications be¬ 
come here quite permissible. This is 
very fortunate, for the circuits involved 
are far too complex for precise mathe¬ 
matical analysis and in many cases do 
not lend themselves well even to minia¬ 
ture system analysis. With a certain 
amount of approximation, however, these 
circuits may be simplified to the point 
where a mathematical solution is not too 

Figure 1. Representative recovery-voltage 


arduous. It is believed that the method 
outlined below will give results with an 
error of less than 20 per cent, which is 
considered quite reasonable. Tests have 
shown that in some cases much greater 
accuracy can be expected. Only sufficient 
discussion is given to explain the method 
of calculation and for a more complete 
analysis of the problem reference should 
be made to the various papers listed in 
the bibliography. 

Definitions and Basis of Calculation 

The circuit recovery voltage is the volt¬ 
age that appears across the contacts of a 
circuit-interrupting device immediately 
after it opens the circuit. Just before 
interruption the voltage across the con¬ 
tacts is limited to the arc voltage, and at 
the instant the arc is extinguished the 
voltage attempts to recover to the gen¬ 
erated value. Since most short circuits 
are limited principally by reactance, in 
the usual case of a symmetrical current 
wave, the generated voltage is near its 
peak value when the circuit is interrupted 
at current zero and, therefore, the voltage 
recovery is from practically zero to peak 
voltage. This recovery is prevented from 
taking place instantaneously by the ca¬ 
pacitance of the circuit and, because of 
the circuit characteristics, it may oscillate 
at high frequencies to nearly double its 
final value. Usually the capacitances in¬ 
volved are very small, and the recovery 
occurs in a matter of microseconds. For 


-»-FAU LTED. FEEDER 



November 1942, Vol. 61 Adams, Skeats, Van Sickle, Sillers—Transient Recovery Voltages Transactions 771 




Figure 2. Simplified ap¬ 
proximation of Figure 1 



Figure 3. Simplified approximation 
of Figure 2 


Table II. Capacitance of Circuit 3 


Microfarads 


Leads to 2 transformers.2 X0.584 = 1.168 

2 transformers.2 X 0,0048=0.0096 

2 generators.2X0.13 <=0.26 

2nd bus section (similar to 

first). =>0.02 

4 lines.•. =*4.0 


5.4576 
(Use 5.45) 


successful interruption the dielectric 
strength between the contacts of the inter¬ 
rupting device must exceed at all times 
the transient recovery voltage. 

The method of calculation gives the 
circuit transient recovery-voltage char¬ 
acteristic and does not take into account 
any modifying action that the breaker 
may have on the characteristic. On an 
actual circuit the recovery-voltage char¬ 
acteristic may be modified by one or more 
of the following factors: 

1. Asymmetry of the current wave. 

2. Decay of flux in the generators during 
short circuit. 

3. Arc voltage drop in the fault. 

4. Arc voltage drop in the breaker. 

5. Conduction current in the breaker after 
current zero. 

These factors usually reduce the 
severity of the recovery-voltage character¬ 
istic. In order to compare calculated 
with test results, it is necessary to account 
for these factors when analyzing oscillo¬ 
grams obtained on test. 

The calculation of the transient re¬ 
covery-voltage characteristic involves the 
determination of the natural frequencies 
and voltages of the circuits affecting the 
recovery voltage from the inductances 
and capacitances of these circuits, and the 
combination of these values to obtain the 
voltage wave across the open breaker con¬ 
tacts. It is often not sufficient to obtain 
only rate of rise to the first peak, as this 
peak may be relatively low in comparison 
with some later peak which may be more 
important from the standpoint of breaker 
interrupting ability. Therefore, it is im¬ 
portant to obtain a fairly complete volt¬ 
age characteristic. The envelope over the 
wave is usually sufficient for this purpose. 

Method of Calculation 

The complete recovery-voltage circuit 
includes the inductance and capacitance 
of each piece of apparatus and of each 
line and connection. The mathematics is 
considerably simplified if distributed 
cap acitances such as occur in transmission 
lines and cables are replaced by lumped 
values. Figure 1 shows a representative 


circuit resulting from this simplification. 
This circuit might correspond to that for 
a feeder breaker with a reactor on the 
feeder side of the breaker and a fault im¬ 
mediately beyond the reactor. Between 
the breaker and the feeder reactor is a 
capacitance to ground which is contrib¬ 
uted by half of the breaker, half of the 
reactor, and the conductor between thetn . 

On the bus side of the breaker is the 
capacitance of the bus and connected 

Table I. Capacitance for Circuit 1 


Micromicrofarads 


Reactor.. 

Breaker and bushing.170 

8 bus insulators—3 X12.36 

V of connections—7X7.49 

Total capacitance.... 365 


equipment. There are shown lumped re¬ 
actances corresponding to generator, 
transformer, and feeder reactors. Trans¬ 
formers themselves are also represented 
here since they constitute substantially 
lumped reactances with a comparatively 
small amount of capacitance. Beyond 
these lumped reactances will be found the 
relatively large capacitances of generators, 
transmission lines, and cables, and, finally, 
completing the circuit, the additional re¬ 
actances of the sources themselves. 

The circuit shown in Figure 1 is too 
complex for convenient treatment and so 

Figure 4. Station single-line diagram 

♦Breaker for which calculation Is made 


by paralleling reactances and capacitances 
in the source circuit and also in the out¬ 
going feeder circuit, it is reduced to the cir¬ 
cuit of Figure 2. This involves an approxi¬ 
mation which would not be permissible 
in very precise work but will, in general, 
be satisfactory for the present purpose. 

In a similar manner the circuit of Fig¬ 
ure 2 is reduced to that of Figure 3. 

It is possible to go immediately from 
the circuit of Figure 1 to the circuit of 
Figure 3 by means of the following pro¬ 
cedure. 

1. Determine the parallel reactance of all 
reactors connected to the bus except the 
one on the faulted line. Use the correspond¬ 
ing inductance as la. 

2. Add together all the capacitances con¬ 
nected on the left side of these reactors. The 
resulting sum is C*. 

3. Determine the inductance correspond¬ 
ing to the reactance limiting short-circuit 
current on the bus. Subtract L u from this 
inductance. The result is Z 9 . 

The transient corresponding to each of 
these circuits consists of a number of 
oscillations of different voltages, different 
frequencies, and different damping fac¬ 
tors. Each of these oscillations considered 
by itself starts from zero and leaves a 
certain voltage across the breaker when 
it has died down, oscillating in the mean¬ 
time between zero and twice that voltage 
value as shown in Figure 19. Figure 11 
shows a transient in which a n umb er of 
these oscillations are combined. The 
equation for such a transient is 

E=ei(\-C a '- t cos 2x/ l <)+ 

Ca(l— cos 2 vfat) + 

«*(1 “ c -0,< cos 2 vf»f) 
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Figure 6. Equivalent circuit—three-phase 


Figure 5. Reduction of system to three 
circuits 

where «i, e% e%. . . are the voltages as¬ 
sociated with the various oscillations, 
fi, fit fa • • • are the corresponding fre¬ 
quencies, and ax, a 2 , a 3 ... are the re¬ 
spective decrement factors. Each of 
these oscillations may be considered to 
be associated with one inductance-ca¬ 
pacitance pair (sometimes modified by 
the presence of the remainder of the 
circuit), and the voltages and fre¬ 
quencies are determined from the induct¬ 
ances and capacitances of these pairs. 

Where an inductance and capacitance 
stand by themselves, as do I* and Ci in 
Figure 3, the frequency associated with 
them is given by the well-known formula 

2ir VlC 

and the voltage is equal to normal crest 
voltage times the ratio of the particular 
inductance concerned to the total in¬ 
ductance of the circuit. Where two ad¬ 
jacent circuits are coupled inductively or 
capadtively, however, they will react on 
each other, and this must be taken into ac¬ 
count in determining frequencies and volt¬ 
ages. Boehne 8 has developed a method 
for doing this with two circuits so coupled. 

Quite often with two adjacent circuits, 
the frequency of the first circuit is much 
higher than that of the second circuit, 
and the coupling capacitance is so high 
that it offers negligible impedance to cur¬ 
rent in the first circuit. In such a case 
fairly accurate results may be obtained 
by solving the two circuits independently. 
This is particularly helpful, where there 
are three or more adjacent circuits, in 
reducing the number to two so that 
Boehne’s procedure can be applied. 

Table III. Voltage Distribution 


Circuit 

Inductance 

Per Cent 
Voltage 

Volts 

3 A . 

.0.000386 {Lb). 

... 10.0.. 

.. 1,690 

1A..... 

.0.000865 (La). 

...23.5.. 

.. 3,970 

1 ..... 

.0.002020 

•»« 54•5.• 

.. 9,210 

3 . 

.0.000445 

... 12.0.. 

..2,030 


0.003698 

...100.0.. 

..18,900 


The decrement factors involve the re¬ 
sistances associated with the circuits. 
Since it is difficult to carry resistance 
values through these reductions, and 
fairly wide variation in decrement factor 
introduces comparatively small variation 
in the initial part of the curve, an ap¬ 
proximate value for the decrement factor 
can be used for all circuits. In the survey 
referred to above, a factor which gave a 
decrement to 85 per cent of the initial 
value at the end of the first half-cycle was 
used for each oscillation. This factor 
gives a decrement to 20 per cent of the 
initial value in five cycles. This was 
based on observation of the decrement 
indicated in a number of cathode-ray 
oscillograms taken on actual circuit inter¬ 
ruptions. Figure 19 shows a wave with 
this decrement. 

This method must be considered to be a 
very much simplified one which will give 
results with reasonable accuracy in a 
great many cases. While it would be more 
accurate to consider both positive- and 
zero-phase-sequence values for all circuits, 
this will introduce additional complication 
which does not seem to be warranted ex¬ 
cept in special cases. Caution should be 
exercised, particularly where a higher 
degree of accuracy is desired, in simplify¬ 
ing circuits by the method suggested to 
avoid introducing unnecessary errors. 

Inductances for circuits and equipment 
can be obtained from the reactance data 
used for short-circuit calculations. Ca¬ 
pacitance data can be obtained by direct 
measurement when the circuit can be 
isolated, and when measuring equipment 
is available. However, if this is imprac¬ 
tical, sufficient accuracy can be obtained 
by summation of the capacitances of the 
various circuit elements. Capacitances of 
equipment can be obtained from the 
manufacturers, the capacitances of cables 
and wires can be determined from stand¬ 
ard formulas given in most handbooks, 
and those of copper connections in cells 
can be estimated by graphical methods. 8 
Some data are given in the appendix for 
the more important circuit elements. It 
is extremely important that the capaci¬ 
tances of the higher-frequency circuits be 


estimated accurately, especially when the 
voltages associated with them are a rela¬ 
tively high proportion of the total voltage. 

The following example illustrates the 
method of calculation. While there are 
various methods of simplification for cir¬ 
cuits, only a few possibilities are illus¬ 
trated. Various factors are brought out 
in the discussion of this example which 
have not been covered in the foregoing. 

Example 

This calculation obtains the transient 
recovery-voltage characteristic for the 
first phase of a breaker to open a three- 
phase ungrounded fault on a generating 
station feeder. The fault current is 
limited by reactors installed close to the 
breaker, with the result that the capaci¬ 
tance is low between the breaker and reac¬ 
tor, and the rate of rise of the transient 
recovery voltage for this portion of the 
circuit is extremely high. It will usually 
be found that circuits of this type give 
severe recovery-voltage characteristics. 

The single line diagram of the station is 
shown in Figure 4 with breaker positions 
indicated and reactance values given on a 



21 IN. 


Figure 7. Flux plot for lead run In switch 
house 
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Figure 8. Equivalent circuit—reduced 

100,000-kva 13,800-volt three-phase basis. 
In general, more severe recovery condi¬ 
tions are obtained when some circuits are 
disconnected, because this reduces the 
capacitance of the system. In analyzing 
the recovery characteristics of a system, 
it is advisable to consider probable operat¬ 
ing connections for both normal and 
emergency conditions and to calculate the 
recovery characteristics for the one most 
likely to produce severe characteristics. 
This is analogous to the determination of 
short-circuit duty in applying circuit 
breakers. 

The system can be reduced to three 
principal circuits limiting the fault cur¬ 
rent, Figure 5. These three circuits con¬ 
sist of: 

1. A circuit from the fault to the breaker. 

2. An equivalent circuit, the reactance of 
which is the parallel reactance of all reactors 
connected to the bus except the reactor on 
the faulted line. 

3. An equivalent circuit representing the 
remainder of the system reactance. 

The fault has been assumed to be a 
three-phase ungrounded short circuit, and 
the recovery characteristic is calculated 
for the first phase to dear, since this com¬ 
bination gives the most severe recovery- 
voltage characteristic. If it were con¬ 
sidered impossible to obtain this type of 
fault, and, for example, only a phase to 
ground fault could occur, then the prob¬ 
lem would reduce to a consideration of 
one phase only. 

Phase-to-neutral capacitances are used 
for the three-phase ungrounded-neutral 
fault case. For most apparatus and for 
endosed busses and connections these 
will usually be the same as phase-to- 
ground values. 

At the time of dearing of the first pole, 
the second and third poles of the breaker 
are substantially dosed circuits, and the 
circuit for the corresponding transient 
will be an outgoing circuit, consisting of 
the phase of the first pole to dear, in 
series with a return circuit consisting of 
the other two phases in parallel. Thus 
the return circuit will have just half the 
inductance and twice the capadtance of 
the outgoing circuit. 

Introducing capadtances into the cir¬ 


cuit of Figure 5 and paralleling the second 
and third phases, the circuit becomes that 
shown in Figure 6. The values of the con¬ 
stants are determined by the following 
method. 

Circuit 1 


Table IV. Times to First Peaks 


Circuit MicrosecO» < ** r 


3 A .162 

1A . 67 

1 . 2.0 

3 .155 


The inductance will be that of the re¬ 
actor in the faulted line. On the 100,000- 
kva 13,800-volt three-phase base, the re¬ 
actance is 40 per cent, which is equivalent 
to an inductance of 0.00202 henry. 

The capadtance will be that of the con¬ 
nections between the breaker and the re¬ 
actor, including one end of the reactor 
and one half of the breaker. The 
capadtances of equipment are obtained 
from the tables in the appendix. 

The capadtance of the connection was 
determined by means of the flux plot, 
Figure 7. This is a scale drawing of the 
conductor and the inside of the concrete 
cell with lines of flux and equipotential 
surfaces drawn in. The capadtance is 
calculated from the following equation: 

w 

C =2.7— micromicrofarads per foot 
l 

where 

w =number of tubes of flux=34 
l =number of cells per tube=13 
34 

C—2.7— =7.06 micro-microfarads per foot 
lo 

The total capadtance for drcuit 1 is 
obtained by summation of the capaci¬ 
tances of the various parts, as shown in 
Table I. 

Circuit 2 

The reactance is equivalent to the 
parallel reactance of all reactors con¬ 
nected to the bus, except those on the 
faulted line. This parallel reactance is 
1.83 per cent, equivalent to an inductance 
of 0.000093 henry. 

The capadtance indudes that of one 
half of the breaker on the faulted line, the 
connections from this breaker to the bus, 
the bus, and the connections from the bus 
to and including one half of the reactors. 
This is obtained by the method used for 
drcuit 1 and is 0.02 microfarad. 

Circuit 3 

The inductance of the equivalent source 
reactance can be obtained by determining 


the equivalent system reactance fox' 11 
bus short circuit and subtracting tli*-* 
reactance of the equivalent reactor 
circuit 2. 

From a short-circuit board study tli^ 
bus fault current was determined to 1 ,< -’ 
47,400 amperes, which is equivalent to 
reactance of 8.8 per cent on a 100,00**" 
kva 13,800-volt three-phase base. Sxil >* 
tracting the equivalent reactance of cir¬ 
cuit 2 

8.8—1.83 = 6.97 per cent 

which is equivalent to an inductance of 
0.000352 henry. 

The capadtance of this drcuit is coil - 
sidered to be that from the reactors to tlic 
next large lumped reactance such a.s si 
transformer or generator. Actually in 
the case of a transformer there will Tie 
additional dreuits beyond the trans¬ 
former, but for practical purposes these 
usually need not be analyzed separately* 
In this case the leads to the trans¬ 
former banks consist of two 2,000,000 cir¬ 
cular-mil lead-covered cables per phase 
which have a total capadtance of 0.584 
microfarad. 

The transformers are General Electric 
Company rated 20,000-kva 13,800— 

69,000-volt three-phase, and are delta- 
connected on the low-voltage side. From 
Figure 13, and the method explained, in 
the appendix, the capacitance is 4,SO(> 
micro-microfarads. 

The generators are General Electric 
Company, rated 75,000-kva 13,800-volt 
three-phase. Substituting in the equa¬ 
tion given in the appendix: 

C= 0.0187— r 75 — 

V 13.8(1+0.08X13.8) 

=0.26 microfarad per phase 

One half of this capadtance is considered 
concentrated at the generator terminals. 

The lines are 3X350,000 circular-mil 
cable with an average length of two miles 
and a capadtance of 0.5 microfarad per 
mile. Since the lines are short, the total 
capadtance is effective, which for tlxe 


Figure 9. Equivalent 
circuit—rearranged 


0.000222 h 0.00101 h 0.00202 h 0.00044Sh'~ r 



—— 

- i_0.0Q_r— 

r—O 0--| 

pMr— 

10.90 

0.5 

jxf 0.0003S5 

E? 5.45 


(3A) 

(1A) 

0) 


(3) 
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Table V. Recovery Voltage 


-A--B- *J 

Figure 10. Circuits 1 A and 3 A 


four lines is four microfarads. The 
capacitance of the station light and power 
section is negligible in comparison with 
that of the cables. 

The total source capacitance is shown 
in Table II. 

Fault Capacitance 

Since the fault is ungrounded, there is a 
capacitance to ground at this point which 
consists of the three conductors of the 
open circuited line. Assuming the fault 
to be on a short line of 3,500 feet of 3X 
350,000 circular-mil cable, the equivalent 
length of line to use for obtaining the 
fault capacitance can be obtained from 
the following equation which is explained 
in the appendix: 




where 

L— inductance of the return circuit= 
0.001232 henry 

l — 1 /1 zero-phase-sequence inductance per 
mile of line in henries = 5 0.00067 henry 


therefore 


<7)' 


0.001232 
0.00067 ' 


> 1.14 miles 


Since M is greater than the actual length 
of line, the total capacitance to ground of 
the line is used. For 3 X350,000 circular- 
mil cable the zero-phase-sequence capaci¬ 
tance is approximately one half the posi¬ 
tive-phase-sequence capacitance, 9 or 0.25 
microfarad per mile. The fault capaci¬ 
tance is three times the zero-phase-se¬ 
quence value, or 0.5 microfarad for 3,500 
feet of cable. 

Equivalent-Circuit Reduction 

The upper part of the equivalent cir¬ 
cuit, Figure 6, represents the first phase of 
the breaker to open, and the lower part 
represents the other two phases in parallel. 
The voltage will be distributed around 
the circuit approximately in proportion to 
the inductances, and the frequencies will 
be determined by the inductances and 
capacitances. 

This diagram is simplified as explained 
below. Some of the reductions are approxi¬ 
mations, but it is believed that they are 
sufficiently accurate for practical purposes. 


Time 

Micro¬ 

seconds 


Circuit 3A 
1,690 Volts 


Circuit 1A 
3,970 Volts 


Circuit 1 
9,210 Volts 


Circuit 3 
2,030 Volts 


2 . 6 .... 

• - . . 

. . — . , 

. .0.04.. 

— 

.. 1.0. 

...17,000.. 

• • • • 

• • ' • • • • 

. 17,000 

67 .... 

.0.41.. 

• • 1,250 • • 

..1.00.. 

. .7,350.. 

..25.8. 

... 9,210.. 

..0.43.. 

..1,620- 

.19,430 

100 .... 

.0.62.. 

..2,230.. 

..1.50.. 

. .3,970.. 

. .38.4. 

... 9,210.. 

..0.65.. 

..2,840_ 

.18,250 

120 .... 

.0.74.. 

..2,700.. 

k • 1.80.• 

..1,550.. 

..46.0. 

... 9,210.. 

..0.77.. 

..3,370_ 

.16,830 

140 .... 

.0.86.. 

. .3,000.. 

.. 2 . 10 .. 

..1,270.. 

..54.0. 

... 9,210. . 

..0.90.. 

..3,700- 

.17,180 

156 .... 

.0.96.. 

..3,120.. 

..2.32.. 

. .2,460.. 

. .59.5. 

... 9,210.. 

..1.00.. 

..3,760- 

. 18,550 

162 .... 

.1.00.. 

..3,120.. 

..2.42.. 

..3,260.. 

..62.3, 

... 9,210.. 

..1.04.. 

..3,740- 

. 19,530 

180 .... 

.1.11.. 

..3,000.. 

. .2.69.. 

. .5,400.. 

..69.1. 

... 9,210. . 

. .1.16.. 

. .3,500_ 

.21,110 

190 .... 

.1.17.. 

..2,870... 

..2.84.. 

..6,120.. 

..73.0. 

... 9,210... 

..1.23.. 

..3,280_ 

21,480 


Since the voltage across circuit 2 will be 
small compared with that of circuits 1 and 
3, the error in adding the inductance of 
this circuit to that of circuit 3 will be 
negligible. Also, the error in neglecting 
the capacitance of circuit 2 and the 
capacitance of the two paralleled phases 
of circuit 1 will be small. By making 
these changes the circuit reduces to that 
shown in Figure 8. Figure 9 shows this 
circuit rearranged in a more convenient 
form for analysis. Since circuit 3 is 
separated from the rest of the circuits by 
the open breaker contacts there will be 
no interaction between it and the other 
circuits, and, therefore, its frequency will 
be determined directly by its inductance 
and capacitance. 

By inspection of circuits 1 and 1A, it 
is evident that the frequency of circuit 1 
is high and also that the 0.5-microfarad 
capacitance of circuit 1 A is large com¬ 
pared with the constants of circuit 1. 
Therefore, circuit 1 can be treated as an 
independent circuit. This may be proved 
by the following method if desired. 

* For two interacting circuits with similar 
characteristics, the voltages and fre¬ 
quencies can be obtained by the method 
developed by Boehne. 3 Applying this 
method to circuits 1.4 and 3.4, shown 
separately in Figure 10: 

L b 0.00101 , ee 

L a 0.000222 4 ' 


10.90 


= 0.046 


24,000 


20,000 


O 12,000 


From Figure 20 
iT s =2.3 

1 = 

X 2irVo.000222 X 10.9 X 10 " 8 

3,240 cycles per sec 

fB - / 1 = 

2x V 0.00101 X0.5X 10~ B 

7,100 cycles per sec 

f s =2.3 X3,240 = 7,450 cycles per sec 

, 7,100 _ , 

f R — =3,100 cycles per sec 

The true frequencies (f s and f R ) for 
these circuits, therefore, differ five per 
cent from the individual circuit fre¬ 
quencies (f A and/ B ). 

Determining the voltage distribution by 
Boehne’s method, using the magnitude 
curves, Figure 21: 

7s=3.9 
7*=1.65 

As a check on these values, Js+Jr 
should equal no+1 

7s+7«=5.55 
«o +1=5.55 

Lb — 1.65 X 0.000222 = 0.000366 henry 
L s =3.9 X0.000222 = 0.000865 henry 

These new inductances are 30 per cent 
and 70 per cent, respectively, of the total 
inductance of the two circuits compared 
with 17 per cent and 83 per cent for the 
original inductances. 

These new inductances are used to 


Figure 11. Recovery-voltage 
curve 
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100 200 
MICROSECONDS 

Figure 12. Envelope of recovery-voltage 
curve 


determine the voltage distribution for 
circuits 1.4 and 3.4. 


The voltage will be distributed in pro¬ 
portion to the inductances as shown in 
Table III. 

Recovery-Voltage Equation 

Substituting the voltages and fre¬ 
quencies in the recovery-voltage equation 
gives the following for the transient re¬ 
covery voltage of the circuit: 

«—1,690(1—e - ® 1 * cos 2*3,100/) + 

3,970(1—e"®** cos 2*7,450/)+ 

9,210(1—e"®** cos 2*494,000/) + 
2,030(1—6-®* cos 2*3,240/) 

First Peaks 

The first peaks of each of these waves 
occur when 

2 *-//=*- 


the envelope consisting of the curve up 
to the first peak and the dotted line join¬ 
ing the peak with subsequent peaks are 
shown. This requires the calculation of 
only a comparatively small number of 
points as shown in the table. The curve 
is shown in Figure 12. 

The rate of rise of the recovery voltage 
may be considered to be the rate of rise 
to the first peak. For this example it is: 

17,000 

rr= gQ =6,600 volts per microsecond 

Table VI. Total Capacitance to Ground of 
Single-Phase Core-Type Transformers 

Westinghouse Electric and Manufacturing 
Company 


Frequencies 

The circuit frequencies are determined 
as follows: 


Circuit 34—3,100 cycles per second, from 
/r above 

Circuit 14—7,460 cycles per second, from 
fa above 
Circuit 1 


__ 1 _ 

2*-\/0.00202 X 0.000335 X 10~ 9 


Circuit3 


194,000 cycles per sec 


_ 1 

2*-‘\/o!o00446><546><10~® * 

3,240 cycles per sec 


Voltage Distribution 

The total voltage around the circuit 
for a three-phase ungrounded fault will be 
1.6 times the phase-to-neutral voltage, 
that is, the crest value of the voltage of 
one phase plus the crest value of the mean 
of the voltages of the other two phases. 
For the system voltage of 13,800 volts: 

a/5 

«=■ 13,800—=1.5=16,900 volts 


therefore 



microseconds 


For these circuits, the times to first 
peaks are shown in Table IV. 

Recovery-Voltage Curve 

The method for the determination of 
points on the recovery-voltage curve is 
illustrated in Table V. The values under 
the heading t are time expressed as a 
fraction of time to the first peak of the 
corresponding wave. The corresponding 
voltages are obtained by using these 
fractions as abscissae for the decrement 
curve, Figure 19, and multiplying the 
corresponding ordinates by the voltage 
for the circuit as given in Table III. The 
total voltage at any time is the sum of 
the voltages of the individual circuits. 

The recovery-voltage curve out to the 
maximum peak is shown on Figure 11. 
Tiie labor involved in determining thla 
entire curve is considerable, however, and 
most practical purposes will be served if 


■ Capacitance in Micromicrofarads 


Kva 

115 Kv 

161 Ky 

230 Kt 

5,000... 

• •«• 2,550• • • 

....2,750... 


10,000... 

• • • • 2,450 • • • 

....3,650... 

....2,750 

15,000... 

• • • • 3,400. • • 

...3,650... 

.. .2,050 

20,000... 

....3,650... 

...3,650... 

.. .3,050 


The maximum rate of rise is the slope 
of the line passing through zero and tan¬ 
gent to the first peak. This is: 

rfmax=1.14 X 6,500 = 7,400 volts per micro¬ 
second 

As mentioned previously, the represen¬ 
tation and simplification of this circuit 
exemplifies only one of a number of gen¬ 
eral methods. The representation of dis¬ 
tributed constants by lumped constants 
sometimes requires more elements than 
at others, depending upon the circuit in 
which they are located. As the accuracy 
of the calculation depends upon the ac¬ 
curacy with which the circuit is repre- 

Figure 14. Capacitance of typical power trans¬ 
formers-—high-voltage to low-voltage and 
ground, single-phase, 60 cycles—data from 
tests (Allis-Chalmers Manufacturing Company) 
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GENERATOR KVA + RPM 0R l3<8KV 

Figure 15. Effective capacitance to ground 
of salient pole generator stator windings— 
one-half capacitance of one phase to ground- 
all curves are the average of a large number of 
calculated curves (Westinghouse Electric and 
Manufacturing Company) 

sented, as well as upon the assumptions 
made in simplifying it, both should be 
carefully studied. 

Appendix. Capacitance Data 

The following capacitance data are based 
on tests or computation by the manufac¬ 
turer of the equipment unless otherwise 
noted. 

Transformer Windings 

General Electric. Company. For single¬ 
phase transformers with concentric Wind¬ 
ings the total winding capacitance is given 
in Figure 13. These curves show only ap¬ 
proximate trends. Individual transformers 
may deviate considerably from them. 
For capacitance of windings rated less than 
13.8 kv, the 13.8-kv curve will apply. 

The effective capacitance concentrated at 
each end of the transformer winding is one 
half of the curve value. The capacitance 
should be determined using the line voltage, 
whether the transformers are connected wye 
or delta, since the capacitance depends on 
the insulation thickness which is determined 
by the operating voltage of the transformer. 

For a bank of transformers connected wye, 
one half of the capacitance of the trans¬ 
former winding, as determined from the 
curve, should be used when considering each 
phase of the system. For a bank of trans¬ 
formers connected delta, the capacitance per 
phase is equal to the value obtained from the 



KVA X 10* 


Figure 16. Effective capacitance to ground 
of turbine-generator windings—one-half ca¬ 
pacitance of one phase to ground (West¬ 
inghouse Electric and Manufacturing Company) 

Microfarad basis—13.2 kvj multiply capaci¬ 
tance by K for voltages other than 13.2 kv 


For three-phase transformers, the ca¬ 
pacitance per phase is approximately one 
half of the value given by the curve. The 
transformer kilovolt-ampere capacity to 
apply to the curves to obtain the capacitance 
is the three-phase kilovolt-ampere rating of 
the transformer. 

For Pyranol transformers, the capacitance 
values are 1.6 to 1.7 times the curve values. 

For a more complete discussion of these 
curves refer to “Equivalent Circuits of 
Transformers and Reactors to Switching 
Surges.” 7 

Westinghouse Electric and Manufacturing 
Company. Table VI gives total capaci¬ 
tance to ground of single-phase core-type 
transformers. Table VII gives total ca¬ 
pacitance to ground of single-phase shell- 
type transformers. The effective capaci¬ 
tance concentrated at each end of the trans¬ 
former winding is assumed to be one half of 
the total capacitance. 

Allis-Chalmers Manufacturing Company. 
The total winding capacitance for the high- 
voltage windings of various sizes of trans¬ 
formers are shown in Figure 14. The effec- 


C| >*■>'* 
2 



Figure 17. Capacitance distribution for auto¬ 
transformers 


tive capacitance concentrated on each end 
of the winding is assumed to be one half the 
total value. 

Autotransformers 

The capacitance of an autotransformer 
may be assumed to be distributed as shown 
in Figure 17. 

6 “total capacitance of autotransformer 
winding sis determined from curve or 
tabulation (determine for transformer 
kilovolt-amperes, not circuit kilovolt¬ 
amperes) 

» “ratio—low voltage to high voltage 
Ci “(l— n)C 
Ct=nC 

Capacitance at high-voltage line end will 
be C\/2 

Capacitance at low-voltage end connected 
to tap will be C/2 

Potential Transformers 

Westinghouse Electric and Manufacturing 
Company. Effective values, that is, one 
half the measured winding capacitance, are 
shown in Table VIII. 

Current Transformers 

Average values for total winding capaci¬ 
tances are given in Table IX. 

Induction Regulators 

To determine the effective capacitance of 
induction regulators, it may be assumed that 
one half of each total winding capacitance 
is concentrated at each end of the winding 
as indicated in Figure 18. 

« total capacitance of primary winding 
Cs-total capacitance of secondary winding 

Table IX. Total Capacitance of Current 
Transformers 


Capacitance 

Kv Micro- 

Class Type microfarads 


General Electric Company 

7.5-15.......... Indoor ....120 

15 .......... Outdoor ..........230 

Westinghouse Electric and Manufacturing Company 


curve, because there are two transformers 
connected to each line. 

Table VII. Total Capacitance to Ground of 
Single-Phase Shell-Type Transformers 

Westinghouse Electric and Manufacturing 
Company 


Capacitance in 
Micromicrofarads 


Kva 


115 Kr 


230 Kv 


10,000.. ,...........5,500.......... ... .6,900 

20,000............ .7,100.........,.7,700 


Table VIII. Effective Capacitance of Potential 
Transformers 

Westinghouse Electric and Manufacturing 
Company 


Kv 

Class 


Ratio 


Capacitance 

(Micro- 

microfarads) 


25.. .......... .23,000-115.. ^........ .180 

84.5.. :.........84,500-115........ 176 

46 .......... .46,000-115..185 

69 ..... .69,000-115...310 
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Figure 18. Capacitance distribution for in* 
duction regulators 


Thus the effective capacitance at the 
source end is equal to (C P +C s )/2 while the 
effective capacitance at the load end is 
C a /2. 

Effective values determined from test 
readings obtained from regulators on the 
Philadelphia Electric Company system are 
shown in Table X. 



Current-Limiting Reactors 

An average value for the effective ca¬ 
pacitance at each line terminal is approxi¬ 
mately 100 micromicrofarads in the usual 
cell structure regardless of rating. 

Generator Windings 

General Electric Company. The follow¬ 
ing equation for the total capacitance per 
phase for generator windings has been taken 
from Park and Skeats’ paper:* 

mva 

^ ~ A c /— microfarads 

Vkv(l+0.08kv) 

where the constant K e has the following 
values: 

Solid rouad rotors 0.0187 

Salient-pole generators without amortisseurs 0.0347 
Salient-pole generators with amortisseurs 0.0317 

and 

mva=rated capacity of generator megavolt- 
amperes 

kv=rated line-to-line voltage of generator 
in kilovolts 

One half of the value obtained from the 
equation should be considered concentrated 
at each end of the generator winding. 


Westinghouse Electric and Manufacturing 
Company. The effective capacitance per 
phase (one half the total capacitance per 
phase) is given in Figure 15 for salient pole 
generators, and in Figure 16 for turbine 
generators. 

Oil Current Breakers and Bushings 

The capacitance of an oil circuit breaker 
consists principally of the bushing capaci¬ 
tances. The values given in Table XI are 
for one bushing or for one side of an open 
breaker and should be multiplied by two 
where the circuit passes through the breaker. 

The capacitance of General Electric 
Pyranol-filled bushings is approximately the 
same as that of similar oil-filled bushings. 

General Electric type H breakers—15-kv 
(including bushings) 

One tank to ground 125 micromicrofarads 
Both tanks to ground 150 micromicrofarads 

Insulators 

Suspension-Type 

Standard duty (Westinghouse) 23 micromicro- 

fflrftds 

Higher strength (Westinghouse) 25-28 micro¬ 
microfarads 

Locke Insulators 

Rating and capacitance of Locke insu¬ 
lators are shown in Table XII. 


Figure 20. Frequency curves 

Bus Supports and Wall Bushings 

Indoor bus supports 12-25 micromicrofarads 
Wall bushings 100-200 micromicrofarads 

Lightning Arresters 

General Electric Company. Approxi¬ 
mately 20 micromicrofarads. However, 
this is subject to considerable variation de¬ 
pending upon design and voltage rating. 

Determination of 
Capacitance by Flux Plots 

In order to determine the capacitance of a 
bus or of a conductor by this method, 8 
a cross section of the conductor in the cell 
should be drawn to scale. If there are any 
grounded parts running through the cell, 
the flux path will be from the conductor to 
these parts. However, if the conductor is 
surrounded by a concrete cell, the walls of 
the cell can be assumed as ground potential, 
and the capacitance calculated on this 
basis. 

In the space between the conductor aud 
the grounded parts or cell wall, draw equi- 
potential surfaces and draw lines of flux 

Figure 21. Magnitude curvet 



Figure 19. Curve for determining 1 -<=-** 
cot cot for decrement to 20 per cent in 
five cycles 


1 — e~#.0«lo*< C p S 

tf In microseconds for any frequency !i= -■—• 

2 /■ 
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TableXII. Locke Insulators 


Table X. Effective Capacitance of Induction 
Regulators 


Table XI. Effective Capacitance of Oil Cir¬ 
cuit Breakers ' 


Effective Capacitance 

Source End Load End 
Micro- Micro- 
micro- micro- 
Regulator Rating and Make farads farads 


75-kva, 300/600-ampere, 2,500- 
volt, single-phase General 
Electric. 

6,250 

9 9 Ml 

72-kva, 300/600-ampere, 2,400- 
volt, single-phase Westing- 

house . 

48-kva, 200/400-ampere, 2,400- 
volt, single-phase Westing- 

house . 

34.5-kva, 150/300-ampere, 

2,300-volt, single-phase 



8,750.. 

...5,500 

4,750... 

.. .2,500 

General Electric... 

36-kva, 150-ampere, 2,400- 
volt, single-phase Westing- 

3,600... 

...1,600 

house. 

3,300... 

...1,500 


from the conductor to ground. These 
should be so drawn that the lines of force 
and equipotential surfaces cross at right 
angles, and so that the cells formed are ap¬ 
proximately squares. The lines of force 
should leave the conductor and enter the 
grounded surface at right angles. 

The capacitance of the section can then 
be determined by counting the number of 
tubes of flux between the conductor and 
ground and the number of cells in series in 
each tube and by calculating the capacitance 
from the following formula: 

w 

C=2.7j micromicrofarads per foot of 

length of conductor at right angles to the 
paper where 

w «the number of tubes of flux 
J=the number of cells in series per tube 


General Electric 


Company* Westing- 

—-- house 

With- Electric and 

out With Manu- 

Capa- Capa- facturing 

citance citance Company f 

Breaker or Bush- Tap Tap -*- 

ing Rating Micro- Micro- Micro- 


" -- micro- micro- 

Ev Amperes farads farads 



800. 

...196.. 


15 . 

1,200. 

...196.. 



2,000. 

...315.. 



3,000. 

...380.. 



600. 

...160.. 


25 . 

1,200. 

...160.. 



2,000. 

...270.. 



3,000. 

...335.. 



600. 

...150.. 


34.5...., 

11,200. 

... 150 



2,000. 




3,000. 



46 .... 1 

600. 

...145.. 



1,200. 

...145.. 


69 ....j 

600. 

...126.. 

.230 

1,200. 

...126.. 

.230 

92 ....j 

600. 

...163.. 

.280 

1,200. 

...163.. 

.280 

11K 1 

600. 

...163.. 

.294 


1,200. 

...163.. 

.294 

19Q i 

600. 

...160.. 

.306 


1,200. 

...160.. 

.806 

161 .... 

1 , 209 . 

...156.. 

.310 

196 .... 

1,200. 

...235.. 

.390 

230 .... 

1,200. 

...240.. 

.400 

287 .... 

1,200. 


• • . • 


micro¬ 

farads 


) 100-300 
150-425 
250-500 
300-700 


150-275 


250-315 

300-375 

340-435 

425-525 

400-500 


* Values apply to present standard bushings but 
will serve as a reasonably accurate approximation 
for bushings which are no longer standard. The 
former standard 400- and 800-ampere bushings 
have the same capacitance as the 1,200-ampere 
bushings listed here. 


t Capacitance increases with rated continuous cur¬ 
rent and rated interrupting capacity. 


Fault Capacitance 

The capacitance for a three-phase un¬ 
grounded fault consists of the capacitance 
to ground of the three conductors and of any 
equipment adjacent to the fault. Usually 
the capacitance of the cable or line will pre¬ 
dominate and that of the apparatus will be 
negligible in comparison. 

Any line or cable may be assumed, with 
little error, to be open at its far end. If 
such a line is short, it will behave substan¬ 
tially as if all its capacitance were lumped at 
the fault. If the line is long, on the other 
hand, it will behave for a considerable time 
like a resistance rather than a capacitance. 
Nevertheless, in the interest of simplicity, it 
is very desirable to represent the line as a 
capacitance; but if the entire capacitance of 
a long line is used, the resulting calculation 
gives an initial rate of rise which is much too 
low, and accuracy in this component is more 
important in the early part than later on. 
Consequently, an approximation has been 
adopted which consists in placing a limit on 


the length of line taken into consideration. 
This limit is set at a value such that the 
first reflection from the far end of the line, 
as limited, returns to the fault point after 
one-fourth cycle of the oscillation resulting 
from the corresponding value of capacitance 
in combination with the inductance of the 
return circuit. 

This limits the error in the first part of the 
transient to a maximum of about seven per 
cent of the total circuit voltage. In general, 
this maximum error will not occur at the 
time of an important peak in the recovery 
transient, and hence the effect on the re¬ 
covery rate from this source will usually be 
quite small. This limit in miles of line is 
given by the equation: 



where 


limiting line length in miles 


Catalog No. 

Rating 

Ev 

Capacitance 
of 1 Unit 
Micro¬ 
microfarads 

29,150. 

,... 15 

.'..15 

10,455. 

... 34.5 ... 

.25 

9,153. 

...46 

.11 

7,785. 

...115(3)*... 

.56 

9,473. 

... 7.5 ... 

.61 

23,070. 

... 15-23 ... 

.60 


* Three units of 7,785 are used for 116 kv. Above 
value is for one unit. Three units will have ap¬ 
proximately one-half the caDacitance of one unit 


£=» inductance of the return circuit in 
henrys 

V* zero phase sequence inductance in 
henrys per mile 

If M as calculated is equal to or greater 
than the actual length of the line, the actual 
length of the line should be used in determin¬ 
ing the fault capacitance. If M is less than 
the actual length of the line, this value 
should be used for the length of the line in 
determining the fault capacitance. 
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Electric Facilities and Operating Plan 
for the First Chicago Subway 

CHARLES E. De LEUW 

NONMEMBER AIEE 


Synopsis: The $64,000,000 subway project 
now being completed will provide long- 
needed rapid-transit terminal facilities in 
the Chicago downtown district The State 
Street subway will be completely equipped 
and in operation early in 1943 and will con¬ 
stitute a major contribution to the problem 
of handling additional traffic resulting from 
a decrease in the use of passenger automo¬ 
biles. 

This first subway route is five miles long 
and with fixed equipment will cost almost 
$34,000,000. The subways were built with 
track sections in tunnel—at low level. 
Platforms 500 feet long are provided at sta¬ 
tions, except in the congested area where 
there is a continuous island platform 3,300 
feet in length with access provided by mez¬ 
zanine stations in each block. 

All fixed equipment is being installed by 
the city. Despite the delay in securing 
equipment because of present scarcity of 
critical materials, the entire project will be 
built and equipped in a period of four years. 
This high-speed construction program re¬ 
quired expeditious planning of locations for 
all electric facilities. 

Power will be 600 volts direct-current. 
The 144-pound contact rail will be energized 
by existing substations and energy delivered 
by conventional positive and negative 
feeders, with contact rails reinforced with 
parallel feeders. 

Adequate sectionalization of the entire 
system is provided largely by automatic 
operation. Centralized supervisory control 
of the all-relay type includes most modern 
accessories, such as an illuminated dia gr am 
board and remote-control dispatching equip¬ 
ment. 

Train movements will be controlled 
throughout by a modem signal and electro- 
pneumatic interlocking system with auto¬ 
matic stops. Signals are spaced and ti med 
for operation of 40 tr ains per hour on oaAh 
track. Signals and other electric facilities, 
including lighting, pumps, fans, and escala¬ 
tors will have a-c power supply. 

Fluorescent lamps will be utilized at all 
subway stations. Lighting int ensitie s on 
mezzanine floors and station platforms will 
vary from six to eight foot-candles. Escala- 
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tors are provided at all stations. At the 
downtown and heavier outside stations two 
four-foot escalators are provided operating 
at a speed of 90 lineal feet per minute. 

The State Street subway will be operated 
initially by 455 steel cars now owned by the 
Chicago Rapid Transit Company. How¬ 
ever, new equipment will be modem stream¬ 
lined articulated units. The ultimate ca¬ 
pacity of the State Street subway as thus 
equipped will be 80,000 passengers per hour. 

The Initial Subway Project 

T HE $64,000,000 subway now being 
completed, is the first step in a 
comprehensive plan for .modernization 
and extension of all local transit in 
Chicago. The second step, now well 
under way, will be the consolidation of 
three separate and competing transit 
companies into a single unified corpora¬ 
tion. This will result in economies in 
operation and the elimination of un¬ 
necessary and costly duplication of service. 

The unification ordinance, granting an 
indeterminate franchise to the new uni¬ 
fied company, has been passed, and virtu¬ 
ally all of the preliminary steps taken, 
so that there now remains only lie formal 
approval by the present security holders 
of the reorganization plan, the approval 
of the issuance of new securities by the 
Illinois Commerce Commission, and the 
final approval by the voters at a refer¬ 
endum to bring to its final culmination 
, this objective which the city has sought 
for more than 25 years. . 

The third step will follow the granting 
of an indeterminate franchise to the new 
company and will consist of a thorough¬ 
going modernization of transit equip¬ 
ment, the substitution of trolley and 
motor busses for inefficient trolley-car 
service on about one third of the track 
mileage of the present surface-lines sys¬ 
tem, the extension of ahd improvement of 
service in intermediate and outlying areas 
of the city, not now adequately served 
with local transit, and the unifirafion of 
all facilities through universal transfer 
between rapid transit and surface routes. 

Function 

An understanding of the function of the 
new Chicago subways requires a brief out¬ 
line of the present local transit situation. 
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More than three quarters of the city’s 
traffic is carried by the Chicago Surface 
Lines, operating a comprehensive net¬ 
work of street-car and, in more recent 
years, trolley-bus and motor-bus routes. 
During the last two decades, this surface 
transportation system has been supple¬ 
mented by the operation of motor-bus 
routes, largely over the boulevards, by the 
Chicago Motor Coach Company, now 
carrying about seven per cent of the total 
traffic. The only form of urban rapid 
transit, other than that afforded by 
steam-railroad suburban roads, is that 
provided by the elevated railroad system 
operated by the Chicago Rapid Transit 
Company. However, unification of these 
companies will bring universal transfer 
and thus making rapid-transit facilities 
indirectly available to all. 

For years engineers have realized the 
inadequacy of the downtown terminal 
facilities of this system. Thirteen ele¬ 
vated tracks, four on the north side, six on 
the west side, and three on the south side, 
deliver their loads to a two-track loop in 
the center of Chicago (except for a limited 
number of trains handled in stub termi¬ 
nals). 

One of the principal objectives of the 
State Street subway is to provide terminal 
facilities for the rapid-transit lines to re¬ 
lieve the elevated loop. The loop, about 
two miles around, consists of two tracks 
both operating in the same direction. 
The cars using the inner loop must cross 
the outer-loop tracks at grade on both 
entering and leaving. 

In spite of interference between all 
trains at two points, the outer loop now 
carries at the peak of service 208 cars in 35 
trains during the maximum 30-minute 
period—see Figure i. The inner loop now 
carries 167 cars in 36 trains. Commonly 
accepted practice to move trains expedi¬ 
tiously is a maximum of 40 trains per 
hour, and the heavily traveled New York 
subways operate at a lesser frequency 
than this. As a result of this congestion, 
speeds on the Chicago elevated loop lag 
down to six or seven miles per hour, and 
overcrowding of trains results—even 
under present traffic conditions. 

The importance of additional terminal 
tracks for the Chicago rapid-transit sys¬ 
tem became vastly more important with 
the order rationing passenger automobile 
tires which became effective about the 
first of the year 1942. It has become evi¬ 
dent that public transportation agencies 
will be required to carry, not only the ad¬ 
ditional traffic resulting from the acceler¬ 
ated pace of commerce and industry due 
to war activities, but also an ever increas¬ 
ing group of passengers who now use auto- 
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Figure 1 (left). Chi¬ 
cago rapid-transit ear 
flow on the Union 
Loop during maxi¬ 
mum half hour, 
8:15-8j45 a.m., 

December 1941 


Figure 2 (right). Car 
flow on Union Loop 
and State Street sub¬ 
way during maximum 
half hour, 8:15-8:45 
a.m., expected in 
December 1942 



mobiles exclusively for their transporta¬ 
tion. 

Because most automobile traffic to and 
from Chicago’s downtown district is long 
haul traffic, it is estimated that most of the 
present automobile passenger load will be 
transferred to rapid-transit trains. Our 
estimates indicate that unless relief is af¬ 
forded by the operation of the State Street 
subway during the year 1943, it will be 
virtually impossible to operate enough 
cars over the existing union loop terminal 
to provide transportation with any rea¬ 
sonable loading standard. Figure 2 shows 
the estimated redistribution of present 
traffic after the start of operation of the 
State Street subway. 

Description of Subways 

The initial project consists of two ter¬ 
minal subways which will be operated 
with and become an integral part of the 
rapid-transit system. Route 1, the State 
Street subway, connects with the four- 
track north-side elevated route near Ar- 
mitage Avenue, 2 1 /* miles to the north, 
and extends along Clyboum Avenue, Di¬ 
vision Street, and State Street to a con¬ 
nection with the three-track south-side 
elevated route near 16th Street, l x /a miles 
to the south. This subway has a total 
length of 4.9 miles and is estimated to cost 
$33,750,000 including fixed equipment. 

Route 2, the Dearborn Street subway, 
is the first unit of an underground ter¬ 
minal system for west-side rapid-transit 
routes. The initial section extends from 
a downtown terminal loop to a connection 
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with the Logan Square elevated route, 
3 V 2 miles to the northwest of the down¬ 
town district. The total length^of route 
is 3.9 miles, and the total cost, including 
fixed equipment, will be approximately 
$30,400,000. Except for short sections 
near the terminals, the entire project was 
built with track sections in tunnel at low 
level. Reinforced concrete tunnel sections 
were utilized throughout. 

At each station platforms 500 feet in 
length are provided. At the three side- 
platform stations these structures consist 
of multiple arches—largely of reinforced 
concrete construction. Stations with con¬ 
tinuous island platforms 22 feet in width 
were built in the loop district proper. 
This construction consists of a multiple 
three-arch section—two large bores on 
each side accommodating the trains and a 
portion of the platforms, with a smaller 
arch sprung from longitudinal steel gird¬ 
ers supported by heavy steel columns. In 
general, stations are of the mezz anine 
type, constructed by cut-and-cover meth¬ 
ods and located as close as possible to the 
street surface. Figure 3 shows an artist’s 
perspective of the subway structure at a 
station. 

All architectural features were designed 
with a view to providing attractive, light, 
and well-ventilated stations. A type of 
finish is planned which, in addition to be¬ 
ing attractive, will stand wear and tear as 
well as the rigorous atmospheric condi¬ 
tions of downtown Chicago. 

As finally developed the plans for the 
mezzanine stations provide for reddish- 
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colored cement floors, scored in a tile 
pattern, light-colored structural glass 
walls, painted concrete ceilings, with dark 
(radio-black) marble column encasement, 
and metal doors and trim. Stairways 
have abrasive tile treads and glazed tile 
walls. The platforms are also to have 
colored cement floors, scored, with vari¬ 
ous colored paints on metal columns and 
all exposed metal—also on the arched 
ceilings. 

Construction 

Electrical Problems 

Since the subways were tunneled 
through the soft day underlying most of 
the tity, air pressure was used during 
m i n i n g operations, and one of the first 
electrical problems confronting the sub¬ 
way department was the regulation of the 
contractors’ dectric facilities, indiiding 
the service transformers, motor-driven air 
compressors, temporary dectric lighting 
and hoists. The specifications were writ¬ 
ten to provide safety to the men working 
under air pressure in the tunnels. To in¬ 
sure reliability the power company was 
required to provide two entirdy separate 
feeders from separate substations to each 
plant, each supplying a separate bank of 
transformers. Transfer switches were re¬ 
quired as well as high-class equipment and 
wire throughout. Tunnd lighting and 
air compressors were especially safe¬ 
guarded against failure. 

The design of the permanent electrical 
work in the structure had to be made fat in 
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advance of installation, because the con¬ 
duit requirements for the feeders and 
branch wiring, as well as the space re¬ 
quirements of the equipment, had to be 
known before the concrete was poured. 
This subway is virtually free from all ex¬ 
posed wiring and cable. 

Splicing chambers, circuit-breaker 
rooms, and machinery rooms all form a 
part of the underground structure. / The 
space requirements of these rooms, there¬ 
fore, is an important factor in the cost, 
and the electrical department had to be 
able to justify all space asked for. Ar¬ 
rangements had to be made with the 
power company for duct connections and 
transformer vaults, where necessary, so 
that these could be installed before the 
excavation was closed. Therefore, the 
electricalstudies were intensive, even while 
the mining operations were just beginning. 

Equipment Installed by City 

Under the provisions of the unification 
ordinance passed in 1940, the new transit 
company is obligated to install all equip¬ 
ment in city-built subways. However, by 
the spring of 1941 it had become apparent 
that the seemingly interminable delays 
incident to completing all preliminary legal 
and financial negotiations might result in 
the first subway being completed before 
the reorganization was effected. 

Therefore, the City Council, in May 
1941, by ordinance directed the Com¬ 
missioner of Subways and Superhighways 
to purchase and install the fixed subway 
equipment and to make arrangements 
with the trustees of the Chicago Rapid 
Transit Company for subway operation. 
Subsequently, the department proceeded 
vigorously with this work with the under¬ 
standing that the city will be subsequently 
reimbursed for all equipment expenditures 
by the new transit company. In this task 
our engineers have had the full co-opera- 
tionof the engineering staff of the Chicago 
Rapid Transit Company. 

Progress 

Basic subway construction on route 1 is 
complete. Theelevated-to-subwayconnec- 
tions at termini are now under construc¬ 
tion. Station finish, much of which was re¬ 
designed to reduce the quantity of critic a l 
war materials, is now 50 per cent complete. 

Anticipating some diffi culty in securing 
the large quantities of steel, copper, and 
rubber required for fixed subway equip¬ 
ment, orders were placed and contracts 
let for furnishing most of the necessary 
equipment late in the year 1941. The last 
such contract, for signals and interlocking, 
was placed during April 1942; subse¬ 
quently, contracts have been awarded for 
the installation of all traction power dis¬ 
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tribution equipment—work which is now 
under way. 

The War Production Board has recog¬ 
nized the importance of completing the 
State Street subway by assigning a proj¬ 
ect rating of A-10 in February 1942. 
Higher ratings have been assigned various 
suppliers and manufacturers as required, 
so that the completion of the entire State 
Street project, including equipment, ready 
for operation early in 1943, now seems 
assured. 

Power System 

Trains operating in the State Street sub¬ 
way will be routed through the subway in 
the central area from the present outly¬ 
ing elevated terminals. The power for 
the subway trains will therefore be the 
same as that used on the elevated system, 
that is, 600-volt direct-current on the 
contact rails with paralleling feeders and 
with a return to the substations through 
running rails, negative feeders, and, to a 
limited extent, through steel elevated 
structures. 

Substations and Feeders 

Because the State Street subway is gen¬ 
erally parallel to the present north and 
south elevated route, and because the 
downtown terminal traffic will be trans¬ 
ferred from the elevated system to the sub¬ 
way, the subway power requirements will 
not be entirely in addition to the present 
system power requirements. Therefore, 
it is practicable to use existing substations 
now supplying the transit system. In 
most cases, these substations are actually 
adjacent to the subway structure, al¬ 
though one, the Sedgwick Street substa¬ 
tion, is several blocks distant. New feed¬ 
ers will connect substations to the subway. 

The substations are owned and oper¬ 
ated by the Commonwealth Edison Com¬ 
pany and under present plans this com¬ 
pany will supply traction power to the 
subway. In general, the only new sub¬ 
station equipment required for the sub¬ 
way will be feeder circuit breakers and 
their automatic and control features. 

The underground positive and negative 
feeders from the substations to the sub¬ 
way cable shafts will be paperdnsulated, 
lead-covered cable. They will be spliced 
to water-resisting compound insulated 
feeders leading from , cable shafts to cir¬ 
cuit-breaker rooms in the subway struc¬ 
tures. All power feeders in the subway 
will be insulated with water-resisting 
compound and finished with heavy asbes¬ 
tos braid. The subway circuit-breaker 
rooms at feed points will contain circuit 
breakers which will act as remote-con- 
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trolled disconnect switches between these 
substation feeders and contact-rail feeders. 

Contact-Rail System 

A new contact-rail section has been 
adopted, similar in design but consider¬ 
ably heavier than that now used on the 
elevated system. This rail weighs 144 
pounds per yard and will have a conduc¬ 
tivity equivalent to 2,250,000 circular mils 
of copper. The rail will have a hardness 
somewhat greater than has been used for 
high-conductivity rails on other subways, 
to obtain longer life. 

Since the contact rails are not generally 
of sufficient conductivity for the subway 
loads, it is necessary to reinforce them 
with paralleling feeders. These reinforc¬ 
ing feeders will be insulated with water- 
resisting compound and tapped to the 
CQntact rails at intervals of approximately 
1,000 feet through disconnecting tap 
switches. The negative reinforcing feed¬ 
ers, in parallel with the running rails, will 
also be insulated with water-resisting 
compound and will be tapped to the run¬ 
ning rails at intervals of approximately 
400 feet. The positive and negative rein¬ 
forcing feeders will be carried in a duct 
bench containing 12 asbestos-cement con¬ 
duits along one side of each track in the 
train sections. The duct bench also serves 
as an emergency walkway—see Figure 4. 
Splicing chambers are located at 250- to 
400-foot intervals. 

The taps to the contact rails and run¬ 
ning rails will be cables similar to the rein¬ 
forcing feeders and are carried in asbestos- 
cement conduits in the concrete track bal¬ 
last to pothead terminals, from which flexi¬ 
ble bare bonds will connect to the con¬ 
tact or running rails. The location and 
gauge of the contact rail will be the same 
as that of the contact rail on the elevated 
system, so that the same collecting shoes 
can be used. This type of contact shoe 
is of the suspended overrunning contact 
type. The contact rails will be mounted 
on porcelain insulators on the track ties 
in the usual manner. Expansion and con¬ 
traction will be taken care of by gaps at 
intervals of approximately 1,000 feet on 
level tangent track in the subways and at 
shorter intervals on curves and grades. 

Sectionalizing 

The contact rails with their reinforcing 
feeders are sectionalized at the substation 
feed points, interlocking plants, the 
emergency track crossovers, and at the tie 
points which are approximately midway 
between feed points. Short-circuit and 
overload protection on any section be¬ 
tween substations is obtained by auto¬ 
matic opening of substation circuit 
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Figure 3. Artist's 
perspective of the 
subway structure at a 
downtown station 


breakers and tie circuit breakers without 
affecting other sections. The other sec- 
tionalizing circuit breakers do not have 
automatic opening features but serve as 
remote-controlled disconnect switches 
with high interrupting capacities. The 
function, of the automatic circuit breakers 
at tie points is to connect the contact rails 
and feeders of the two tracks together in 
order to utilize the conductivity of both 
for feeding distant loads. 

The tie station circuit breakers, the sub¬ 
station circuit breakers and all sectional- 
izing and disconnect circuit breakers will 
be of the latched-in, air-break type and 
will be remotely controlled by the super¬ 
visory control system. 

Return Circuit and Bonding 

Since the block signal system of the sub¬ 
way tracks will be of the single-rail track 
circuit type, one rail of each track will be 
used exclusively for signals, leaving only 
one rail of each track available for the 
traction current to return to substations. 
Each running rail will have conductivity 
equivalent to approximately 1,000,000 
circular mils of copper. This conductivity 
must be supplemented by the negative 
reinforcing feeders. Running rail joints 
will be welded, except at special track 
work where bonds will be required across 
joints. Bonds will be bare flexible copper 
cable with terminals suitable for welding 
to the head of the rail by the oxyacetylene 
welding process. 
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The contact-rail joints will not be 
welded, so they must be bonded. The 
contact-rail bonds will be short U-shaped 
cable bonds located underneath the rails 
with terminals welded to the flanges. 
There will be two 750,000-circular-mil 
copper bonds per joint. 

Supervisory Control 

Due to the physical extent of this proj¬ 
ect and the diversity of operations asso¬ 
ciated with power services for a sub¬ 
way, including ventilating and pump¬ 
ing systems, centralized control and 
supervision is essential. This is to be 
provided by supervisory control of the all¬ 
relay type. 

The dispatching equipment of the 
supervisory-control system will be lo¬ 
cated in the power supervisor’s office, two 
blocks from the State Street subway. 
Remote station supervisory-control 
equipment will be located at eight con¬ 
trol centers. 

A power supervisor’s desk, an illumi¬ 
nated diagram board, and relay cabinets 
of the swinging panel type will comprise 
the principal elements of the dispatching 
equipment. Although these elements will 
incorporate dispatching equipment for 
all eight outlying centers, the equipment 
will function independently for each. 
Thus operations of any given center will 
not interfere with simultaneous functions 
of another center. 
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The functions to be performed include 
remote control and supervision of all 
feeder, sectionalizing, and tie-station d-c 
circuit breakers, as well as the operation of 
the two-speed station and tunnel venti¬ 
lating fans. Additional functions will in¬ 
clude supervision of the continuity of the 
normal and emergency a-c services, high 
water level and pump-motor overload, 
low supervisory-battery voltage, battery 
ground or.ground on control wires to 
apparatus remote from the control center. 

The supervisory-control system is an 
“all-relay” system using relays of the 
standard telephone type, having uniform 
mechanical construction, extreme simplic¬ 
ity, and established dependability. Opera¬ 
tion of this system is based on codes of 



Figure 4. Duct bench and walkway during 
construction 


impulses suggestive of a simple tele¬ 
graph system, but different from the tele¬ 
graph in that the impulses are all of the 
same time duration. Several impulses in 
uniform sequence form a code, and the 
number of impulses in a code is varied to 
obtain various results. All codes are pro¬ 
duced automatically, the dispatcher’s 
action being limited to the simple twist¬ 
ing of a control key and the pushing of a 
button. 

As an example of operation, assume 
that it is desired to dose a circuit breaker. 
The dispatcher first operates the selection 
key on the escutcheon of the desired 
breaker. This sets the proper rdays into 
operation to sdect the breaker. As soon 
as this sdection is made, ‘the fact is in¬ 
dicated by the lighting of the white sdec¬ 
tion lamp on the assodated escutcheon, 
as well as the lighting of a similar selec¬ 
tion lamp on the diagram board. The 
supervisory equipment now comes to rest, 
awaiting the will of the dispatcher. Then, 
to close the breaker, the dispatcher first 
places the twist-type control key in the 
dosed position and then operates 
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the master control key. This results in the 
closing of the breaker. When the breaker 
closes, the auxiliary signal contact closes 
and energizes supervision relays which 
operate to change the indications of the 
red and green supervision lamps on the 
diagram board. The supervisory control 
equipment then returns to the normal 
rest position, ready for the next operation 
or change in indication. 

The system is operated entirely from 
48-volt storage batteries to insure against 
loss of control from loss of a-c power. A 
check-back feature is employed as a guard 
against the possibility of obtaining false 
indications or performing false operations. 
Multiconductor control cable will provide 
the necessary channels for operation of 
the supervisory-control equipment. Each 
of the eight remote supervisory centers 
will be controlled and supervised over a 
single pair of wires. In addition to the 
pair per station, there will be two standby 
pairs. One standby pair will be available 
to the five stations to the north of the dis¬ 
patcher’s office, and the second pair will be 
available to the three stations to the 
south. 

Throw-over switches at all points will 
facilitate transfer to the emergency lines in 
case of trouble. An audible and a visual 
alarm will be given in the power super¬ 
visor’s office in case any of the control 
lines are opened, grounded, or short-cir¬ 
cuited. In addition, each line will be 
equipped with supervisory-control pro¬ 
tectors which will function to dear any 
heavy surges which may appear on the 
line wires. 

Emergency Alarm System 

Adjacent to splicing chambers located 
at intervals of about 400 feet along each 
subway trade, emergency alarm boxes will 
be located on the walls above the walk¬ 
ways. These alarm boxes will be similar 
to city fire-alarm boxes in that when the 
lever on one of them is pulled, an alarm is 
given at the power supervisor’s offi ce. 
The alarm will be audible and visible, and 
the number of the box on which the lever 
is pulled will be recorded on a tape to¬ 
gether with the time and date. Also, the 
pulling of an alarm-box lever will im¬ 
mediately open all circuit breakers 
through which power is normally supplied 
to the contact-rail section where the alarm 
box is located. Thus, in case of an emer¬ 
gency, such as a train wreck or fire, the 
inotorman of an affected train, or other 
employee, can quickly de-energize the con¬ 
tact rail and at the same time give the 
alarm at the power supervisor’s office. A 
telephone will be located by the side of 
each alarm box to enable the person actu- 
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ating the alarm box to give further in¬ 
formation and ask for and receive.instruc- 
tions concerning the emergency. 

The alarm dreuit will be a single-wire 
loop connecting all boxes in series. Each 
alarm box, when its lever is pulled, will 
cause a spring-driven contactor to open 
and dose this loop circuit automatically 
at intervals in a code corresponding to the 
box number. If levers on two to four dif¬ 
ferent boxes are pulled at the same or 
nearly the same time, each will transmit 
its code in turn, and all signals will be re¬ 
ceived at the supervisor’s office without 
interference. The loop circuit will have 
automatic line supervision which will 
cause a distinctive alarm signal to be 
transmitted and recorded, in case of a 
ground or open circuit on the loop. The 
source of current for the alarm circuit and 
recorder will be a 48-volt storage battery 
at the power supervisor’s office. 

The circuit breaker tripping circuits will 
be an individual series loop for each con¬ 
tact-rail section. The opening of one of 
these loops will effect the de-energizing of 
the contact-rail section by means of re¬ 
lays, causing the supervisory-control 
tripping rdays to trip the breakers. The 
alarm-system tripping relays are so de¬ 
signed that the power supervisor can re¬ 
dose the dreuit breakers by supervisory 
control after a short interval. The source 
of current for the alarm system’s tripping 
loops will be the storage batteries at the 
outlying supervisory-control centers. 

Signal System 

The signal system consists of wayside 
colored-lights, approach interlocking sig¬ 
nals, home signals, and interlocking dwarf 
signals. All of these except the dwarf sig¬ 
nals have automatic controls; the ap¬ 
proach and home signals are also con¬ 
trolled manually to govern train move¬ 
ments to and through interlocking plants. 
Dwarf signals (sometimes called backup 
signals) are manually controlled. 

Automatic Train Stops 

Assodated with each automatic block, 
approach, and home signal there will be a 
wayside electropneumatic train-stop 
mechanism which in the tripping position 
would engage trip arms on the train 
thereby applying brakes and enforcing 
obedience to the STOP indication of the 
signal. A stop-release contactor mounted 
on the signal when operated by the motor- 
man will dear the stop arm and permit 
him to pass a red signal when it is neces¬ 
sary to dose up to the train ahead, or 
when signal or car-equipment failure Oc- 
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curs—according to the “stop, then pro¬ 
ceed” rule. 

Timing Control 

The tracks are divided into blocks with 
a signal and train stop at the entrance to 
each block. The minimum length of a 
block is equal to the emergency braking 
distance for the expected maximum speed 
of a train as it enters the block, plus an 
additional length as a factor of safety. 
Minimum-length blocks are used in sta¬ 
tion timing where a train is allowed to 
dose in at restricted speed when the sta¬ 
tion section is occupied. An illuminated T 
sign informs the motorman of the train 
where to begin this restricted speed. Sig¬ 
nals governing entry into a station have ex¬ 
tended controls so that the train standing 
in the station is protected by three or four 
red signals or by a distance suffitient to 
protect it from a following train traveling 
at maximum speed. The approaching 
train, on entering a track section or block 
where the T sign is located, energizes a 
time-element rday which picks up at a 
predetermined time and cuts off the ex¬ 
tended control of the next signal, .allowing 
it to dear for the train now traveling at a 
restricted speed. If this train continues 
at restricted speed, the next signal will 
have its extended control cut off by a 
second timing relay and so on, to bring 
the following train up doser to the station. 
This station timing is necessary to provide 
for the 90-second headway for which the 
signal system is designed. With no train 
standing in a station, all dosing-in signals 
will be green, and a train can then proceed 
at normal speed. 

On descending grades the braking dis¬ 
tance is greater, and therefore the blocks 
at high speed would be so long as to re¬ 
duce the track capacity. Restricting the 
speed of trains on grades results in in¬ 
creased safety and increased capacity. 
To accomplish this, “grade timing” is used 
with one or more signals normally show¬ 
ing the stop indication. If the trains run 
at excessive speed, a caution signal will be 
displayed, together with an additional 
lunar white indication, which indicates 
that the next signal is at “stop”, only be¬ 
cause the allowable speed is being ex¬ 
ceeded, and that it will dear if the train 
runs at the permissible speed as measured 
by a timing relay. 

These timing relays will receive coded 
energy for the measurement of the time 
intervals controlled by contacts on the 
track relays. The code tr ans mitter, con¬ 
sisting of a coil, a mechanically tuned os¬ 
cillator, and contacts, will generate the de¬ 
sired code for a number of time relays as 
determined by the location and distribu- 
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tion of these timing relays. T imin g re¬ 
lays are also used for the emergency re¬ 
lease of approach and route locking at 
interlocking plants. The time intervals 
will vary from four seconds for station 
timing to a maximum of 120 seconds for 
emergency switch operation. 

Interlocking 

At interlocking plants, switches and 
signals are controlled by means of buttons 
on a control board, and electric relay 
interlocking, in lieu of the mechanical 
locking which formerly was standard with 
interlocking machines. The control board 
is mounted on a desk within easy reach of 
the operator and has engraved on its face 
a miniature diagram of the tracks and 
switches of the interlocking plant, backed 
with lights repeating the track sections, 
thus showing the presence of a train as it 
approaches and moves through the plant. 
The interlocking control circuits are de¬ 
signed so that to initiate a route the 


route has been completed, and will change 
to a steady green light when the signal has 
cleared. 

Relays and Track Circuits 

All relays are of the plug-in type 
with terminal prongs at the back. 
These prongs fit into sockets set into 
bases that are permanently mounted on 
racks. The control wires are soldered to 
these sockets. A maintainer desiring to 
replace a relay pulls one out of a socket 
and plugs in a duplicate without dis¬ 
turbing the wiring. 

All interlocking and signal-control re¬ 
lays operate on ten volts direct current. 
Track relays are of the a-c vane type and 
operate over single-rail track circuits, 
where one rail is given over to signal track 
circuits, and the other rail is used both 
for power return and for track circuits. A 
track relay is connected across the signal 
and negative rails at the entrance to a 
block, while the approximately four-volt 


connected by means of an automatic 
transfer switch and feed power to the 
a-c signal mains at 110 volts. 

Two rectifiers of the copper-oxide type 
at each power-supply location are con¬ 
nected in parallel and feed power to the 
d-c signal mains at approximately 16 
volts. These signal mains extend in each 
direction and in each tube from the power- 
supply source approximately half way to 
each adjacent supply location. The a-c 
signal mains feed the interlocking control- 
board lights, all signal lights, and track 
circuits. The d-c mains feed the relays 
at interlocking plants, all signal-line con¬ 
trol relays, timing relays, and the electro¬ 
pneumatic valves. 

Compressed. Air 

Air-compressor plants are located at the 
north-portal interlocking tower and at the 
13th Street junction. Each compressor 
plant is equipped with two compressors 
connected to individual 600-volt d-c mo- 


Figure 5 (left)- Front 
of typical a-c switch¬ 
board 

■< 


Figure 6(right). Ty¬ 
pical pump room 

operator need only manipulate a knob or secondary winding of an air-cooled track tors with automatic controls and fed from 

button on the control board at the begin- transformer is connected across these rails the propulsion current supply. The auto- 

ning of a route and then a second button at the far end of the block of track section. made controls are so arranged that either 

at the end of said route. This operation The relay and transformers are protected or both of the compressors may be cut in, 

causes the various switches and signals of from unbalanced propulsion current by depending on the drop in pressure. The 

the route to be correctly positioned and means of a resistance tmit inserted in the compressed air is for operation of the 

indicates on the control board that these leads to the signal rail and also by 600- automatic train stops and the track 

switches have responded. This operation volt fuses. The resistance unit in the switches at interlocking plants, 

further electrically lodes other switches transformer lead further limits the flow of The air distribution system consists of 

and signals so that no conflicting move can current with a train in its track section. iy 2 -inch air pipe extending the entire 

be set up. Circuits are also provided for The track transformer has another second- length of each subway tube and two-inch 
approach and sectional-rdease route lock- ary winding which furnishes ten-volt air mains on the elevated structure, 

ing which is standard in interlocking prac- energy for lighting all signal lamps. Branch air lines feed compressed air at a 

tice. Each switch and crossover has a normal pressure of approximately 65 

separate operating lever on the control Signal Power Supply pounds per square inch to the cylinders of 

board for independent manipulation. An The signal power-supply equipment is the automatic stop and switch operating 
indication is also provided for each switch located in eight signal rooms in the State mechanisms, 

or crossover to show when they are not Street subway and at the north and south 

free to move, either because of the elec- portal interlocking plants. Two liquid- Other Electrical Features 

trie locking, or because a conflicting posi- cooled transformers at each location, one 

tion of the switch has been called for. furnishing the’ normal supply and the A-C Power Supply 

The entrance control button has a red other acting as a reserve source of power, The power for operating the a-c elec- 
and a green lamp within it. The red. receive energy at 60 cydes 208 volts in trie equipment will be supplied from fre- 

lamp will flash when a route is initiated, the subway and 240 volts at the two por- quent distribution centers along the sub- 

will become a steady red light when the tals. The secondary circuits are inter- way by the Commonwealth Edison Com- 
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pany through 208/120-volt three-phase 
four-wire grounded neutral feeders. The 
total connected a-c load of the State 
Street subway and approaches (approxi¬ 
mately ten track miles) is divided roughly 
as shown in Table I. 

On this 4.9-mile two-track State Street 
route there are 21 a-c switchboard rooms 
in the subway, each supplied by duplicate 
service feeders from the Commonwealth 
Edison Company’s transformer vaults. 
In the section outside of the central busi¬ 
ness district, the duplicate feeders are not 
merely parallel feeders; they come from 
normal and emergency sources, fed from 
different transformers. In the downtown 
area, the feeders come from transformer 
vault busses supplying the 208-volt three- 
phase network of the power company. 
These busses are interconnected with 
other vaults, and trouble in a vault sup¬ 
plying the subway would not interrupt 
services because of the network isolators. 
The reliability of the primary networks 
feeding transformers is well known. 

Each a-c switchboard in the subway— 
see Figure 5—consists of a manually oper¬ 
ated normal and an emergency service 
feeder main circuit breaker, on the load 
side of which is an electrically operated 
latched-in circuit-breaker type of auto¬ 
matic transfer switch to transfer the load 
from the normal to the emergency source 
in the event of failure of the former, and 
automatically transfer it back again on 
restoration of the normal source. In 
order to facilitate maintenance of the 
transfer switch there are by-pass and dis¬ 
connect switches so arranged that the 
load can be by-passed around the transfer 
switch and the latter isolated, without 
interrupting the load. The remainder of 
the switchboard consists of the meter 
panel and branch feeder circuit breakers. 
The switchboards are all of dead-front 
steel construction with draw-out type of 
main service breakers. All circuit break¬ 
ers are of the air-break type, main break¬ 
ers having 50,000 amperes interrupting 
capacity, and the branch breakers in the 
switchboard 25,000 amperes interrupting 
capacity. 

Pumps 


Table I 


Eva 


Lighting. 270 

Pumps. 360 

Fans. 360 

Escalators... 370 

Miscellaneous. 280 


Total..1,630 


tors are located at the ground surface, and 
they drive the pumps below by 80-foot 
shafts. The motors—ranging from 5 to 50 
horsepower—are equipped with line-volt¬ 
age starters. In the State Street sub¬ 
way, there is a total of ten pump rooms. 

Ventilation 

In general, it is proposed to depend 
upon the piston action of the moving 
trains for the normal ventilation of the 
tunnels, excepting in those portions of the 
tunnels which are at so great a depth as 
to make the cost of vent shafts to the sur¬ 
face prohibitive. These deeper sections 
of tunnel under the river will be venti¬ 
lated by fans which can be operated con¬ 
tinuously. 

It is also proposed to depend upon the 
piston action of the moving trains for the 
normal ventilation of the .stations, except¬ 
ing the loop stations where the piston ac¬ 
tion will be somewhat ineffective. 

Emergency fans will be installed mid¬ 
way between each pair of stations outside 
of the central district. In addition, small 
fans for the ventilation of toilet rooms and 
other service rooms will be provided in all 
of the stations. Vent shafts from train 
sections to the surface have been built on 
about 450-foot centers. The vent shafts 
near the stations have been located to 
serve a double purpose, namely, ventila¬ 
tion and blast relief for the station plat¬ 
forms. Without blast-relieving shafts at 
the tunnel entrances and exits of the sta¬ 
tions, the high air velocities produced on 
the station platforms by the piston action 
of the trains would be intolerable. All of 
the openings in the tunnel walls to vent 
shafts will be equipped with power-oper¬ 
ated louvers. These louvers will be 
interlocked with the emergency fans, so 


that when these fans are in operation, the 
louvers will be closed. 

Two-speed reversible station fans will 
provide normal ventilation at the loop 
stations. 

The horsepower of the fan motors 
ranges from 7 1 / i to 60. All of the fans 
except one will be of the propeller type, 
six to ten feet in diameter, and belt driven. 
The motors will be two-speed three-phase 
squirrel-cage motors with splashproof 
frames. One fan will be of the centrifugal 
exhaust type driven by a 60-horsepower 
motor and will be used to ventilate a deep 
tunnel section that does not have ventilat¬ 
ing shafts. There will be a total of 26 fan 
rooms in the State Street subway includ¬ 
ing 13 in the downtown stations. The 
fans will be controlled by the supervis¬ 
ory control system of the railway. 

Lighting 

The normal illumination of the subway 
will be by fluorescent lamps in the stations 
and over station platforms, and by in¬ 
candescent lamps in the train tubes. 
Forty-eight-inch, 40-watt white fluores¬ 
cent tubes will be used in the stations. 
The tubes will be mounted in single-tube 
fixtures with single-tube power-factor 
correcting auxiliaries mounted in the base. 
Each tube will be entirely enclosed by a 
frosted glass globe covering the lower half 
of the tube, and a reflector and the fix¬ 
ture base covering the upper half. The 
lighting fixtures and lamps are planned to 
produce lighting intensities varying from 
six to more than eight foot-candles on 
mezzanine floors and station platforms. 

Sixty-watt incandescent bare lamps will 
illuminate the tunnels between station 
platforms. They will be provided with 
opaque shields on one side to protect the 
eyes of the motormen. The lamps will be 
spaced at approximately 30-foot intervals 
on each of two lines of lamps per tunnel. 
Every fourth light in the tunnels will be 
on a 600-volt d-c circuit, with 56-watt 
railway-type lamps connected five in 
series in a group. Emergency 600-volt 
lights in the stations will be incandescent 
lamps. 

The a-c lights will be remote-controlled 
from the cashiers’ booths in the stations, 


The drainage pumps are located in 
pump rooms over sumps constructed be¬ 
low track level—see Figure 6. Each in¬ 
stallation includes two pumps, one acting 
as a standby normally, and each consist¬ 
ing of a submerged centrifugal pump 
driven through a long shaft by a 208-volt 
three-phase squirrel-cage splash-proof 
motor automatically controlled by float 
switches. At locations where the subway 
crosses below the Chicago River the mo- 


Figure 7. Streamlined and 
articulated subway-elevated 
cars of the type proposed for 
Chicago 
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single-phase latched-in contactors closing 
the lighting circuits. In general, there 
will be two degrees of a-c ill umi nation in 
the tubes and the stations, with space sec- 
tionalization. The 600-volt emergency 
lighting circuits will always be energized 
from one of two sources, with an auto¬ 
matic transfer switch being provided at 
each station for both tubes and station. 
A special 600-volt lighting cable running 
the full length of the tubes will be one of 
these sources, and the nearest traction 
positive feeder will be the other source. 

All lighting loads will have duplicate 
feeders, one of which will be exclusively for 
the lighting load, and the other may serve 
other loads or act as a standby emergency 
feeder for one lighting load, while serving 
as a normal feeder for a motor load. 
Manual transfer switches will be used for 
some lighting loads when near a switch¬ 
board, but the tunnel-lighting feeders will 
have automatic transfer switches. This 
duplication of lighting feeders will be in 
addition to the triple reliability of three- 
phase, four-wire lighting circuits with 
single-pole subbranch breakers serving the 
same area. Thus, the importance of re¬ 
liable illumination in a metropolitan 
subway is recognized. 

Provision will be made for more intense 
illumination at the portals during daylight 
hours, to permit adjustment of the motor- 
man’s eyes to the comparatively dark 
tunnels, by flood lights located near sub¬ 
way portals. Control of these additional 
lights will be from outdoor photoelectric 
cells. 

Escalators 

For the reason that the grade of the sub¬ 
way platforms is generally 40 feet or 
more below the sidewalks, the escalator 
installation in the State Street subway is 
exceptionally liberal. There will be two 
escalators connecting the mezzanine level 
with the platform level at almost all sta¬ 
tions. Escalators are attractively finished 
and will operate at a speed of 90 lineal 
feet per minute. The downtown station 
escalators are four feet in width, while 
those in lighter outlying stations will be 
three feet. All the usual safety devices 
will be provided. The escalators will be 
reversible and will be controlled by push 
buttons located near the top and bottom 
of each escalator. The horsepower re¬ 
quired to operate the various escalators 
will vary from 16 to 25 each when fully 
loaded. This equipment was purchased 
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late in the year 1940 at the total cost of 
$1,174,000 for both subway routes. 

Transportation Features 

Train Equipment 

It appears that the subway will be 
ready for operation prior to the time new 
rolling stock is available. The war is 
likely to cause an extensive delay in se¬ 
curing modem equipment for the proposed 
subway service. Therefore, operation will 
be initiated with trains of existing steel 
cars of the Chicago Rapid Transit Com¬ 
pany. 

. There is a total of 455 of these units 
available—389 of which are equipped with 
two 170-horsepower motors each—and 66 
trailers. The seating capacity is 52 pas¬ 
sengers per car, and the total capacity 100. 
These rapid-transit cars were originally 
designed for use in a subway and are well 
adapted for the purpose. Trains will be 
composed chiefly of motor cars, insuring 
high free-running speeds and rapid accel¬ 
eration. 

The problem of new rolling stock was 
thoroughly studied by a committee of 
engineers, organized at the suggestion of 
the city, composed of representatives of the 
Illinois Commerce Commission, Chicago 
Department of Subways and Superhigh¬ 
ways, the Chicago Rapid Transit Com¬ 
pany, and the Chicago Surface Lines. 
The committee, after investigating the 
needs of the subway and the type of car 
best-suited to meet requirements of mod¬ 
em rapid-transit operation, drafted 
specifications for a modem lightweight 
high-speed rapid-transit unit. 

A streamlined articulated unit, con¬ 
sisting of three compartment bodies on 
four trucks, and weighing approximately 
82,000 pounds complete without load, 
was proposed. The general type of car is 
illustrated in Figure 7. The seating capac¬ 
ity is 106 passengers, and the total capac¬ 
ity 200. Propulsion would be with eight 
motors totaling 440 horsepower, and the 
free running speed 45 miles per hour on 
level tangent track. Such a car would 
start and stop at the rate of three miles 
per hour per second under average operat¬ 
ing conditions. 

In planning the new unit, the committee 
sought to utilize as many as possible of the 
favorable characteristics and equipment 
of the PCC street car. The latter ve¬ 
hicle, which obtains its alphabetical name 
from the Presidents’ Conference Com¬ 


mittee sponsoring its development, has 
been successfully used during the past six 
years for surface city transit. It embodies 
many “passenger-comfort’’ features, such 
as wide dear-view windows, plentiful il¬ 
lumination, adequate ventilation, uniform 
distribution of heat, smooth rapid starts 
and stops, noiseless operation, and the 
easy riding qualities resulting from rubber 
springs and resilient wheel construction. 
The operation of these new units over the 
welded running rails of the subway tracks 
promises an innovation in smooth-riding 
quiet subway-train operation. 

The initiation of service on the State 
Street subway with the 455 sted cars now 
being spedally equipped for subway use 
will provide three-minute service in each 
direction. When additional rolling stock 
is obtained, the number of trains will be 
increased with the demands of traffic up 
to a maximum of 40 trains per hour in 
each direction, the limit of the track 
capacity. 

Operation 

The maximum capacity of two-track 
rapid-transit subways is calculated by 
assuming the operation of 40 trains of five 
articulated units per track per hour. 
Units with maximum dimensions of 9 feet 
6 inches in width and 90 feet in length, 
and weighing about 41 tons, are contem¬ 
plated. With an average loading of 200 
passengers per unit such an operation 
would devdop a capadty of 40,000 pas¬ 
sengers per hour per track. Thus the 
total capadty of the State Street subway 
would be 80,000 passengers, or 40,000 dur¬ 
ing the maximum half hour. This total 
capadty may be compared with the pres¬ 
ent total combined load for rapid transit, 
street cars, and motor busses of less than 
90,000 in the maximum 30-minute period. 
Considering the fact that convenience re¬ 
quires the retention of some local bus and 
trolley-car routes at street grade, it is. 
apparent that this terminal subway layout 
will provide adequately not only for pres¬ 
ent but for future traffic for years to come. 

The 3,300-foot long platform planned 
for the State Street subway in the loop 
district will provide space for three 
double stops—each about 1,100 feet in 
length. Separate berths will be provided 
at each station stop for trains operating in 
different directions, thus providing the 
broadest possible distribution of incoming 
and outgoing passengers along the plat-, 
form and through escalators, turnstiles, 
and stairways. 
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A New Multiple High-Speed Air 
Circuit Breaker for Mercury-Arc- 
Rectifier Anode Circuits and Its 
Relation to the Arc-Back Problem 


Absence of arc-backs has permitted the 
engineer to base the ratings on thermal 
limits of the rectifier element and asso¬ 
ciated transformer equipment. 

However, at higher voltages, increases 
in rating have required progress in the art 
of reducing arc-backs. Usually, the 
rating is based bn the level of load which 
the rectifier will carry with acceptable 
arc-back frequency rather than on the 
thermal limits of the apparatus. 


J. W. SEAMAN 

ASSOCIATE AIEE 


Synopsis: Mercury-arc power rectifiers 
"have been used increasingly to supply power 
to d-c utilization systems in the United 
States since the early twenties. War re¬ 
quirements, because they have multiplied 
the demand for aluminum, magnesium, 
chlorine, zinc, and copper, all of which uti¬ 
lize d-c current in their reduction, have 
tremendously increased d-c power consump¬ 
tion. It is estimated that 12 1 /* per cent of 
the kilowatt-hours generated in 1941 were 
consumed in such electrochemical processes. 
Since the mercury-arc rectifier is now the 
almost universally accepted form of con¬ 
version apparatus for this purpose, the at¬ 
tention of many more engineers has recently 
been focused on it. 

Many advantages of the modem rectifier 
have led to its wide acceptance, but it is 
snot within the scope of this paper to deal 
with these. One persistent factor in con¬ 
nection with the application of rectifiers 
which has claimed much attention is the 
-phenomenon of arc-back. Various methods 
of attack have been employed successfully. 
High-speed anode switching appears to be 
the most satisfactory way to handle this 
problem. Such a solution is widely used in 
the aluminum industry. 1 

Part I of this paper includes an analysis of 
the arc-back problem and various means of 
protection from its effects. Reasons why 
high-speed anode switching is an improved 
type of arc-back protection are set forth. 

Part II of this paper describes this multi¬ 
pole high-speed air circuit breaker. The 
requirements which the breaker must meet 
Are discussed, and the electrical and me¬ 
chanical features described. Performance of 
the breaker was checked in field tests. 
Oscillographic data are presented and prove 
that the performance is acceptable. 

Part I. Analysis of Arc-Back 
Problem 

Definition of Arc-Back 

A RC-back may be defined as a failure 
of the insulating properties in an arc 
rectifier during the inverse half wave 
which results in the rapid reversal of cur¬ 
rent through the rectifier element. When 
«uch an event occurs, there are usually 
manifestations of this failure, such as high 
’Short-circuit a-c current and reversal of 
•d-c current normally flowing from the rec¬ 
tifier. 


L. W. MORTON 

ASSOCIATE AIEE 

Various theories have been developed 
to explain the reasons for this occasional 
failure of rectifying property or arc- 
back. 2-6 One commonly accepted ex¬ 
planation is the “particle theory” devel¬ 
oped by Doctor Kingdom 3-6 

In this theory an assumption is made 
that a minute particle of insulating ma¬ 
terial, perhaps as small as 10”® centi¬ 
meter in diameter, becomes accidentally 
attached to the surface of the anode. 
Under certain conditions this particle 
may become charged by positive ions from 
the surrounding ionized plasma, and a 
positive voltage built up. Since the dis¬ 
tance between the particle and anode is 
infinitesimal, a high enough gradient 
may be established between particle and 
anode to draw electrons from the anode 
surface (one to ten million volts per centi¬ 
meter). When the anode emits electrons, 
it becomes a cathode, and the rectifier is 
in arc-back. The chances of.such particles 
or patches becoming charged sufficiently 
to create arc-back is a statistical study. 

Engineering Approach to the 
Arc-Back Problem 

Ever since the first commercial mer¬ 
cury-arc power rectifiers were installed, 
engineers have struggled with the arc- 
back problem. Constant research and 
developmental work have been and will 
continue to be conducted to minimize the 
occurrence. It has even been the subject 
discussed at several informal conferences 
under the sponsorship of the AIEE elec¬ 
tronics committee at winter conventions. 

Rating and Arc-Back Frequency 

Much progress has been made. Dur¬ 
ing the past 15 years, reliable rectifier 
ratings have been increased from 750 kw 
per vacuum system at the outset 4 until 
today there are many units in very suc¬ 
cessful operation supplying as high as 
3,750 kw per vacuum system. 

For d-c output voltages below 300 the 
arc-back problem has not been difficult 


Anode Shielding 

One of the most powerful means avail¬ 
able to engineers of reducing arc-back 
tendency is to increase the deionizing 
shielding which is placed near the anodes. 
The shielding may be increased by placing 
more deionizing surface in the arc stream 
below the anode, by reducing the area of 
the holes in the grid through which the arc 
passes, by changing spacing and configu¬ 
ration, by increasing arc length, or by 
multiplying the number of grids. It 
must be realized though that most of 
these measures also result in increasing 
the arc losses and lowering the efficiency. 

In the modern rectifier a satisfactory 
compromise has been reached. Sufficient 
shielding has been provided to insure ac¬ 
ceptable performance as regards arc-back 
frequency, On the other hand, it has not 
been increased to the point where it has 
endangered the attractive higher effi¬ 
ciency that the rectifier usually possesses, 
as compared to other types of conversion 
apparatus. Sufficient shielding to reduce 
arc-back near the vanishing point would 
likely sacrifice that margin of efficiency. 

Reactance 

Another factor, which bears on arc- 
back tendency, is the value of reactance 
in the transformer supplying the rectifier, 
and in the a-c system supplying the a-c 
power. Engineers have learned that a 
given rectifier may arc back frequently 
when connected to a transformer and a-c 
system having certain reactance char¬ 
acteristics, whereas, the same rectifier 
may be completely free from arc-back for 
other circuits and reactance characteris¬ 
tics, even though the d-c output voltages 
and loads are identical. Advantage is 
usually taken of this factor in the struggle 
to minimize arc back. 

Paper 42-139, recommended by the AIEE com¬ 
mittees on protective devices and industrial power 
application for presentation at the AIEE summer 
convention, Chicago, Ill., June 22-26, 1942. 
Manuscript submitted April 20, 1942; made avail¬ 
able for printing June I, 1942. 

J. W. Seaman and L. W. Morton are both with 
General Electric Company, Mr. Seaman as engi¬ 
neer in the air-oircuit-breaker division in Phila- 
' delphia, Pa., and Mr, Morton anelectrical engineer 
in Schenectady, N. Y. 
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Protective Equipment 

Designing engineers, after having ar¬ 
rived at an economic balance between 
efficiency and shielding, have produced 
rectifiers which are relatively low in arc- 
back frequency. However, they know 
that they are unable to predict zero arc- 
backs. Therefore, they must depend 
upon protective equipment associated 
with the rectifier apparatus to eliminate 
the effect of arc-back, both on the electric 
equipment and on the continuity of 
service required. 

Paths and Magnitudes of the 
Arc-Back Currents 

In order to select protective equip¬ 
ment it is necessary to study the direction 
of current flow, its path through the vari¬ 
ous electric circuits, and the probable 
magnitudes involved. Figure 1 shows 
typical power circuits for two six-anode 
rectifiers operating in parallel on the 


ration of the iron; and voltage drops in 
the arcs are not well known under the high 
current conditions obtaining. Usually 
such attempts give results in magnitude 
somewhat higher than test measurements. 
Therefore, studies of this sort are usually 
based on actual oscillographic tests. 
Certain general rules however, may be 
used to estimate the behavior of arc- 
back currents. 

Rules for Behavior of Arc-Back 

Currents 

1. The reverse current flowing in the anode 
circuit of the rectifier element in arc-back 
consists of several components: 

Contribution From, Same Wye. The 
two other phases of the same transformer 
wye feed currents into the affected anode 
in turn as they commutate. Their magni¬ 
tudes are limited by the commutating im¬ 
pedance of the rectifier circuit. This com¬ 
ponent is alternating or pulsating in 
character being displaced from the zero 
axis by action of the rectifier. 

Contribution From Other Wye. The 
other wye of the rectifier transformer in- 



through the anode in arc-back. This com¬ 
ponent is d-c in character. Its rate of rise 
is determined by the air flux reactance of 
the circuits involved and its steady-state 
value by the total series metal resistance 
of the circuit. 

2. All of these components add arithmeti¬ 
cally to give the total reverse current at any 
instant carried by the anode in arc-back. 

3. The effective voltage driving the short- 
circuit currents is reduced in proportion to 
the increase in arc drops caused by the higher 
currents passing through the arcs. Values 
for this increase in arc drop have been 
difficult to obtain, partly because of the 
transient and unpredictable nature of arc- 
backs and partly because of the instability 
of high-current arcs. Estimates of 60 to 100 
volts are often used. 

4. The effective driving voltage is reduced 
by a-c system regulation. 
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same d-c bus, supplying a counter elec¬ 
tromotive force load. Arrows indicate the 
direction of direct current in the various 
parts of the circuit when an arc-back 
occurs in one of the rectifying elements. 
Figure 2 indicates the behavior of current 


phase transformer saturates due to undirec- 
tional current, its impedance decreases, and 
this contribution becomes greater. Its 
magnitude is determined by commutating 
impedance. This component is displaced 
from the zero axis by the action of the recti¬ 
fying elements. 


Figure 2. Behavior of current in various parts, 
of circuit during arc-back 

5. In practice it is found that the major 
contributions to the total reverse current are 
from the same wye and from parallel con¬ 


flowing in the important parts of the 
circuit shown in Figure 1 as they would 
be seen in an oscillograph. Steady- 
state values are typical of what would 
occur in many conventional rectifier in¬ 
stallations if protective equipment were 
not provided. Current values shown are 
typical, being values measured osdllo- 
graphically during representative tests on 
rectifiers rated 5,000 amperes 600 volts 
direct-current. 

Accurate mathematical prediction of 
the current magnitude which would flow 
in a given circuit would be extremely 
difficult. The most important reasons for 
this are that reactance values in any 
transformer involved in an arc-back do 
not remain constant because of d-c satu- 


Contribution From Parallel Conversion Ap¬ 
paratus . Another component is fed from 
any parallel conversion apparatus such as 
other rectifiers connected in parallel to the 
same bus. This component is not pulsating 
being direct current in character. Its rate of 
rise is determined by the reactance due to 
air leakage fluxes throughout the circuit, 
both in the leakage spaces of the transformer 
windings conducting the reverse current and' 
in the connections between the rectifiers. 
Final or steady-state magnitude of this 
component is limited only by the metal 
resistances of the station conductors in 
series, the resistance of one-half transformer 
secondary winding, the resistance of one- 
half the interphase winding, and the lumped 
or equivalent resistance of all contributing 
conversion apparatus in parallel. 

Contribution From the D-C Load; If the 

nature of the d-c load is counter electro¬ 
motive force, it too will feed current 


version equipment. The latter contribution 
is increased as the number and rating of' 
paralleled conversion apparatus on the same- 
d-c bus is raised. Such contribution theo¬ 
retically reaches alarming proportions for- 
many large electrochemical installations. It 
has been estimated that theoretical steady- 
state values of reverse current in an anode 
circuit might reach 600,000 amperes for 
certain large installations. (Anode reverse- 
current rates of rise for large installations, 
have been measured and range as high as. 
10,000,000 amperes per second.) 

6. Other anodes in the same rectifier unit 
or in other rectifiers on the same d-c bus. 
are caused to arc back as a result of their 
high contributions to the first one in arc- 
back. It is doubtful if such theoretically 
possible high steady-state values as 600,000- 
amperes would be reached, and certainly 
they would not be maintained. Sympathetic 
arc-backs would always spread among the- 
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associated rectifiers. End result would be 
that all rectifiers would become involved, 
and all contributions from parallel apparatus 
vanish. 

7. Contributions from d-c loads usually are 
transitory. Rotating-type d-c loads come 
to a st andstill quickly. Electrolytic loads 
are usually inductive, so that the current re¬ 
versal is relatively slow, and rate of rise 
limited. Electrolytic-cell polarization volt¬ 
ages are usually only a fraction of the d-c 
applied voltage, and resistance drops are a 
large factor. Under short circuit such cells 
lose their polarity rapidly. 

8. Current increases in the primary wind¬ 
ings of the rectifier transformer correspond¬ 
ing (by transformer action) to the secondary 
currents. The values would be similar to 
those reached when all the secondary wind¬ 
ings of such a transformer are short-cir¬ 
cuited, except for the fact of the rectifying 
action and the higher-exciting currents due 


Figure 3. Cathode-switching arrangement of 
protective equipment 

A —High-speed d-c circuit breaker with 
built-in reverse-current tripping action 

B —Medium-speed d-c circuit breaker with 
time-delay overcurrent trip 

to d-c saturation in the iron. These factors 
increase the primary currents over the 
values that would obtain if all the trans¬ 
former secondary windings were merely 
short-circuited. 

Effect of Arc-Back Without Pro¬ 
tection 

t 

The preceding analysis indicates that 
the high currents impose stresses on nearly 
all parts of the circuit. Various injurious 
results which could be expected if pro¬ 
tective equipment were not provided may 
be listed as follows: 

1. The a-c supply system may be over¬ 
loaded. Increase in current supplied during 
arc-back often reaches 20 times the full-load 
current rating of the transformer. 

2. The rectifier transformer would be 
-damaged. Rectifier transformers are usually 
specially braced to withstand mechanical 
shocks due to arc-back. The duty caused 
by the high current in the windings con- 
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nected to the anodes in arc-back would be 
particularly severe. 

3. The rectifier element itself would be 
affected in several ways: 

A. The higher currents would heat‘ parts not pre¬ 
viously degassed for such high currents and drive 
off gases which would impair the vacuum. 

B. The high-current arcs would burn the metal 
walls of the vacuum chamber. 

C. While the graphite anodes will withstand severe 
heating, continued presence of a cathode spot at 
the anode would remove material and roughen the 
surface. 

4. Continuity of service would be inter¬ 
rupted, because other conversion apparatus 
on the same bus would be overloaded to the 
failure point. 

Transients Which Signal Arc-Back 

It is obvious that the sudden reverse 
and overcurrent conditions which appear 


in the circuits during arc-back offer ready 
means for signaling the event and actu¬ 
ating the protective equipment. A study 
of Figures 1 and 2 in the light of these re¬ 
quirements is worth-while. Current sud¬ 
denly increases in the a-c supply lines and 
in all the anodes operating in normal 
forward-current fashion. However, these 
are symptoms of overload as well as arc- 
back. It is difficult by this means to dis¬ 
tinguish arc-back from plain overload. 
If there is parallel conversion apparatus, 
a reliable indication of arc-back is the 
presence of reverse current* in the cathode 
and negative connections. However, 
where a single rectifier feeds a purely re¬ 
sistance-type d-c load, no reversal occurs 
in these connections. The invariably pres¬ 
ent unmistakable evidence of arc-back is 
the presence of reverse current in the con¬ 
nection between the transformer second¬ 
ary winding and the anode of the rec¬ 
tifier. 

Four General Methods of Arc-Back 
Protection 

Broadly there are four methods of pro¬ 
tecting from arc-back. Three of these 


have been used in conventional large 
power installations. 

Reactance 

First is the use of large reactance values 
to limit the arc-back currents. Often if 
the resulting flow of current is limited 
to relatively low values by reactance, the 
condition causing the arc-back at the 
anode disappears, and normal rectifier 
action is automatically re-established. 
This can be true only where no other 
counter-electromotive-force apparatus is 
connected to the same d-c system. This 
method is sometimes used for such rec¬ 
tifier installations as those furnishing 
high-voltage d-c power to dust precipi¬ 
tators, oil-cracking processes, and labora¬ 
tory apparatus. 

Arc Suppression 

Second is the so-called “arc-suppres¬ 
sion” method. Arc suppression—in the 
case of multianode rectifiers—consists of 
grid action to prevent anodes from firing; 
in the case of ignitron rectifiers—it 
consists of ignitron action and grid action 
to prevent anodes from firing. Arc 
suppression does not have the ability 
to interrupt current passing from anode to 
cathode once it has been established. 

“Arc suppression” accomplishes its 
purpose by preventing anodes—which 
would normally contribute current to the 
one in arc-back—from firing in turn as 
they become successively positive in volt¬ 
age. In the case of a single rectifier, the 
anode reverse current consists entirely of 
contributions from other anodes, and it 
is possible quickly to starve the affected 
anode and eliminate the arc-back. It 
should be added that, if other conversion 
apparatus is connected to the same d-c 
bus, the current which they contribute 
must also be interrupted. One method is 
to interrupt the reverse current in the 
cathode line by means of a high-speed d-c 
circuit breaker. Another method, assum¬ 
ing all other conversion apparatus con¬ 
sists of rectifiers, is to apply “arc sup¬ 
pression” simultaneously to all other rec¬ 
tifier elements connected to the same bus 
during arc back. 

“Arc suppression,” by means of grids, 
is accomplished by suddenly energizing 
the grid with negative potential. With a 
negatively charged grid between the 
anode and cathode spot, electrons are 
repelled, and the anode is often effectively 
blanketed so that it cannot fire. In the 
ignitron, the anode is prevented from fir¬ 
ing by suddenly cutting off the electric 
excitation of the igniter point which cre¬ 
ates a new cathode spot each cycle. With¬ 
out the existence or creation of the cath- 
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Figure 4. Anode-switching arrangement of 
protective equipment 

A —High-speed multipole-anode circuit 

breakers with built-in reverse-current tripping 
action for each pole 

B —Medium-speed d-c circuit breakers with 
time-delay overcurrent trips 

ode spot in the mercury cathode pool, the 
anode should not fire. 

Experience with “arc suppression,” 
however, indicates that it is not always 
effective. Therefore, other backup pro¬ 
tection in the form of protective switch- 
gear is always provided to interrupt the 
overcurrents when “arc suppression” 
fails. 

When it is successful, “arc suppression” 
is so rapid in action (one-half to two cy¬ 
cles) that it is not necessary for the a-c cir¬ 
cuit breaker to open. The yardstick often 
used to measure the effectiveness of “arc 
suppression” is to record and compare 
the number of arc-backs accompanied by 
a-c breaker operations with those unac¬ 
companied by a-c breaker operations. 
It is obvious that the relay or device which 
detects the presence of arc-back and 
actuates the “arc suppression” must be 
designed to operate in a small fraction of 
a cycle. 

Experience indicates that “arc suppres¬ 
sion” appears to be more successful in in¬ 
stallations where reactance values are 
relatively high. 


Cathode Switching 

Third is the method most commonly 
employed until recently—that of dis¬ 
connecting the rectifier and transformer 
from the system by means of circuit 
breakers. A typical arrangement is shown 
in Figure 3. In its best form it consists 
of an a-c circuit breaker with special high¬ 
speed induction-type a-c overcurrent re¬ 
lay protection, for each rectifier trans¬ 
former, and a special high-speed reverse- 
current d-c air circuit breaker in the d-c 
side for each rectifier. 

To illustrate the operation of the cath¬ 
ode-switching arrangement, assume an 
arc-back in cell 2 of rectifier 1—Figure 3. 
The following action takes place: 

1. The d-c current reverses in the cathode 
line of rectifier 1. This action trips the 
reverse-current high-speed d-c breaker, 
which starts reducing the current in one- 
half to three-fourths cycle and interrupts 
the d-c circuit. Reverse current in the 
cathode line had been contributed by recti¬ 
fiers 2, 3, and 4. This duty imposed over¬ 
loads on these units and had started to oper¬ 
ate the overcurrent tripping relays associ¬ 
ated with the a-c circuit breaker supplying 
rectifiers 3 and 4 and all the negative d-c- 
line breakers. However, the high-speed 
action of the above reverse-current breaker 
usually should relieve the short circuit in 
time to prevent outages on 3 and 4, unless 
they too arc back sympathetically. 

2. Even though the reverse-current contri¬ 
bution to cell 2 from the other parallel 
rectifiers is removed quickly by the high¬ 


speed cathode breaker, contributions from 
the other anodes in the same rectifier con¬ 
tinue. Overcurrent relays associated with 
the a-c circuit breaker protecting the main 
transformer for rectifiers 1 and 2 therefore 
complete their operation, disconnecting the 
transformer and both rectifiers 1 and 2 from 
the a-c system. 

3. Conventional a-c power-circuit breakers 
require a minimum of seven to ten cycles 
including relay time to interrupt an a-c 
short circuit. This means that the heavy 
duty imposed by the high arc-back current 
in both the rectifier element and the trans¬ 
former winding continues throughout this 
time. 

4. Two rectifiers connected to one trans¬ 
former have been disconnected from service 
because of an arc-back in only one unit, as it 
was necessary to open the a-c power circuit 
breaker. Only rectifiers 3 and 4 remain in 
service. 

Anode Switching 

Fourth is the latest method of dealing 
with the problem. A high-speed air cir¬ 
cuit breaker in the anode line interrupts 
the fault current resulting from the arc- 
back. 

Such an arrangement is shown in Fig¬ 
ure 4. In its best form it consists of a 
power circuit breaker with standard in¬ 
verse time a-c overcurrent relay protec¬ 
tion for each transformer primary wind¬ 
ing, a special high-speed multipole circuit 
breaker in the anode circuits with reverse- 
current tripping action, and a standard 
medium-speed d-c air circuit breaker in 
the cathode line for each rectifier. To il¬ 
lustrate the operation of anode switching 
and compare it with operation of cathode 
switching, assume an arc-back in cell 2 
of rectifier 1, Figure 4. The following ac¬ 
tion takes place: 

1. The d-c current reverses in anode line 2. 
This action trips pole 2 of the high-speed 
multipole-anode air circuit breaker, which 
starts to reduce the overcurrent in one-half 
cycle or less and interrupts the arc-back cur¬ 
rent in less than one cycle. Current contri¬ 
bution from rectifiers 2, 3, and 4, as well as 
the other anodes in the same rectifier unit, 
are all cut off. The common circuit path 
where they all add up and flow has been 
opened. 

2. Since the short-circuit condition in the 





Figure 5. Magnetic 
circuit of high-speed 
trip mechanism, for¬ 
ward and reverse di¬ 
rections 
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transformer supplying rectifier 1 has disap¬ 
peared in one cycle, its a-c overcurrent relay 
does not trip the main breaker. Therefore, 
the transformer remains energized, and recti¬ 
fier 2 may remain in service. 

3. High-speed action of pole 2 in interrupt¬ 
ing the reverse current removed the over¬ 
current condition imposed on rectifiers 3 and 
4 soon enough to prevent their outage. 

4. Because the duration of short circuit 
does not last more than one cycle, only a 
small fraction of the same duty is imposed on 
both rectifier element and transformer wind¬ 
ing of rectifier 1 as compared to the longer 
duty imposed with cathode switching when 
the overcurrent lasts 7-10 cycles. 

5. The medium-speed cathode breaker can 
be interlocked with all poles of the anode 
breaker, so that the cathode breaker serving 
rectifier 1 would open, but without severe 
duty. Interlocking would be employed 
where it is inadvisable to allow a rectifier 
to remain in service without all anodes in 
operation. 

Cathode switching for arc-back pro¬ 
tection was adopted early in the history 
of rectifier application. It had wide ac¬ 
ceptance, but “arc suppression” was 
later developed as recognition of some 
of the cathode-switching limitations, grew. 
Then when experience proved that “arc 
suppression” was not dependable under 
all conditions, and because wide use of 
rectifiers justified the effort, the high¬ 
speed anode switching was introduced. 
It now appears that the use of adequate 
high-speed anode breakers fulfills the re¬ 
quirements for arc-back protective equip¬ 
ment. 

Part II. The High-Speed Air 
Circuit Breaker Developed 

Basic Requirements 

Before embarking upon the design of 
a new multipole high-speed breaker to 
satisfy the requirements of anode pro¬ 
tection for mercuiy-arc rectifiers, a study 
was made to determine the prime requi¬ 
sites of this new breaker. These are as 
follows: 

(a). The breaker should have a high open¬ 
ing speed. To clarify this it was determined 
that the breaker should start to reduce line 
current a half cycle or less (60-cycle basis) 
with maximum rates of current rise in the 


range of 2,000,000 to 6,000,000 amperes per 
second. 

(6). Each pole of the breaker should be 
independently tripfree and be provided 
with a reverse-current tripping device, di¬ 
rect acting so that an arc-back on any anode 
would be removed independently of the 
other anodes. 

1. A breaker should consist of si* of such poles, 
closed simultaneously or individually. 

(c) . The breaker should remain closed on 
excessively high currents in the forward 
direction to insure that a rectifier not in¬ 
volved in an arc-back would remain in 
service. 

(d) . The proposed application required a 
breaker which could remain closed carrying 
load for long periods of time. It was there¬ 
fore evident that existing switchgear stand¬ 
ards should not be sacrificed in the interest 
of breaker opening speed. 

There were other miscellaneous minor 
requirements attendant to the design of 
this new breaker, such as electrical clos¬ 
ing, mounting, and so forth, which, while 
of interest to the designer, are not so per¬ 
tinent to the discussion of this new high¬ 
speed breaker as the four preceding main 
requirements. 

Design Problems 

An analysis of the above requirements 
indicated that four major design prob¬ 
lems were involved. These were as fol¬ 
lows: 

1. A high-speed current directional trip¬ 
ping mechanism. 

2. A suitable breaker structure. 

3. A current-interrupting device, compact 
in size, yet capable of coping with voltage 
in the order of 1,700 between phases. 

4. A simple drive for operating a number 
of poles mechanically in parallel at a 
reasonably constant speed, regardless of the 
number of poles to be closed. 

Trip Mechanism 

The magnetic circuit of the tripping 
device selected is shown in Figure 5. 
The energy necessary for tripping the 
breaker on arc-back is stored in a com¬ 
pression spring restrained normally by 
the small armature. Flux provided by 
a potential coil normally holds the arma¬ 
ture in the restrained position. A rever¬ 
sal of current caused by an arc-back 
quickly shifts the flux path of that por¬ 


tion normally holding the armature in the 
sealed position; therefore, upon current 
reversal the armature is released and al¬ 
lows the stored energy of the spring to 
dissipate itself in tripping the breaker 
latch. Figure 5 shows the flux path 
under normal operation and on arc-back. 
It will be noted that flux shifting is read¬ 
ily accomplished with this type of mag¬ 
netic circuit. 

The moving parts of the device were 
necessarily extremely light in order to 
reduce the effect of inertia and obtain a 
satisfactory operating time. The weight 
of these parts, excluding the spring, 
amounts to 2.4 ounces. The portion of 
the magnetic circuit in which the flux 
shifts, due to current reversal, was made 
of laminated silicon steel in order to 
facilitate the flux change. The mag¬ 
netic circuit associated with the potential 
coil proper was made of solid iron and the 
iron surrounded with copper, so as to ob¬ 
tain a structure resistant to any sudden 
changes in applied voltage. 

Since this device would be subjected to 
widely varying rates of current rise (in 
the order of 1,000,000 to 10,000,000 am¬ 
peres per second), it was necessary to de¬ 
termine the effect of an extremely high 
rate of rise on its performance. It was 
conceivable that with an extremely high 
rate of rise of current in the tripping di¬ 
rection, the flux in armature would be re¬ 
duced to zero and then built up in the op- 
posite direction before the armature had 
moved sufficiently to be free of the in¬ 
fluence of this flux. Such a condition 
would make the device inoperative and 
would prevent its functioning to trip the 
breaker. The level at which this would 
occur could be controlled by varying the 
inertia of the moving parts and by re¬ 
ducing the air gap of the poles bridged by 
the armature, the final air gap arrived at 
by test being in the order of a /*2 inch. 

A rather novel and interesting method 
was adopted to determine the effect of 
widdy varying rates of current rise on the 
performance of the device. This con¬ 
sisted of testing the device in alow-voltage 
high-current a-c circuit. For a half cyde 
of current in the normal direction the trip¬ 
ping armature would not rdease, but on 
the following half cyde of current in the 
reverse direction this armature would re¬ 
lease to trip the breaker. By simply 
changing the current magnitude, rates of 
current rise in the order of 23,000,000 
amperes per second were readily obtain¬ 
able, and the rdease mechanism was 
tested and operated satisfactorily at this 
rate of rise in a time of 0.002 second 
from current zero to point of rdease. A 
typical oscillogram of this performance is 



RATE OF RISE OF REVERSE CURRENT 
23,000,000 AMPERES PER SECOND 


Figure 6. Typical 
oscillogram of low- 
voltage high-current 
a-e tests on high¬ 
speed trip mecha¬ 
nism 
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shown in Figure 6. Inasmuch as satis- Figure 7 A and B. Side views of netic forces. The path of the current at 

factory performance was obtained at this breaker mechanism and contacts in open the arcing contacts, main contact fingers, 

rate of current rise, which is considerably anc * collapsed positions and. at the lower end of the movable 

above the rate of current rise obtainable bridging contact is reversed sufficiently 

in practice in d-c circuits, the design of then collapse simultaneously. The open- to “Magne-seal” then closed against 

the tripping mechanism was considered ing speed is thereby dependent only on the currents of high magnitude and to gain 

acceptable. applied opening force. Toggles with their equally from the accelerating effect of the 

hard-to-accelerate characteristics, under magnetic forces when the restraint of the 
Breaker Structure normal usage, axe entirely eliminated, operating mechanism is removed. 

This mechanism represents a consider- Several other advantages accrued from 
The tripping device just described was able departure from the usual toggle- this contact construction other than those 

mounted on a breaker of conventional activated circuit-breaker mechanism listed above. A one-piece relatively light 

structure during the tests in the high- which does not lend itself so well to high- movable contact member was obtained 

current circuit, both as a convenient speed operation and is responsible to a which permitted the accomplishing of the 

method for testing the device itself, and considerable degree for the high-speed high-speed operation objective. The 

also to observe the effects of high-speed opening performance obtained with this pivoting of the lower end of this contact 

operation on the mechanisms usually new circuit breaker. member on a fixed point on the lower stud 

associated with more or less conventional The contact arrangement designed for permitted the eliminating of a heavy 

circuit breakers. this high-speed breaker represents a con- flexible connection which would otherwise 

As a result of these observations a siderable advance in the art of circuit- have been mandatory. The difficulties 

novel breaker structure was evolved. breaker design. Bearing in mind that it experienced in designing adequate life 

Figure 7A illustrates the mechanism and was considered desirable to design a into heavy braids capable of carrying cur- 

contact arrangement designed for the ap- breaker which would successfully with- rents in the order of 1,600 amperes with 

plication, with the mechanism reset ready stand any tendency to blow open on cur- reasonable temperature limits and in 

to dose. Positioned before the armature rents of high magnitude in the forward or overcoming their inherent resistance to 

is a rotative latch normally supporting a normal direction, it was decided to ad- angular movement are well known. The 

cam-shaped member. The cam is so vantageously use the magnetic forces mounting of the arcing and main con- 

shaped that drawing a roller over its sur- rather than to resort to brute force which tacts on the upper stud resulted in light 

face, by means of lever-actuated links, would lead to a massive hard-to-accelerate low-inertia parts which solved the prob- 

causes the movable contact to move to structure. To this end the contacts were lem of obtaining proper contact sequence 

the fully dosed position. Opening is arranged so that the magnetic forces between the primary and secondary cir- 

cquaUy simple to accomplish. Rdeasing would add to the contact pressure rather cuits. Proper contact sequence is es- 

the armature (Figure 7A) causes. the than subtract from it. pedally difficult to obtain with high- 

latch to rotate from under the cam. The Figure 8 shows that all points of con- speed operation if the parts involved in 

cam, dosing rollers, and movable contact tact are benefidally affected by the mag- the sequence are of rdativdy high inertia. 

November 1942, Vol. 61 Seaman, Morton—High-Speed Air Circuit Breaker Transactions 793 





Three fingers were used for the stationary 
main contact. The middle finger was ar¬ 
ranged to lead the other two slightly, so 
as to minimize burning on the other two 
fingers and to facilitate current transfer 
from the main to the arcing contact cir¬ 
cuit. As a general result, a contact struc¬ 
ture which is suitable for high-speed op¬ 
eration and which would satisfactorily 
meet existing switchgear standards as to 
temperature rise and reliability was ob¬ 
tained. Since electrochemical processes 
generally signify continuous full-current 
operation, this new contact structure for 
high-speed breakers provides a practical 
answer to continuity of service, by virtue 
of having both main and arcing contacts, 
generally considered necessary for con¬ 
tinuous low-temperature-rise operation. 



descending at a rapid rate, an excellent 
illustration of efficient current interrup¬ 
tion. The advantage of this type of 
chute is that, having been designed for a 
specific voltage level, it has no current 
limitation. Any increase in current 
merely increases the magnetic forces 
which in turn speed interruption. 


High-Speed Anode Breaker 

Factory Tests 

During the progress of development of 
this new high-speed anode air circuit 
breaker, several representative short-cir¬ 
cuit tests were made in the factory test¬ 
ing department. After the final design 


Current-Interrupting Device 

The current-interrupting device de¬ 
signed for this breaker is extremely simple 
in construction and in operation. Fig¬ 
ure 9 is a side view showing the component 
parts. The interrupting unit consists of a 
simple open-type arc chute and two blow¬ 
out coils. One coil is in series with the 
arcing contacts on the upper stud of the 
breaker. Associated with this coil is an 
iron core and two pole pieces of conven¬ 
tional construction which act upon the 
arc terminus on the arc runner and the 
arc proper. The other coil is in series with 
arc runner located over the movable 
•contact. This coil has only an iron core 
(no pole piece) which acts only on the arc 
terminus when it strikes the arc runner. 

Successful operation is based entirely 
on rapidly increasing the length of the 
arc, therefore, the resistance, to the point 
where extinguishment takes place. Evi¬ 
dence of the. effectiveness of this simple 
chute is shown in Figure 10. From current 
peak to zero is a smooth unbroken line 


Closing Drive 

Since rectifier anodes are operated in 
groups of six or multiples of six, it was 
decided that six individual breaker poles, 
each with its independent current direc¬ 
tional trip, would be mounted on a com¬ 
mon panel. Amotor-drivenclosingmecha- 
nism was selected as the most suitable 
means for obtaining reliable closing per¬ 
formance. This mechanism consisted of 
a series motor suitable for either a-c or 
d-c operation, a torque brake, and a gear- 
driven closing cam. This complete unit 
was connected to a closing . crossbar 
affixed to the closing lever of each in¬ 
dividual pole. Operating the closing 
crossbar through 360 degrees of cam travel 
would cause any number of poles in the 
open position to be closed. This was par¬ 
ticularly desirable since on arc-back with 
high-speed breaker operation, the arc- 
back is removed before all anodes feeding 
into the rectifier are caused to arc bade. 
Since under this condition the dosing 
load on the motor drive can vary widely, 
it was desirable to obtain a relatively con- 


had been reached a complete six-pole 
model was built and tested in a rectifier 
circuit in the factory. Figure 12 indi¬ 
cates the test arrangements made and 
power circuits used. 

Results of these tests were gratifying, 
but it was realized that the test conditions 
imposed might not be so severe as would 
be encountered in the fidd, espetially for 
large electrochemical pot lines. The rec¬ 
tifier transformer used during these tests 
and the a-c system capadty were such 
that current contributions from other 
anodes in the same rectifier which fed 
into the anode in arc-back were as high as 
would be usually encountered in the field. 
However, it was impossible to duplicate 
d-c contributions from parallel rectifiers 
such as would be encountered in large 
electrochemical installations. Instead, 
an 1,800-kw 600-volt motor-generator 
set was connected to the same bus, but 
this unit lacked capacity for such large 
d-c contributions as were anticipated in 
the field. It also required its own high¬ 
speed breaker protection to prevent com¬ 
mutator damage, so that the duration of 
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Figure 10. Typical oscillogram taken during 
field tests 

its current contribution to the arc-back 
was limited. 

Field Tests 

Therefore, it was felt advisable to con¬ 
firm final factory tests by making oper¬ 
ating-speed and interrupting-capacity 
tests in a large rectifier installation. Ar¬ 
rangements were made for such tests. 
This rectifier installation consisted of 
eight 650-volt 2,600-kw rectifiers, sup¬ 
plied from four rectifier transformers, all 
connected to the same d-c bus. Short- 
circuit capacity at the 13.8-kv a-c supply 
bus was approximately 400,000 kva. 
D-c load during the test period averaged 
20,800 kw on the eight rectifiers. 


8 «§ 


Figure 13 shows the one-line power- 
circuit diagram for the eight rectifiers 
and test arrangements for the rectifier and 
six-pole high-speed anode circuit breaker. 
Two six-element oscillographs were used 
to record current and voltage behavior in 
the various circuits simultaneously. 

Since arc-backs cannot be produced at 
a predictable instant, it is necessary to 
simulate an arc-back by short-circuiting 
one rectifier dement with a switch at the 
desired instant. Such a method imposes 
short-circuit currents which exceed the 
values reached under natural arc-back 
conditions, because they eliminate the 
effect of arc drop in the rectifier element 
in arc-back. Thus such test conditions 
are in error in the conservative direction. 
A large electrically operated power circuit 



breaker was used as the short-circuiting 
switch during the tests. No overcurrent 
tripping action was provided with this 
switch and so it remained closed until 
it was opened manually after each short- 
circuit test was conducted. 

This particular installation had been 
made with the cathode switching-type 
arc-back protective equipment on all rec¬ 
tifiers. During the tests the regular high¬ 
speed cathode breaker remained in the 
open position at all times. A suitable 
4,000-ampere medium-speed air circuit 
breaker with overcurrent tripping device 
was substituted instead. 

Oscillographic Results 

Figure 10 is a reproduction of an actual 
oscillogram obtained during the field tests. 
Several such oscillograms were taken, 
and this particular one is typical of the 
maximum fault conditions recorded. 

Trace for anode 1 shows the current 
through the short-circuiting switch. It 
is apparent that the instant of switch 
closure occurred during the time of normal 
forward-current conduction for anode 1. 
Performance of pole 1 of the high-speed 
anode circuit breaker is clearly indicated 
on the oscillogram. Maximum current 
contributions come from anodes 1 and 5 
and from the other paralleled rectifiers 
through the cathode line. 

An interesting piece of incidental data 
obtained in this test is the record of the 
natural arc-back in anode 5. After its 
high forward-current contribution, it 
immediately went into arc-back as proved 
by the reversal of current. Performance 




Figure 11 (left). The 
new high - speed 
breaker 


TO6O0-VOLT 
1800-KW 
MOTOR- 
GENERATOR 
SET 
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of pole 5 is clearly indicated by the cur¬ 
rent trace for that anode. 

Time required for contacts of pole 1 to 
part after current reversal was 0.275 
cycle as measured by the trace of “anode 
1 breaker contact volts.” Current re¬ 
duction as a result of arc quenching in the 
arc chute always started appreciably 
earlier than one-half cycle, according to 
the oscillograms taken during each test. 
The values of 0.476 cycle and 0.442 cycle 
illustrated in Figure 10 were typical. 

Study of the cathode-current behavior 
shows that the individual poles each con¬ 
tributed interrupting effort, not only to 
that of the currents from the other anodes, 
but also to those from other rectifiers as 
well. In fact, pole 5 successfully inter¬ 
rupted all contributions. This is proved, 


Load Current All Rectifiers” in Figure 
10. During these, tests there were no 
a-c power circuit-breaker operations for 
the main rectifier transformer included 
in the test circuit. The companion rec¬ 
tifier connected to the same rectifier 
transformer always remained in service. 

Surge-voltage recording instruments 
were connected across the interphase 
transformer and anode to neutral low- 
voltage main-transformer windin g s to 
detect any evidence of surge voltages 
which might result from the high-speed 
breaker action. No evidence of surging 
was recorded. 

Oscillographic tests were conducted to 
determine the time required to interrupt 
normal load on the rectifier when tripping 
all six poles by means of removing polar¬ 



Conclusion 

The advantages obtained by using such 
high-speed anode breakers include: 

1. Shock to the transformer is reduced. 

2. Shock to the rectifier is reduced. 

3. Maintenance on a-c power circuit 
breaker is reduced, because it no longer is 
required to interrupt the high currents due 
to arc-back. 

4. The vacuum in the rectifier is not so 
adversely affected when the arc-back is 
limited to one cycle or less, as compared: 
with the longer time for a-c power-breaker 
operation. This means any rectifier which 
arcs back can be returned to service at 
once, whereas time out for pumping is often 
necessary with cathode-switching protec¬ 
tion. 

5. When two rectifiers are connected to the 
same transformer, only the one which arcs 
back is subjected to outage. The other re¬ 
mains in service. This has a most important 
bearing on improved continuity of service 
in many cases. 

6. Likelihood of simultaneous arc-backs or 
Spread of arc-backs to other parallel recti¬ 
fiers is minimized. The reason is that the 
short circuit on the d-c bus is removed in 
one cycle or less. 'Again continuity of 
service is improved. 

7. The anode -breakers are useful discon¬ 
necting devices when two rectifiers are fed 
from a single transformer. They lend them¬ 
selves to the isolating of one rectifier for 
maintenance or repair work without inter¬ 
rupting operation on the other rectifier. 

8. High overcurrent duty is confined to 
one device for the anode-switching arrange¬ 
ment, whereas with cathode switching both 
cathode switch and a-c power circuit breaker 
open under high duty requirements. Main¬ 
tenance is thus reduced. 


Figure 13. Field-test circuit 

because the traces for anodes 2, 3, 4, and 
6 show normal forward-current rectifier 
operation lasting approximately l x / 4 
cycles after the last reverse current has 
been interrupted by pole 5. 

Traces of anode current for anodes 2, 
3,4, and 6 cathode current, and medium- 
speed cathode-breaker volts indicate tha t 
regular rectifier operation may have con¬ 
tinued without distress on the remaining 
four anodes, had service not been inter¬ 
rupted by the operation of the cathode 
breaker. This circuit breaker inter¬ 
rupted less than normal full-load current 
when it opened 2 1 /j cycles after the event. 

None of the several short-circuit tests 
conducted caused arc-back in any of the 
other rectifiers connected to the same d-c 
jaiis^. Evidence of continuity of service is 
indicated by the trace of the "Total D-C 


izing coil voltage. Approximately D/s 
cycles were required after the switch in the 
polarizing circuit was opened. 

Condition of Anode Circuit Breaker 

After Tests 

A total of six tests were made in the 
field using the circuit shown in Figure 13. 
In addition to obtaining satisfactory high¬ 
speed operation, the results were particu¬ 
larly gratifying, in view of the condition 
of the breaker after the completion of the 
tests. The contacts were in excellent 
condition and justified the adoption of 
this arrangement for commercial use. 
No parts would haves required replace- 
ment to continue in service. The condi¬ 
tion of the breaker after tests and the 
high-speed performance obtained during 
tests clearly indicated that a new and 
useful tool had been provided to cope with 
mercury-arc rectifier arc-backs. 


9. Since each pole of the six-pole anode 
breaker opens independently of the other 
poles, and each pole is equipped with an 
operation counter, a record is provided of 
the anode arc-backs. This often is advan¬ 
tageous in locating and correcting arc-back 
trouble. 
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Field Harmonics in Induction Motors 

M. M. LIWSCHITZ 

MEMBER AIEE 


I. Introduction 

A BOUT 40 papers have been written 
on the asynchronous torques, syn¬ 
chronous cusps at running, synchronous 
cusps at standstill (dead points), and 
noise of the induction motor. The sub¬ 
ject has been also treated in some text¬ 
books.* My aim is to give a coherent 
representation of the harmonic problem in 
induction motors. It is based on the work 
of my predecessors, on my own work, and 
on my experience. 

It is intended to give not only a physi¬ 
cal explanation of the phenomena but also 
to determine them quantitatively, that is, 
to determine the magnitudes of the dif¬ 
ferent forces which produce the noise' as 
well as of the different torques which in¬ 
fluence the torque-speed curve. An ex¬ 
act knowledge of the currents produced 
by the field harmonics in the rotor is nec¬ 
essary for solving this problem. Since 
the magnitude of the harmonic currents 
in the rotor depends on the rotor leakage, 
a special study of the leakage of the single 
harmonics will be necessary. Of great 
influence is here the differential leakage; 
its amount increases with the order of the 
harmonic and therefore becomes impor¬ 
tant for the slot harmonics. 

Thus a complete representation of the 
harmonic problem in induction motors 
involves the following topics: 

1. The harmonics of the stator, their am¬ 
plitudes, and their speed with regard to the 
stator and rotor. 

2. The harmonics of the rotor, their ampli¬ 
tudes, and their speed with regard to the 
stator and rotor. 

3. The force waves produced by the har¬ 
monics and their frequencies. 

4. The resistance and reactance of the 
rotor with regard to the different harmonics. 

5. The rotor currents produced by the 
different harmonics. 

6 . The forces produced by the harmonics. 

7. The asynchronous torques. 

Paper 42-100, recommended by the AIEE. com¬ 
mittee on electrical machinery for presentation at 
the AIEE summer convention, Chicago, Ill., 
June 22-26, 1942. Manuscript submitted April 6, 
1942; made available fpr printing May 12, 1942. 

M. M. Liwschitz is with The Polytechnic Institute 
of Brooklyn, Brooklyn, N. Y„ and is also con¬ 
sulting engineer for Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, Pa. 

* The fundamental paper on the influence of har¬ 
monics in the squirrel cage rotor has been pub-' 
lished by L. Dreyfus.'* The most detailed repre- 
sentation is given in the textbook of R. Richter, 
Rlbktrischb Masohinbn. 10 


8 . The synchronous torques during run¬ 
ning and at standstill. 

9. Means to avoid the noise and the para¬ 
sitic torques. 

It is intended to divide the representa¬ 
tion in three parts. This paper contains 
the topics 1, 2, and 3, that is, it treats the 
noise problem qualitatively. The magni¬ 
tude of the forces that produce the noise 
will be determined in the third part, when 
the resistance and reactance of the rotor 
with regard to the different harmonics 
have been discussed in the second part. < 

n. The Stator and Rotor 
Harmonics 

Since not only the windings with an in¬ 
tegral number of slots per pole per phase 
are considered, but the windings with a 
fractional number of slots as well, it be¬ 
comes expedient to take as the “funda¬ 
mental” harmonic the wave, the length of 
which is equal to the circumference of 
the stator bore. The synchronous wave 
will be then the harmonic of the order 
n' = p; this is the “main” car “synchro¬ 
nous" harmonic. If in the case when the 
number of slots per pole per phase is an 
integer, it is desirable to use the main 
harmonic as the fundamental, the ratio 
n — n'/p is valid; n is then the order of 
the harmonic with regard to the syn¬ 
chronous wave. 

As shown in appendix 1 , the order as 
well as the direction of rotation of the 
stator harmonics is defined by the two 
equations 


(Hi - * (,) 



where k is an integer excluding 0 , k\ an in¬ 
teger including 0. When the minus sign 
in equation 2 is used, n' travels with the 
synchronous harmonic; when the plus 
sign in equation 2 is used, n' travels op¬ 
posite to the synchronous harmonic. 

When the number of slots per pole per 
phase & is an integer, 0 has to be set in 
equations 1 and 2 equal to 2 , whence 

n'-fanufl )P (3) 

or 

n^kimi+l (4) 


where ki is any positive or negative inte¬ 
ger including 0. When qi is an integer, 
and the winding is a symmetrical three- 
phase 60-degree phase belt winding, k\ is a 
positive or negative even integer includ¬ 
ing 0. When n' is positive, the harmonic 
travels with the synchronous harmonic; 
when n' is negative, the harmonic travels 
opposite to the synchronous harmonic. 

In appendix 1, it is further shown that 
the n' harmonic of the stator produces 
the following rotor harmonics 

m'<=kiQi,+n' for the squirrel-cage rotor (5) 

m' = fapmu+n 1 for the wound rotor with 
Qi an integer ( 6 ) 

where ki is a positive as well as a nega¬ 
tive integer including 0. For positive 
values of the slip s n ' the harmonic m' 
travels with the rotor when m' is positive, 
opposite to the rotor when m' is negative. 

The stator slot harmonics are given by 
the equation , 

n gl '=±Qi+p (7) 

and the rotor slot harmonics by the equa¬ 
tion 

^Qt+P ( 8 ) 

It follows from equations 6 , 6 , and 8 that 
the rotor slot harmonics are produced by 
the main (synchronous) wave of the sta¬ 
tor, and that k 2 « * 1 corresponds to the 
slot harmonics of the squirrel-cage rotor, 
while a large k 2 corresponds to the slot 
harmonics of the wound rotor. 

Equation 6 assumes that the number of 
slots per pole per phase q 2 of the rotor is 
an integer. If 52 is a fractional number, 

ki pm 2 hasto be inserted inequation 6 in- 

02 

stead of k 2 pm 2 (corresponding to equation 
34, appendix 1). This is valid also for the 
formulas derived from equation 6 in the 
following. 

In appendix 2 formulas are given for 
the harmonics of the magnetomotive 
forces of the stator and rotor which take 
into account their speed relative to 
the stator as well as to the rotor. Since 
the noise problem only is considered here, 
the magnetomotive forces with regard 
to the stator are of importance. 

The magnetomotive force of the n'th. 
stator harmonic is 

b n '=B n t sin (9) 

and the magnetomotive force of the w'th 
rotor harmonic 

— xi ( 10 ) 

• pr J 


(1 


H 


X 


. • - . • } 
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The rotor harmonic m' is produced by the 
stator harmonic therefore, corre¬ 
sponding to the equations 5 and 6 


Vm' 


=B m , sin [(l + *f(l-,)) 

Jdlf 

Pr J 


cat—m'-—xi |for the squirrel-cage rotor 

(10a) 

b m r*=B m > sin J^(l+^2»«2(1— $))«<— m' — *i] 
for the wound rotor (10b) 

The values of B n , and B m , are given in 
appendix 2. 

HI. The Force Waves and 
Their Frequencies 

The driving force of the machine is a 
tangential force produced by the main flux 
wave and the main magnetomotive force 
wave. The flux harmoniqs and the har¬ 
monics of the magnetomotive force pro¬ 
duce parasitic tangential forces which 
contribute to the noise. However, the 
main source of noise is the group of 
radial forces produced by the flux har¬ 
monics. The radial force that corre¬ 
sponds to the induction b in the gap is 

/ r = 1.3856*X10 -8 pounds per square inch 

b consists of all stator and rotor harmon¬ 
ics. Hence 6 a is the sum of the squares of 
all stator and rotor harmonics plus twice 
the product of each stator harmonic with 
each other stator harmonic, of each rotor 
harmonic with each other rotor harmonic 
and of each stator harmonic with each 
rotor harmonic. We write in general form 

We can use this formula for all five com¬ 
ponents of b* making y' and /*' equal to 
the values of n' and m* in consideration. 
It is in general 

by / ss Pyt Sin I G)y ft — 'Y* Xl | 

\ pr / 

6jB/=J3 M /sm ( apt—n r ~~x x ) 

\ Pr J 

so that 


f T =zby t b fl >s= ^ B'Bp X 


cos 


£(<o r —« M ,)f—(7' ~n') 

£(*y+»/)/ “ Cr'+/*') ^#1] 


2 By/Bpi COS 


( 11 ) 

Thus the radial force f r consists of two 
force waves, one having y r — p* force 
pole pairs and the frequency Oy, — 
the other having y' -j- p' force pole pairs 


and the frequency + « M ,. We desig¬ 
nate the number of force pole pairs by k. 
k =0 is a stationary pulsating force, k = 1 
is a force wave with two poles, k=2 
is a force wave with four poles, and so 
on. The larger the value of k, the shorter 
is the wave length. The stator is, in 
general, stiffer to short wave distortion 
(k large) than to large wave distortion 
(k small). Yet, depending on the con¬ 
struction of the machine, the small wave 
distortion may be dangerous as well. 

We consider now the different compo¬ 
nents of b 2 . 

(a). Stator harmonics only. In equa¬ 
tion 11 we have to insert y'—n^ 

It follows further from equation 9 

oiyt — a>pr = o )=2 irfi 

Thus 

k=n a '+n b ' 


h^n a , —n b > 


/+=2/i 

f-—0 


( 12 ) 


/+ is the frequency of the force wave, 
when the sum of n a ' and n b is taken; 
/- is the frequency of the force wave, 
when the difference of «/ and n b is taken. 
n a l and n b can be positive as well as nega¬ 
tive. 

When a single stator wave is considered, 
then n b — n a ' and 


k=2 


/+=2/i 


(12a) 


Thus the force waves produced by the 
stator harmonics have double the line 
frequency. Also the main harmonic pro¬ 
duces a force wave of double the line fre¬ 
quency. 

The consideration of the case It —l, 
which must be avoided, we limit for the 
sake of clearness to integral values of gi, 
since fractional numbers of gi are not often 
used in induction motors, k — 1 means 

= *1 or n a '—n b '= *1 
With equation 3 this gives 

»a / +W6 , = [(Mia+k^mv +2 ]p = *1 
n a ' n b — (kin — kib)niip =» * 1 

Since k is a positive or a negative integer 
including 0, the case » a '+n 6 '= ± 1 can¬ 
not occur. n a '—n b =^=l is possible 
only when p= 1, 1 and k la or k lb 

is an odd number, that is, when the mag¬ 
netomotive force contains even harmon¬ 
ics. 

(b). Rotor harmonics only. In this 
case y^ma, p^m b . It follows further 


bmb*—Smy sin. I ( 


“K 1 


m b '—n b 


-'(I-*)) X 


Inserting here equation 6, we find for 
the wound rotor with g 2 integral 

k = m a '+m b ' /+=[ 2+(k 2a +k 2b )X 

(13) 

k = m a '-m b f f-=[(k ia -k 2b )m- t {l-s)]f l 

and inserting equation 5, we find for the 
squirrel-cage rotor 


k = m a , +m b ' 


k-- 


f + =^2+(k 2a +k 2b ) J (1-5)]. 

m b ' ' *■ 

/-=[&«-* 2t ) | (1-*)]/, 


ft 
(14) 


«f/i m b> h „, and k#, in equations 13 and 
14 can be positive as well as negative. 

For the case of the squirrel-cage motor 
as shown in appendix 2, the value of B m > 
becomes smaller, the larger the value of 
£2. ki~ =*=1 gives the largest amplitude 
for the rotor harmonic. Considering this 
case, that is, 

^ 1 

we find for the squirrel-cage rotor 
Q* 




1*? (l-*)"tv 

P 


(13a) 


f+ 

/-—0 

when h m and k 2b have the same sign and 
f+=2fi 


/—7 ( 1 —5)2/2 
P 


(13b> 


when and k 2b have different signs. 

When a single harmonic is considered, 
then m a '=m b ; k^-k^k 2 


k‘=2fl a ' /es 1 —|—^2 


fa-,)} 


!/i (13c) 


m% instead of Qz/p is to be inserted in this 
equation for the wound rotor. 

If we limit again the consideration of 
the case k —1 to gi integral there will be 

m a '+m b '=> =±=1 


or 
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from equation 10 

b ma ,<=B mba , sin £^14———— (1— s) ^X 

o>t—m a ' ^-xi 

Pr J 

Liwschiiz—Field Harmonics in Induction Motors 


m a '—m b '= ±1 


With equations 3 and 5, this gives for the 
squirrel-cage rotor 

m a ' ■^^m b , = =*=1 = {h 2a -\-h 2b )Qz-^- 

\{ki a -)rki b )mi-\-2 ]p 
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k m and k 2b are positive or negative inte¬ 
gers including 0. In the usual case of a 
60-degree-phase-belt winding, k la and 
k\ b are even integers including 0. Only 
the 120 -degree-phase-belt winding, (two 
speed motors) may have even values as 
well as odd values of k\. In order that 
m a '-\-ni b '= =*= 1 , the equation must be 
satisfied. 

(kia+kM** — (ki a +ki b )mip—2p=p 1 

With k la and k lb even integers, this is 
possible only when Q s is an odd number. 
For md—m b ** =*= 1 it follows that 

m a '—m b '= ±1 = (k2a—k 2b )Q2+(h a -k b )m 1 p 
or 

(.k 2 a kib)Qz 5=8 (k la kih) ttiip ^ 1 

With ki a and ki b even integers this equa¬ 
tion can be satisfied when (? 2 is an odd 
number. Thus the rotor harmonics pro¬ 
duce k=l (two-pole force waves) when 
Qi is an odd number. When the stator 
winding produces even harmonics ( 120 - 
degree-phase-belt winding) also an even 
Qt may produce k—1. The wound rotor 
has usually 52 =integer and Qa an even 
number. In the case <&=fractional num¬ 
ber, the equation 3 and equation 34, appen¬ 
dix 1 , have to be used in order to find 
whether or not k — 1 is possible. 

The value —•=— is the slot fre- 
60 p 

quency. It follows from equations 13a 
and 136 that the frequency of the noise 
which the rotor harmonics produce is ap¬ 
proximately equal to double the slot fre¬ 
quency or to double the line frequency. 
Seldom another frequency corresponding 
to equation 13 may occur. 

(c). Products of stator and rotor har¬ 
monics. Here 

7 , =» 6 / ix'-nta 

md is produced by the stator harmonic 
n a '. From equations 9 and 10 we get 
for the squirrel-cage rotor 

k=n b '+m a ' f+^+K^d-s) 

k=n b '—m a ' /-= £l?:J^(l—s)J 

In this equation m% is to be substituted 

for — for the wound rotor with g 2 equal 
P 

to an integer. 

It follows from equation 15 that the fre¬ 
quency of the force waves produced by 
stator harmonics in co-operation with 
rotor harmonics does not depend on the 
order of the stator harmonic; it depends 



on the factor k% and also on the number of 
rotor phases, if the rotor is a wound rotor, 
or on the number of rotor slots, if the rotor 
is of squirrel-cage type. 

When k m — 0, md is equal to n a ' and 
there will be 

k - n b '+m a ' f+ - 2 /i 
k — n b —m a ' /-<= 0 

For the rotor slot harmonics ^-of the 
squirrel cage, k^— ^ 1- Thus, when 
the rotor slot harmonics are involved, the 
frequencies of the force waves of the 
squirrel-cage rotor are 



k=n b '+md f+ 






k^n b —md /-=“ d~ s )fi 
P 


(15b) 


It follows from equations 7 and 8 for 
the co-operation of the stator slot har¬ 
monics with the rotor slot harmonics , 


through the co-operation of the stator and 
rotor harmonics have approximately the 
slot frequency or double the line fre¬ 
quency. Occasionally higher frequencies 
correrponding to equation 15 may occur. 

Since equation 8 is valid also for the 
wound rotor, the results derived for the 
squirrel-cage motor are valid also for 
the wound-rotor motor. 

(d). Zero-pole forces (k=Q). Under 
special circumstances the case k —0 
may cause considerable trouble, k—0 
means that there are no force poles, that 
the force is constant around the stator 
bore at any instant, but that it changes 
its value with the frequency a>y —coy 
or coy+coy (equation ll). It can be 
seen from this equation and from the con¬ 
siderations under (a) and ( 6 ) that k — 0 
is possible only when stator harmonics 
co-operate with rotor harmonics; then 
we have coy—coy 5 ^ 0 and also coy -Boy 5 ^ 0 
Referring to (c) we have 


k n ^Qi+p^Qa+P 
and 

h a - n st '—m sl r = Qi** Qt 

The smallest absolute values of k n are 


7 '=«&' u'-md 

and from equations 3 and 6 for the wound 
rotor 

k=n b '+m a '’=0 = (k lb +k i a )mi+2 
k = n b , —m a f - 0 = (ki b —ki a )mi—k m m2 


kn = Qi—Q2^2p 

kti — Q 1 —Q 2 [ ) 

Disturbing noise can be expected, when 
k n as given by equation 16 is a small num¬ 
ber. k sl =l is dangerous, but under 
certain conditions even k n — 20 may not 

* be permissible. The noise produced by 
the machine depends not only on the har¬ 
monics and the radial forces produced by 
them, it depends also on the mechanical 
construction of the machine and on the 
number of poles which determines the 
depth of the stator core. 

When the stator harmonics co-operate 
with rotor harmonics, the case k — 1 re¬ 
sults in 

hd+m a f — *1 

or 

?«<,'= =*=1 

With equations 3 and 5, this gives for the 

• squirrel-cage rotor (gi is an integer) 

n b '-\-md — =*=1= [( 6 i a mi+2 ]p-\-ki a Q% 

n b '—m a ' = =*=1 = (£i& —ki a )mip —k^Qi 

Applying here the same considerations as 
in the case of two rotor harmonics, treated 
under ( 6 ), we find the same results as 
there, namely that k—1 occurs when Q 2 
is an odd number. 

It follows from equations 15a and 156 
that the frequency of the force waves of a 
squirrel-cage motor which,are produced 


The number of phases of the rotor m 2 
is usually equal to three. Thus k=n b -j- 
m a ' will be equal to 0, when 

(k lb +k la ) y+g “ 

that is, the sum n b -\-md cannot produce 
£ = 0, if the stator has wi = 3. k—n b — 
md will be equal to 0, when 

(ka-kta) j=k 2a (17a) 

If the stator has a three-phase winding 
there will be in this case, many combina¬ 
tions which will give k — 0. The fre¬ 
quency of the force is given by equation 
15 when m 2 is substituted for Qt/p. The 
equation 15 is independent of the value of 
k. 

We consider for example, the combina¬ 
tion (gi integral) 

mi — W 2 = 3 kia = 0 ki b — — 2—k 2a 

To h a -0 corresponds n a '—p; to ki b — 
—2 corresponds n b ——5p; to kia——2 
corresponds m a ' — —Qp+p— —5p and n b 
—m a '= 0. The frequency of the station¬ 
ary force produced by n b — —5 p and md 

— —5p is (equation 15) 

f- = —2X3(1— s)/i=360(l—r) cycles per 

second 

If we would consider the combination 
ki a =0, k\ b — —i=kia, that is, nd^p.nd 

— —Up, md ~ —11 p, we would find that 
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"the stationary force oscillates with 720 
( 1 — s) cycles per second. 

For the squirrel-cage rotor we find 
from equations 3 and 5 

=a 0= [Qiib J rki e ^ini-\-2]p-\-k ia Q 

k ■»V ~m a ' - 0 - {kit-kia)mp-k ia Qi 

Since k\ a and fa b are integers, k=0 will 
occur here when 


regard to each other. For these harmonics 
we have to write 


bv^By sin 


/ k \ 
l7«/—7-iei I 


53 3, 5,.... 

(19) 

The saturation harmonics produce in co¬ 
operation with the rotor harmonics, force 
waves, the frequencies of which can be 
found from equations 11 , 10 , and 18 as 
follows 


faaQz 


is an integer or 


■kiaQz . 


(17b) 


niip 


is an integer 


The frequency of the forces is given by 
equation 15 which is independent of the 
value of k . 

The equation 17a for the wound rotor 
can be satisfied by small values of kuu 
hb> and k^. The corresponding field am¬ 
plitudes as well as the k—0 force will 


'-3 /+-[4+ gfc - V -(l-t)j/, 

-d-i)] 


76 

k=y b '+m a ' 


7 S '=5 /+==! 6 


= e 


nta'-n a ' 


76'“3 /■ 
i-*76 '—nta 

yd “5 / 


-[■ 

-[■ 


m a — 


m a '— 




( 20 ) 


The difference md—nd is given for the 


therefore be considerable. To the equa- . wound rotor as well as for the squirrel- 


tion 175 corresponds usually a relatively 
large value of k%a or k lb or &*, that is, a 
harmonic with small amplitude. This is 
the reason why k— 0 , may more often make 
trouble in a machine with a wound rotor - 
than in a machine with a squirrel-cage 
rotor. 

The natural frequency of a stator core 
for radial vibrations is approximately 


/rad. vlb. ; 


32.4X10* 


J-L 

11 +h 


1+h/hc 

cycles per second 


(18) 


where r is the radius in the middle of the 
core, fa the depth of the tooth and fa the 
depth of the core. It depends mainly on 
the radius of the core. 

Influence of Saturation 

For the stator harmonics (equation 37 , 
appendix 2 ) is valid. 

sin n'~xij 

Since all harmonics n' are produced by 
the same current, « is common for all 
harmonics, and each harmonic travels 
exactly its wave length during one cycle 
of the current. 

If the magnetic circuit is saturated, the 
main harmonic of the magnetomotive 
force produces, besides the main field 
harmonic, also saturation field harmonics 
which travel 3,5, . Wave lengths when 

the main harmonic travels only one wave 
length. The saturation harmonics are 
botmd to the main harmonic and travel 
with it without changing position with 


cage rotor, by equations 5, 6 , and equa¬ 
tion 34, appendix 1. 

Appendix I. The Order of the 
Stator and Rotor Harmonics 

(a) The Stator Harmonics 

« 

We consider a stator winding with a frac¬ 
tional number of slots per pole per phase. 
Since subharmonics are possible, we take as 
fundamental the wave, the length of which 
is equal to the complete developed armature, 
that is, to 2r. The harmonic n'=p is then 
the main harmonic (the "synchronous” har¬ 
monic). 

The stator may have mi phases. The n'th 
harmonic of the magnetomotive force of one 
of the phases which we designate by 0 is 


Xi 

1 F ln > sin ut cos n' — r 
Pr 


( 21 ) 


When the number of slots per pole per phase 
is 


*~ a+ i 


( 22 ) 


where a is an integer, b/0 a fractional num¬ 
ber, and b and 0 have not a common divisor, 
then the winding repeats itself after each 0 
poles. The winding with qi * integer repeats 
itself after two poles. The time and space 
angle between two adjacent phases are for 

gi an integer — and correspondingly 

m i Prrn 

these angles are for gi a fractional number 

*0 , . *0 

— and w - 

mi pmi 

The time and space angle between the phase 
designated by 0 and the cth phase are there¬ 
fore for gi a* fractional number ' 

vP .VP 

— c and «' —e ■ 

mi pmi 


Thus the magnetomotive force of the cth 
phase is 


/m' e =F ln / sin 


in ( at ~~ Pcj X 

(n'—v—n' — pc) (23) 
\ pr pmi / 


or 


6 +1 te^]} 


(23a) 


In order to find the resultant magnetomotive 
force we have to take the sum of all mi 
phases, that is, from c=0to c^mi—1. Thus 


Jin' 


\P /mi 


«■«!—I 

Yj COS I 

c —0 


COS I 


x 


dn fe ,_ 1 fe <Se ] + 

|^sm^w^-l-» , ^w^X 

e=«mi —1 / , \ / 

S cos ( T+ 1 )~ p°~ cos («rf+ 
e-0 \P /mi \ 

”'I T ) .1 s “(* + 1 fc ?c ]} (24) 

The four sums we designate in turn by a, b, 
ai, and bi, and the angles in the round 
parenthesis by a and 8. We can write 


fin' "g F n , [(« sin a+b cos a) + 


(oi sin 8—bi cos 8) ] (25) 


or 




lV a J + 6 * sin (a+7i)+ 

“\/sin ( 5 + 72 ) ] 
“2 F n > y/ a s -f-5* sin 71 ^+ 

2 V«h*+V sin ^-l-» , ^ir-|- 72 ^ 

(25a) 

These are two waves traveling in different 
directions, and both of the same order 
Since the stator currents produce from each 
harmonic only one wave, traveling with the 
synchronous harmonic or opposite to it, it 
follows that for some harmonics the sums 
a and b, for other harmonics the sums ai 
and fa, must be equal to zero. 

We assume that a given harmonic, for 
example the ,»'th harmonic, travels with the 
synchronous harmonic. Then for this har¬ 
monic the stun s ai an d 'fa must be equal to 
zero, while y /must have a definite 
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value. 

when 


It can be seen that this will occur 


(HI- 


k k integer excluding 0 


and 


/»' \ x 

(--1-/3 = 

\P /mi 


2irki ki integer including 0 


There will be 


e « mi — 1 

0= Yj COS 

Css 0 
o » mi — 1 

™ Y2 cos ki2vc—mi 


\P /mi 


0c 


m(~l)-0 C 
\P /mi 


C*0 

c = Wli — 1 

b = ^ sm 

c«0 
c=mi-l 

= sin ki2vc=Q 

B»0 

c m — X 

ai~ ^ cos 

C«fl 

‘“^T 1 2t 

= 2l» cos ^—c=o 

C=a 0 


\£ /Wl 


0 C 


C — mi — 1 
6l= 2 sm 

e»o 

e = mi-l 9 

E . , "IT 

sin * —c 

c-0 


m(~+l)- 0c 
\p /mi 


*0 


On the other hand, if we assume that a 
given harmonic travels opposite to the rota¬ 
tion, we find that when 


k k integer excluding 0 


(HI- 

(~+l)-/3-& 

\P /mi 


2tf ki integer including 0 


the sums a and b will be zero while 
has a definite value. Thus 


k integer excluding 0 


(HI- 

/»' \ 0 

(—^1 )r —=ki ki integer including 0 
\P J2mi 


(26) 


are the criterions for the existence of the 
n'th harmonic in the magnetomotive force. 
When the minus sign is used, the harmonic 
travels with the synchronous harmonic; 
when the plus sign is used, the harmonic 
travels opposite to the synchronous har¬ 
monic. 

The first criterion is independent of mi, 
it indicates the existence of the n'th har¬ 
monic in the magnetomotive force of a single 
phase; the second criterion indicates the 
existence of the nth harmonic in the mag¬ 
netomotive force of the total winding. 18 

It follows from the preceding that with 
0=2, the equations 26 are the criterions for 
the existence of the nth harmonic in a 
winding with ?i=integer. Thus, when 
qi= integer, 


n 


T+l' 

P 


-k 


k =integer excluding 0 


■ki ki =integer including 0 


\P /mi 
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(27) 


are the criterions for the existence of the 
n'th harmonic. Since n'/p is also an integer 
when qi— integer, the first criterion says 
that the magnetomotive force of a single 
phase contains in general all odd as well as 
all even harmonics. The usually used 60- 
degree phase-belt winding does not contain 
even harmonics; for this winding k is limited 
to even integers. 

The second criterion can be more con¬ 
veniently used in the form 


»'= (kimi+l)p 


(28) 


where ki is a positive as well as a negative 
integer including 0. For the normal 60- 
degree phase-belt winding, ki is again 
limited to positive and negative even 
integers including 0. 

(b) The Rotor Harmonics 

The n'th. stator harmonic induces in the 
rotor phase designated by 0 the current 

\/2 I m > sin s n rat 

Sn is the slip of the rotor relative to the 
n'th stator harmonic. To the current ^n' 
corresponds a rotor magnetomotive force, 
which contains different harmonics. We 
consider the m'th of these harmonics. Its 
magnetomotive force is 


fwi' 


x a 

> F. m i sin s n iu>t cos m' — x 
pr 


(29) 


We assume at first that the number of slots 
per pole per phase of the rotor is an integral 
number. Then the space angle between 
two adjacent phases is, as for the stator, 

, 2ir 


m 


pm% 


The time angle between the electro¬ 


motive forces of two adjacent rotor phases 
is determined by the n'th harmonic of the 
stator which produces the m' harmonic of 
the rotor, and since the space angle between 

two adjacent rotor phases is equal to- 

prrh 

2tt 

this time angle is n'-. The time and 

pms 

space angle between the phase 0 and the 
2t 2i 

cth phase are n' — c and m' — c, and 
pms pms 

thus the resultant magnetomotive force 


hm* 


£ F»n' |[j5in -m' ^ tJx 

e = m-l / 

Y1 cos (m'~ n') -— cos ( s n iwt— 

e«=» 0 pms \ 

,Xs Y"^r l . , ■ 2x *1 

m ~ tt 1 /, sm (m'—n’) - c -f- 

pr J b-o pms J 

r / * 8 y-^- 1 

|jnn — tJ 2J cos (m f -\-n')X 

2x ( Xs \ 

T~ c— cos I s n >cot+m — x JX 

pms \ pr / 

(30) 


™ m2 —1 

Y2 sin (tn'-fn' 

f»0 


Since m' and n' are integers, the sums are 
equal to 0 except when 

2ir 

(m'—n 0 7—=Aj2x ^integer including0 
pm 2 


and 

^--=ks2ir 

pms 

or except when 
m'=kspms*=n' 


ks integer including 0 


(31) 


For a given value of ks to any value of n r 
correspond two different values of m', that 
is, two traveling waves. Giving ks positive 
as well as negative values including 0, we 
can write 


m'=kspms-\-n f 


ks positive or negative 
integer including 0 (32) 


n' can be here, as before, positive or nega¬ 
tive. 

Os 

For the squirrel-cage rotor ms ——, and 

P 

therefore 


m'=ksQs+n r 


(33) 


While considering the wound rotor we have 
made the assumption <?«=integer. When 
qs = fractional number it will be 


m' = — kspms+n' 
02 


(34) 


This equation can be found by a similar con¬ 
sideration as for the stator. 


Appendix 2. The Amplitudes of 
the Stator and Rotor Harmonics 
and the Speed of the Harmonics 
Relative to the Stator and to the 
Rotor 

(a) The Stator Harmonics 

For the n'th harmonic of the stator 
magnetomotive force 


i,t) = F n > sin 
is valid, where 


%') 


F n / * 




n 


(35) 


(36) 


For the n'th harmonic of the field 
bn'(xi, t) = B n i sin x^ (37) 


where 

•a _ it Kdn'Kpn' r 

■On'-TTT- miNi h 




W 


(38) 


k e is the Carter factor. The factor k, takes 
into account the saturation. It is 




■ 4 - y^ATti-^ATti 

AT 0 


(39) 


For the higher values of k, is to be set 
equal to 1, since the paths of these harmonics 
are through the tooth tops without pene¬ 
trating further into the teeth and the core. 

The velocity of the n'th harmonic of the 
field with regard to the stator will be found 
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by differentiation with respect to t of the 
equation 


X\ 

at—n' —ir=> constant 
pr 

as 


dXi p T P 


(40) 


where 


•w p =>-m=2t/i (41) 

7C 

is the velocity of the main (synchronous) 
harmonic (»'=£). 

In order to determine the electromotive 
force induced by the «'th stator harmonic in 
the rotor winding, it is necessary to know 
the velocity of this harmonic with regard to 
the rotor. 

If s is the slip of the rotor relative to the 
main harmonic, the velocity of the rotor is 


T 

■v T -(l—s)v P =*{l—s) - to 

TT 

and therefore 


X 

Xi = Xi—V r t = Xv~(l—s) - at 

X 

or 

T 

Xi =»**+(l —s) ~ at (42) 

x 


Inserting this in equation 37 there will be 
found 


K'(&, t) =*B n i sin ^ s n >ut—n ' x^ (43) 


where 


n ' 


(1 s) 
P 


(44) 


is the slip of the rotor with regard to the 
•n'th stator harmonic. It is also 



(45) 


Jin' is the frequency of the electromotive 
force induced by the n'th stator harmonic 
in the rotor winding. It follows from equa¬ 
tion 43 for the velocity of the n'th. stator 
harmonic with regard to the rotor 


dx 2 p 

" v 3n ftB ~J7~ s n' v v~ s n' v W (46) 

of n 

It follows further from equation 40 
P go f 

(Rpm)*, - n,=—- (46a) 

n n' 


that is, the speed of a harmonic is inversely 
to its order. If there exists a fundamental 
(»' = 1), its speed relative to the stator will 
be equal to 60/i, that is, 3,600 rpm for/i=60 
cycles per second. This is the highest speed 
that a stator harmonic can reach. 

•(b) The Rotor Harmonics 

Corresponding tg equation 37 we can 
write fpr the m'th harmonic of the rotor 
held 

( x z> 0 — B m > sin ^s n /at —w' — (47) 


This m'th rotor harmonic is produced by the 
n'th stator harmonic. The frequency of the 
rotor currents depends on the slip of the 
rotor relative to the n'th stator harmonic. 
For the amplitude B m > is valid (equation 4) 


very high. It follows from equations 49 
and 51 


(RpmW = 


A 

m' 



(53) 


r» 3.19 V2 %r KamiKpmi T 
B m > => TT i - — -An' (48) 


gkjig 


w 


An' is the current induced in the rotor by the 
stator harmonic n'. 

For the squirrel-cage rotor we have to 
insert in equation 48 

Qt 

nt 2 — 1 Ni —V2, and K d fn>— i£jwn' — 1 

P 


and 


(Rpm) lm /=-^j 1- 
m 1 



(1 s) 



(54) 


We consider for example a squirrel-cage 
motor of 30 horsepower, four poles, 60 
cycles, three-phase, with Qi= 72, 0^—58 and 
examine the combination n' = H-62, kt = — 1, 
m'—- 1-4. It follows from equations 53 and 
54 with 5=1.5 per cent 


Further, we have to multiply equation 48 
by p, if we understand h n > to be the current 
per slot. Thus the field amplitude B n > of 
the squirrel-cage rotor is 


B m t— 


3.19 V2 

gk e k s 2x 


_1_ 

m' 


An' 


(48a) 


It follows from equation 33 (appendix 1) for 
the squirrel-cage rotor that its value of B m > 
is usually the larger the smaller is fa. 
fa — gives usually the largest value for 
^ Bjn f * 

From equations 47 and 44, it follows for 
the velocity of the w'th rotor harmonic with 
regard to the rotor 



In order to study the noise problem it is 
necessary to know the velocity of the har¬ 
monics of the rotor fields with regard to the 
stator. Inserting in equation 47 the value 
of xt from equation 42 


b m ,( Xl , t) =5 m # sin^l-f-—(1—s)^X 

x' "I 

wt-m ' 1 — x (5 

Pr J 


The velocity of the w' rotor field harmonic 
with regard to the stator is thus 





(1-5) 



(51) 


In the last two equations we have to 
substitute equations 32, 33, and 34 (appen¬ 
dix I) 



m'—n' 2 
P 


fami 




for the wound rotor with 
g 2 =integer 

for the wound rotor with 
g 2 =fractional number 

(52) 


for the squirrel cage 


where fa is a positive or negative integer 
including 0. 

We have seen that with/i=60 cycles per 
second, the speed of the stator harmonics 
cannot exceed 3,600 rpm. The rotor har¬ 
monics are produced by currents of low as 
well as of high frequency. The speed that 
corresponds to the latter harmonics fnay be 


(Rpm)**,/ =^1 - yXO. 985^ 
(Rpm) m ,=^1 —yXO.985^ 


1,800 = 26,500 
1,800 = 24,800 


The frequency of the rotor currents that 
correspond to the combination in considera¬ 
tion is (equation 44 or 45) 

fw = (l~~X0.985J60=1,768 cycles per 
\ ^ / second 


Nomenclature 

b —Instantaneous value of the field in¬ 
tensity 

B —Amplitude of the field 
/—Instantaneous value of the magneto¬ 
motive force 
/—Frequency 
fi —Line frequency 

F —Amplitude of the magnetomotive force 
k —Integer 

k —Number of force pole pairs 
k d —Distribution factor 
k p —Pitch factor 
k c —Carter factor 
fa —Saturation factor 
Wi—Number of stator phases 
Wj—Number of rotor phases 
w'—Order of the rotor harmonics 
«a'—Order of the slot harmonics of the 
rotor 

n —Speed (rpm) 

n' —Order of the stator harmonic 
n s i '—Order of the slot harmonics of the 
stator 

N —Number of turns per phase 
p —'Number of pole pairs 
2—Number of slots per pole per phase 
Q —Total number of slots 
5 —Slip 
v —Velocity 

i8—Number of poles per group, when 
2i=fractional number 
1—Pole pitch 

co— 2irfi 
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Transient Recovery Voltages and Circuit 

Breaker Performance 


tory. They also reveal that tests made 
on the regular laboratory circuits may 
often be used to demonstrate the ability 
of the breaker to open under the most 
severe circuit conditions. 


R. C. VAN SICKLE 

MEMBER AIEE 


The Problem 


E xperience with power circuit 
breakers has frequently shown that 
two breakers of identical design may give 
radically different performances, even 
though the operating voltages and short- 
circuit currents to which they are sub¬ 
jected are the same. Studies of the con¬ 
ditions surrounding these circuit breakers 
have traced the cause to the differences 
in the manner in which the recovery volt¬ 
age has appeared across the contacts of 
the circuit breakers subsequent to the 
final interruption. This voltage which 
occurs between the final arc voltage and 
the 60-cycle recovery voltage is an equal¬ 
izing phenomenon defined as the tran¬ 
sient recovery voltage. To take it into 
account in breaker applications, studies 
have been made of the transient voltages 
which can occur on systems, and other 
studies have been made of the response of 
the circuit breakers to transient recovery 
voltages. 

In the higher-voltage classes of circuit 
breakers, 34.5 kv and above, the voltage- 
recovery rates encountered in service are 
most severe when the circuit breaker is 
located adjacent to the power transform¬ 
ers. This is exactly the condition which 
is encountered in high-power laboratories, 
and so the recovery rates produced on the 
laboratory circuits for a given voltage and 
current closely approximate the maximum 
natural frequency and voltage-recovery 
rate which can be encountered in the 
service. In fact, service conditions will 
frequently involve the use of transmis¬ 
sion lines supplying power to the circuit 
breaker. These lines may be supplying 
only a fraction of the total power which 
the breaker is called upon to interrupt, 
but the presence of the line on the bus 
greatly increases the capacitance of the 
circuit and reduces the rate at which the 
voltage appears across the breaker con¬ 
tacts. Consequently, when the voltages 
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and currents can be duplicated on the 
laboratory high-voltage circuits, the tran¬ 
sient recovery voltages obtained will 
probably be as severe or more severe 
than the transient recovery voltages en¬ 
countered in service. A laboratory dem¬ 
onstration of the interrupting ability of 
a high-voltage breaker is, therefore, an 
excellent assurance of equally good serv¬ 
ice performance. 

Studies of power-system circuits at gen¬ 
erator voltage have revealed that the 
location of a reactor close to a circuit 
breaker produces a very high natural 
frequency in the transient recovery volt¬ 
age. Some of these values have been 
found to be even higher than those en¬ 
countered in normal high-power labora¬ 
tory circuits. Very little was known 
about the performance of circuit breakers 
when subjected to these extremely high 
frequencies, and the need for additional 
data was apparent. 

To eliminate this deficiency by study¬ 
ing transient recovery voltages having 
very high natural frequencies and to de¬ 
termine the effect of two-frequency 
transients, the tests described in this 
paper were made. These tests, made on 
four different types of circuit breakers, 
demonstrate the effects of various types 
of transient recovery voltages and show 
that the extremely high natural frequen¬ 
cies obtained with reactors close to break¬ 
ers are not appreciably more severe on the 
circuit breakers than the natural fre¬ 
quencies normally obtained in the labora- 


Interrupting a circuit by a breaker con¬ 
sists of changing the current path through 
it from a good conductor to a good insu¬ 
lator. This is done preferably in as 
short a time as possible, with a minimum 
depreciation of breaker parts and as little 
external demonstration as possible. To 
accomplish this, the breaker separates the 
metallic current-carrying parts, thereby 
drawing an arc which temporarily com¬ 
pletes the circuit. This current goes to 
zero periodically twice each cycle, and it 
is at one of these current zeros that the 
breaker completes the transition from a 
conductor to an insulator by deionizing 
the space between the contacts. An op¬ 
portunity to do this occurs at each zero, 
but the arc will restrike if the voltage 
applied across the breaker exceeds the 
dielectric strength of the arc space. The 
dielectric strength of an ionized space 
has been defined by J. Slepian as the 
voltage required for sustaining or increas¬ 
ing the conductivity of the arc space, and 
it depends on the amount of ionization 
remaining and the rate at which the 
breaker is reducing it. The removal of 
the ionization requires time, and the 
breaker dielectric strength increases at a 
finite rate. This strength as defined 
above is finite at all times but increases 
toward the end of a half-cycle and just 
before current zero may attain high 
values. Unless at some time the applied 
voltage exceeds it, the dielectric strength 
will continue to increase after current 
zero, and the transition to an insulating 
state will be completed. 

At the time of current zero in the 
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breaker, the amount of ionization will. 
sometimes be negligible, and at other 
times a sufficient amount may remain so 
that a current of a few amperes will flow 
through the arc space when the transient 
recovery voltage is applied across it. 

The transient recovery voltage rises at 
a rate determined by the ability of the 
circuit to charge the capacitance adja¬ 
cent to the breaker. The voltage does 
not increase at a constant rate nor always 
in the same general manner. The char¬ 
acteristics of the transient are determined 
primarily by the circuit constants. A 
simple circuit will have a transient re¬ 
covery voltage which is essentially a sinu¬ 
soidal wave as illustrated in Figure 1A. 

If the circuit breaker separates two parts 
of a circuit as shown in Figure IB, 


Figure 2. Diagrammatic views 
of equipment used in these 
tests 

Magnetic blowout air-breaker 
stack (right) 

A —Magnet coil 
B —Iron yoke 
C—Panel-end horn 
D—Insulation plates 
E —Laminated iron shoes 
F —Outline of arc chamber 
G—Arc shield 
H —Arcing born 
/—Shunt strap 



J —Moving contact arm and 
arcing contact 

K —Arcing and secondary con¬ 
tact platform 
L —Micarta bushing 
M —Upper stud 

the transient. Consequently, if the ioni¬ 
zation remaining in the arc space permits 
a comparable current to flow through the 
breaker in parallel with the current 
through the capacitance, a con si derable 
modification of the transient recovery 
voltage is to be expected and actually 
takes place, as will be shown by cathode- 
ray oscillograms. 

The circuits of a high-power laboratory 
for testing the interrupting capacity of 
breakers have one or more generators, 



current-limiting reactors, closing switches, 
backup breakers, and the circuit breaker 
on test. For convenience, the reactors 
are permanently installed as a part of the 
laboratory equipment and are provided 
with suitable switching arrangements for 
varying the effective value of the react¬ 
ance in the lines over a relatively wide 
range. Consequently, the capacitance 
of the bus and switches between the re- 


Compressed-air-breaker stack 

N —Metal coolers 
O—Exhaust gases 
P—Insulation splitters 
Q—Arc 

R —Stationary contact 
S —Tubular support 
T—-Air blast 
U —Moving contact 


each part will oscillate independently, 
and recovery voltage on the circuit 
breaker will be a two-frequency transient, 
the relative frequencies and amplitudes 
depending upon the inductances and ca¬ 
pacitances of the circuit. A similar 
transient is produced by the more com¬ 
plicated circuit shown in Figure 1C. 
The addition of feeders to the bus, as 
shown in Figure ID, may produce tran¬ 
sients that are not sinusoidal. 

These variations in the character of the 
transients are, of course, accompanied 
by variations in the speed with which 
they take place, as the inductances, ca¬ 
pacitances, and number of lines are vari¬ 
able. The natural frequencies of the 
circuits used in these tests varied from 250 
to 210,000 cycles per second. 

The higher natural frequencies are 
caused by a low value of capacitance ad¬ 
jacent to the breaker, and only small cur¬ 
rents flow into these capacitances during 


actor and the circuit breaker may be 
greater than it would be in a power sta¬ 
tion having the current-limiting reactors 
located within a few feet of the circuit 
breaker. To determine how much effect 
this additional capacitance might have 
and to extend the range of tests up to as 
high values as could be obtained, reac¬ 
tors were placed in the test cells with the 
breakers and were connected to them by 
short leads. 

Four types of breakers were studied. 
The first was an oil circuit breaker using 
plain-break-type contacts with no means 
of controlling or directing the gases gen¬ 
erated in the oil. The second was also 
an oil breaker but was equipped with 
modem arc-rupturing devices ("De-ion 
grids"), Figure 2. It belonged to the 
class of breakers using self-generated gas 
blasts. The third was an air circuit 
breaker which produced a magnetic 
blast to drive the arc into a confining slot. 


The fourth type was the compressed-air 
circuit breaker which subjected the arc 
to a transverse blast of compressed air 
and forced it against arc splitters. 

Because of the various transients which 
may be encountered, three different types 
of tests were used. 

In one type of test, the single-fre¬ 
quency transients, illustrated in Fig¬ 
ure 1A, were used with the voltage and 
current constant and the capacitance 
varied. These tests demonstrated the 
effect of varying the natural frequency of 
the transient over a very wide range. 

Another type of test covered a wide 
range of currents at a given voltage. 
Two series of tests were made, differing 
only in the natural frequency of the tran¬ 
sient recovery voltage. Due to the in¬ 
ductance varying with current and the 
limitations within which the capacitances 
of the laboratory could be controlled, it 
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Figure 3. Calculated transient voltages for 
circuits used to determine the effect of vary* 
ing the amplitude of the high-frequency 
component 


formance. However, if the amplitude of 
the higher-frequency component is rela¬ 
tively high, the transient approximates 
a single-frequency transient and natu¬ 
rally produces practically the same effect. 

All tests were made on single-phase 60- 
cycle circuits. The 7,620-volt circuits 
"had one side of the breaker grounded. 
The 13,200-volt circuits had the neutral 
of the generator grounded through a re¬ 
sistor. Records were made on a magnetic 
oscillograph and on a cathode-ray oscillo¬ 
graph having a rotating film drum. To 
expedite the testing, records of two similar 
tests frequently were made on one cath¬ 
ode-ray-oscillograph film using two dif¬ 
ferent time scales. 


was not possible to maintain the same 
natural frequency for all of the current 
settings or even to keep them all of the 
same general type. Consequently, for 
comparison, they were all based on the 
average rate of increase in voltage to the 
first peak, the transient voltage-recovery 
rate. This value was about 2,000 volts 
per microsecond for one group and 3,000 
volts per microsecond for the other. 

In the third type of test, voltage-re¬ 
covery transients composed of two com¬ 
ponents having different frequencies were 
studied (Figure 1C). The tests were 
made at a given voltage and current, 
and, by varying the distribution of the 
impedance in the circuit, the amplitude 
of the high frequency component was 
varied from 7.6 to 93 per cent of the total 
amplitude of the transient (Figure 3). 
This was done to determine how high the 
first peak of voltage had to be before it 
exerted an influence on the performance 
of the circuit breaker. If the amplitude 
of the higher frequency component is 
relatively small, the voltages reached 
during the part of the transient con¬ 
trolled by it may be so low that they exert 
little or no influence on the breaker per¬ 


Plain-Break Oil Circuit Breaker 

The tests on the oil circuit breaker not 
equipped with arc-extinguishing devices 
demonstrated its performance over a 
wide range of circuit voltage-recovery 
rates. The breaker used had a tank 
diameter of 30 inches, a contact stroke of 
11 V» inches and an average contact open¬ 
ing speed of 8.2 feet per second. The 
two breaks were each ten inches long. 
All tests were single-phase with one side 
grounded at the breaker. The tests were 
close to the voltage-interrupting ability 
but were well below the current-inter¬ 
rupting ability of the breaker. 

A series of tests was made to determine 
the effect of varying the natural fre¬ 
quency of the circuit. This was done on 
a 7,620-volt 5,200-ampere circuit but at a 
potential of about 3,810 volts and a cur¬ 
rent of 2,600 amperes. A wide range of 
natural frequencies was obtained. The 
highest frequency, 208,000 cycles per 
second, resulted from placing a 1.2-ohm 
reactor in the test cell immediately adja¬ 
cent to the circuit breaker. The lower 
values, down to 380 cycles per second, 
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were obtained by various laboratory cir¬ 
cuit connections and by adding capaci¬ 
tance to the normal laboratory circuit. 
The arcing time was a function of the 
natural frequency as shown by Figure 4. 

The cathode-ray oscillograms, Figure 5, 
show that at the higher frequencies the 
oscillations of the transients were com¬ 
pletely damped, and the damping be¬ 
came relatively less at lower frequencies 
so that the maximum voltage which was 
reached during the extinction transients 
varied as shown in Figure 4. The volt¬ 
age reached by the transient a half-cycle 
before interruption was also measured 
and plotted in Figure 4. At the higher 
frequencies, these voltages were well be¬ 
low the voltages reached on the final 
transient. However, as the frequency 
was reduced, and the energy of the tran¬ 
sient was increased, the voltage on the 
transients increased and approached 
double the normal crest of the sixty-cycle 
wave. As this approximates the nor¬ 
mal maximum voltage of a recovery tran¬ 
sient, further reduction in frequency per¬ 
mitted the arc to extinguish on this 
transient which then became the final 
transient. The group of crosses repre¬ 
senting maximum voltages on final 
transient recovery voltages for 600 to 600 
cycles per second can be considered an in¬ 
dication of the end of this curve. 

An interesting discontinuity exists in 
the arcing time curve at about this fre¬ 
quency. The breaker seemed to make a 
good effort to extinguish the arc within 
the first cycle and, if it failed to do so, 
would be unable to accomplish it until 
about the end of the third cycle of arcing. 
Below 400 cycles per second the breaker 
interrupted with about one-half cycle of 
arcing. 

At six of the steps the maximum volt¬ 
age which could be consistently inter¬ 
rupted was determined and was found 
to be about 3,810 volts 2,600 amperes. 
At higher voltages occasional failures oc¬ 
curred, and this limit appeared to be in¬ 
dependent of the natural frequency of the 
circuit. 

Two other series of tests were made to 
determine the effect of the amplitude of 
the higher-frequency component of two- 
frequency transients. They were planned 
and made prior to the series described 
above and before it was known that this 
breaker had a constant arcing ti me over 
such a wide range of natural frequencies. 
The lower frequencies chosen Were as low 
as could be easily obtained but varied 
from 2,700 to 8,000 cycles per second on 
the low-current series and from 7,000 to 
17,000 cycles per second on the higher- 
current series. These series gave data 

Electrical Engineering 





Figure 5. Plain-break circuit breaker, 3,800 
volts, 2,600 amperes 

Cathode-ray oscillograms showing effect of 
conductivity in the arc space on the transient 
recovery voltage 

which indicated that at both currents the 
arcing time was substantially independ¬ 
ent of the amplitude of the higher-fre¬ 
quency component, and this result was 
difficult to explain until the effect of vary¬ 
ing the single-frequency transients over 
much wider ranges was disclosed by the 
later test. Consequently, the data on 
these tests are of interest in supplement¬ 
ing the previous data and in showing the 
effect of the conductivity of the arc 
space on the damping of the double¬ 
frequency transients. 

In one series of tests, made with a cur¬ 
rent of 1,400 amperes at 3,180 volts, the 
amplitude of high-frequency component 
was varied from 7.5 to 93 per cent of the 
total amplitude in about ten per cent 
steps. The transients calculated during 
the planning of the test are shown in 
Figure 3, and the transients actually ob¬ 
tained are shown in Figure 6. The ac¬ 
tual transients were modified consider¬ 
ably by the current being passed through 
the arc space of the circuit breaker. 

The transients having calculated high- 
frequency components of 80 and 90 per 
cent were so heavily damped by the cur¬ 
rent through the arc space that they ap¬ 
peared aperiodic. Data from these tests 
are plotted in Figure 7 as a function of 
the amplitude of the calculated high- 
frequency component. The arcing time 
remained substantially constant. The 
maximum peak voltage decreased almost 
linearly, indicating that the higher-fre¬ 
quency component had negligible am¬ 


plitude at the time of the maximum crest. 
The first peak increased almost linearly 
with the amplitude but at a rate only 
about half as great as would have been 
reached without conductivity in the arc 
space. 

A similar series of tests were made at 
higher current, 6,000 amperes at 3,050 
volts with high-frequency components 
having from 7 to 75 per cent of the total 
amplitude. For these values also the 
arcing time, was independent of the am¬ 
plitude of the high-frequency component, 
Figure 8. The conductivity was suffi¬ 
cient in all cases to damp completely the 
high-frequency component, and in some 
cases, the low-frequency component also. 
The low-frequency components increased 
in frequency as the amplitude decreased, 
but the range was only from 7,000 to 
17,000 cycles per second. The constant 
arcing time and the damping of the 
transients indicates that the breaker 
easily dissipated all of the energy of the 
high-frequency component and that arc¬ 
ing times were the same for either the 
high or the low frequency. 

The maximum voltage-interrupting 
ability was found at each setting by mak¬ 
ing tests at increasing voltages until fail¬ 
ure occurred. The limit was found to be 
approximately the same for all of these 
circuits. The breaker failed on about 
half of the tests at 3,430 volts 6,750 am¬ 
peres. 

The tests on the plain-break oil circuit 
breaker operating near its m aximum 
voltage-interrupting ability indicates that 
conductivity of the arc space following: the 
normal current zero plays a big part in 
modifying the transients. The very slow 
high-energy transients are not appre¬ 
ciably affected as the energy loss is rela¬ 


tively low. As the frequency increases, 
and the energy decreases, the losses 
through the breaker result in increasing 
damping of the transients. At high 
natural frequencies, the admittance of the 
parallel capacitance path is so much 
smaller than the conductivity of the arc 
space that the capacitance current be¬ 
comes negligible. Consequently, al¬ 
though reducing the capacitance further 
can greatly increase the natural frequency 
of the circuit and the calculated voltage- 
recovery rate, the actual transients ob¬ 
tained on test or in service will not be 
changed. When the conductivity damps 
out the higher-frequency components, the 
lower-frequency greater-energy compo¬ 
nents become more important. No in¬ 
crease in arcing time occurs with increase 
in natural frequency above the value 
where conductivity modifies the tran¬ 
sients. 

Only at natural frequencies below 2,000 
cycles per second, corresponding to less 
than 45 volts per microsecond, did the 
arcing time decrease with decrease in 
frequency. Above 2,000 cycles per sec¬ 
ond, the arcing time was independent of 
the natural frequency or of the combina¬ 
tion of components in double-frequency 
transients. 

“De-ion Grid” Oil Circuit Breakers 

The breaker used for this part of the 
test had a tank diameter of 30 inches, a 
stroke of lV/s inches, a contact separa¬ 
tion of 10 inches and an average opening 
speed of about 8.2 feet per second. It 
was equipped with a heavy-duty type of 
“De-ion grid” of the type shown in 
Figure 2. The breaker was tested at 
normal operating voltages but well below 
its interrupting ability. 



TIME 


Figure 6. Plain-break circuit breaker, 3,800 
volts, 2,600! amperes 

Tracings of cathode-ray oscillograms for com¬ 
parison with calculated transient voltages of 
Figure 3 
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Figure 7. Plain-break circuit breaker, 3,800 
volts, 2,600 amperes 

Effect of the amplitude of the higher-frequency 
•component 


The tests made on this breaker were 
simil ar to those made on the plain-break 
circuit breaker. In many cases the cir¬ 
cuits were the same, but the voltages and 
currents were higher. 

One series of tests was made to deter¬ 
mine the effect of varying the frequency 
of a single-frequency transient. This test 
was made at 7,620 volts 6,350 amperes. 
Frequencies from 375 cycles per second 
to 209,000 cycles per second were used. 

The arcing time obtained on these 
tests varied with the natural frequency 
and voltage-recovery rate as shown in 
Figure 9. At the lower values the arcing 
times were less with a gradual rise up to a 
recovery rate of about 200 volts per mi¬ 
crosecond. Above this voltage-recovery 
rate, no increase in the arcing tim<> was 
obtained, although values up to 8,500 
volts per microsecond were obtained with 
209,000 cycles per second. 

At the maximum frequency two of the 
four transient recovery voltages recorded 
were damped, and two were not damped 
by the conductivity of the arc space. 
Throughout these tests, the arc voltage 
bad a tendency to rise and form an ex¬ 
tinction peak. This resulted in some in¬ 
crease in the amplitude of the transient, 
the extinction peak indicates rapid de¬ 
ionization of the arc space and a high 
effective resistance at current zero. Con¬ 
sequently, damping of the transient was 
observed only at the highest natural 


frequency where the total energy of the 
oscillation was very small. 

The preceding tests were supplemented 
by another series which showed that at 
13,200 volts 8,000 amperes, the arcing 
time was constant for natural frequencies 
from 3,900 cycles per second up to 
200,000 cycles per second. The highest 
natural frequency was practically com¬ 
pletely damped by the energy discharged 
into the arc spaces, and the transient 
showed only the 32,000-cycle per second 
component having an amplitude about 
15 per cent of the total. At the next 
step which had frequencies of 26,000 
cycles and 42,000 cycles per second, the 
highest-frequency component was not 
appreciably damped, and the extinction 
peaks were definitely increased. 

This breaker was also tested to deter¬ 
mine its reaction to double-frequency 
transients. When the higher-frequency 
component is either very large or very 
small, the performance can be expected 
to be the same as the performance ob¬ 
tained with single-frequency transients 
corresponding to the predominant fre¬ 
quency. Accordingly, a series of tests was 
made at 7,620 volts 5,200 amperes with 
transients having components of two 
frequencies, one normally causing a 
shorter arcing time than the other. As 
the amplitude of the higher-frequency 
component increased, the arcing tlm* in¬ 
creased as shown in Figure 10. The 
change in arcing time is gradual, and even 
small high-frequency components exert a 
noticeable influence. 

These same relations were demon¬ 
strated at 15,000 amperes 7,620 volts, as 
shown on the same curve. The lower fre¬ 
quency varied from 594 cycles per second 
at the lower amplitude of the high-fre¬ 
quency component to 1,280 cycles per 
second at the higher amplitudes. These 
frequencies may be a little higher than 
those producing minimum arcing and may 
explain why the arcing time does not in¬ 
crease for high-frequency components 
greater than about 65 per cent of the 
total amplitude. 

An attempt to get a similar curve at 
7,620 volts 2,800 amperes failed, because 
at the lowest frequency available, 250 
cycles per second, the arcing time was as 
long as at the higher frequencies. The 
first peak of the transient recovery volt¬ 
age increased approximately linearly with 
the increase in amplitude of the higher- 
frequency component and indicated a 
negligible damping of the high-frequency 
component by the conductivity of the 
arc space. The maximum voltage reached 
during the transient was highest when 
one of the two components predomi¬ 
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nated and was lower when the two compo¬ 
nents approached each other in magni¬ 
tude. The arcing time was practically 
independent of both the first peak and 
the maximum voltage of the transient. 

The tests on this breaker demon¬ 
strated that the effect of single-frequency 
transients varied with the current. At 
2,800 amperes no appreciable increase 
in arcing time resulted from increasing 
the natural frequency of the circuit above 
250 cycles per second. At 5,200 amperes 
the corresponding point was 3,000 to 
4,000 cycles, and at 15,000 amperes it 
was about 10,000 cycles. 

Double-frequency transients demon¬ 
strated that the breaker performance 
varied gradually with the amplitudes of 
the two components. The limits were 
the two end conditions which occurred 
when either the higher-frequency or 
lower-frequency component was negli¬ 
gible. 

Magnetic Blowout Air 
Circuit Breaker 


During the development of a magnetic 
blowout air circuit breaker, tests were 
made in the high-power laboratory on 
single-phase circuits giving about 15,000 
amperes at four kilovolts to determine the 
effect of recovery voltages on the arcing 
time and voltage-interrupting ability. 
These values were near the maximum in¬ 
terrupting capacity of the breaker. By 
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Figure 8. Plain-break circuit breaker, 3,050 
volts, 6,000 amperes 

Effect of the amplitude of the higher-frequency 
component 
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varying the capacitance of the circuit, 
natural frequencies from 3,880 cycles per 
second to 12,000 cycles per second were 
obtained. For still lower transient re¬ 
covery voltages a resistor was connected 
across the breaker to simulate a parallel 
resistive load. Some of the t ransi ent 
recovery voltages obtained are repro¬ 
duced in Figure 12. 

The arcing time was less than one cycle 
and independent of the transient recovery 
voltage. This indicated that the arc was 
interrupted at the first current zero after 
it had reached a suitable location in the 
arc chute. The arc voltage prior to in¬ 
terruption was relatively high and smooth. 
The lack of an extinction peak indicated 
that there would be some conductivity in 
the arc space subsequent to the current 
zero, and this is further indicated by the 
subsequent damping of the recovery 
transients. The damping is very notice¬ 
able on the circuits having high frequen¬ 
cies at which the current through the arc 
space is comparable to the current into 
the capacitance. At the lower frequen¬ 
cies the damping is less pronounced, as 
the current into the capacitance is large 
with respect to the current through the 
arc space. 

How large this current into the parallel 
capacitance can become is illustrated in a 
striking manner in Figure 13. This is a 
section of an oscillogram made on one of 
the tests at 4.4 kv, a little above the in¬ 
terrupting ability of the breaker, and on a 
circuit having a large parallel capacitance 
obtained by connecting to it three large 
power transformers. The natural fre¬ 
quency of the transient recovery voltage 
was 4,000 cycles per second. Due to the 
high test voltage, the arc continued to 

Figure 9. "De-ion grid" oil circuit breaker, 
7,620 volts, 5,350 amperes 

Effect of natural frequency of transient recovery 
voltage 


restrike, and traces of the natural fre¬ 
quency of the transient recovery voltage 
appear in the arc voltage. The transient 
at the time of restriking excited the reso¬ 
nant circuit and produced a sinusoidal 
current in it which modified the current 
through the circuit breaker sufficiently 
to produce a sinusoidal ripple on the arc 
voltage. 

With the transient recovery voltages of 
an oscillatory character, the breaker 
could interrupt about 4 kv regardless of 
frequency of the oscillation. By placing 
a resistor across the breaker to simulate a 
parallel resistive load, the breaker was 
able to interrupt 4.95 kv. Possibly the 
increase in the voltage was due to elimi¬ 
nation of the tendency of the transient 
recovery voltage to reach crest voltages 
in excess of the normal crest of the 60- 
cycle recovery voltage. 

This type of breaker, having a rela¬ 
tively high arc voltage, appears to be 
sensitive to the crest value which may 
be reached by the transient recovery 
voltage, but the arcing time remained 
constant from 3,880 to 12,000 cycles per 
second. 

Compressed-Air Circuit Breakers 

The compressed-air circuit breaker was 
the fourth type to be included in this in¬ 
vestigation. One series of tests, made 
on a 15-kv 1,500,000-kva breaker with 
currents up to 36,000 amperes, showed 
that for circuit voltage-recovery rates of 
1,500 to 2,250 volts per microsecond, the 
arcing time was substantially constant 
and lasted only to the first current zero 
after the contacts had been separating 
for one-tenth cycle. This resulted from 
the ability of the breaker to interrupt 
currents in this range at the first current 
zero, after contact separation adequate 
to hold this voltage was reached. An¬ 


other series of tests over the same range, 
but with higher recovery rates varying 
from 2,600 to 3,800 volts per micro¬ 
second, showed that the minimum con¬ 
tact separation at which arc extinction 
could be accomplished varied with cur¬ 
rent. It corresponded to an arcing time 
of 0.35 cycle at 6,000 amperes (the same 
as for the lower recovery rate), and to an 
arcing time of about one cycle at 36,000 
amperes, as shown by Figure 14. 

This increase in arcing time with cur¬ 
rent was not due to a corresponding in¬ 
crease in voltage-recovery rate. The in¬ 
creased arcing time was apparently asso¬ 
ciated with the increased difficulty of in¬ 
terrupting the heavier currents which 
have greater quantities of ionized gases 
and which approach current zero at higher 
rates. 

This is an important relation, since it 
indicates the nature of the mechanism by 
which arc extinction is brought about. 
It indicates that the arc column is being 
deionized, and that this process requires 
more time as the diameter of the arc (and 
its current) increases. If the arc extinc¬ 
tion were brought about by a breaking 
of the arc column and the separation of 
the two ionized sections of the arc, 
higher recovery-voltage rate, rather than 
higher current would require additional 
arcing time for the introduction of addi¬ 
tional arc splitters. 

These tests also show the sensitivity 
of the compressed-air circuit breaker to 
relatively low high-frequency compo¬ 
nents in the transient recovery voltage. 
At the maximum current setting and the 
lower recovery rate, 2,200 volts per micro¬ 
second, the transient was composed of a 
single component having a frequency of 
28,500 cycles per second. For the higher 
recovery rate, about 2,600 volts per mi¬ 
crosecond, the transient had two compo- 

Figure 10. "De-ion grid" oil circuit breaker 
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Figure 11. "De-ion grid" oil circuit breaker, 
7/620 volts, 15,000 amperes 

Cathode-ray oscillograms showing variation in 
high-frequency component 

nents with frequencies of 33,600 and 
about 190,000 cycles per second. The 
amplitude of the 190,000-cyde compo¬ 
nent was only about 25 per cent of the 
total amplitude of the transient, but as 
shown by Figure 14, it caused at least a 
half-cycle increase in arcing time, and the 
last breakdown occurred at approxi¬ 
mately the crest of this first peak of volt¬ 
age, about 45 per cent of the crest of the 60- 
cyde recovery voltage. 

The circuit transient recovery voltage 
on this setting, which would be based on 
zero arc voltage, would have a first crest 
of voltage about 57 per cent of the 60- 
cyde crest. This crest is bdow the 80 
per cent which has been used as an arbi¬ 
trary minimum voltage to be used in cal¬ 
culating circuit transient recovery volt¬ 
age rates and emphasizes that lower am¬ 
plitudes must be considered for some 
types of breakers. The circuit voltage- 
recovery rate to this first peak is approxi¬ 
mately 4,600 volts per microsecond and, 
in this case, would be a better criterion 
of the circuit severity than the 2,600 volts 
per microsecond based on the second peak 
at 120 per cent of the 60-cyde crest volt¬ 
age. 

Tests made on another breaker of simi¬ 
lar design, rated 15 kv 2,500,000 kva, • 
supplemented the tests on the 1,500,000- 
kva breaker. 

Tests varying the natural frequency of 
the transient recovery voltage from 3,900 
to 200,000 cydes per second, and the cir¬ 
cuit voltage-recovery rate from 300 to 
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13,600 volts per microsecond were made 
at 8,000 amperes 13,200 volts. The arc¬ 
ing time was practically constant over the 
entire range, varying in minimum and 
maximum value by only one or two tenths 
of a cyde. 

The series of recovery voltage tran¬ 
sients obtained on these tests and shown 
in Figure 15 is particularly significant and 
interesting. They show that at the 
lower frequendes, the transient is almost 
unaffected by the conductivity of the 
arc space. With smaller paralld ca- 
padtances, the charging current is less, 
and therefore the current through the 
breaker is relatively greater. The breaker 
current at moderate frequendes resulted 
in partial damping of the transient and 
finally at high frequendes became the con¬ 
trolling factor when the capacitance cur¬ 
rent became negligible with respect to it. 


Other tests were carried up to 100,000 
amperes, and the oscillograms indicated 
that the larger the current interrupted, 
the lower the effective resistance of the 
arc space at the final current zero. The 
approximate relations are shown on 
Figure 16. These resistances permitted 
sufficient current to flow subsequent to 
the normal current zero to partially damp 
the recovery transients at the higher 
currents. 

Discussion 

These studies of four types of drcuit 
breakers indicate certain points of simi¬ 
larity in their performance, even though 
the manner in which arc extinction is pro¬ 
duced within the interrupter differs con¬ 
siderably in detail between types. All of 
these types of breakers modify the tran¬ 
sient recovery voltages. The means by 
which this is accomplished is the same, 
but the range in which the modification 
begins to appear, and the range in which 
it overcomes completely the osdllating 
tendency of the circuit vary with the 
types of breakers and not necessarily in 
rdation to their rated voltages and rated 
interrupting currents. 

All of the circuit breakers were tested 
over a sufficiently wide range to include 
both modified and unmodified transient 
recovery voltages. The modification was 
produced by the breaker when it passed a 
small current through the arc space sub¬ 
sequent to the final normal current zero. 
This was evidenced by the transient re¬ 
covery voltage departing from the values 

Figure 12. Magnetic blowout air circuit 
breaker, 4 kv, 15,000 amperes 

Effect of natural frequency of transient re¬ 
covery voltage 
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Figure 13. Magnetic blowout air circuit 
breaker, 4.4 kv, 16,500 amperes 

Large power transformers connected to the 
same generator produced these oscillations in 
the arc voltage during an unsuccessful attempt 
to interrupt the circuit 

which could be calculated for the circuit 
if all conductivity of the arc space was 
neglected. Also, the transient varied 
from test to test on the same circuit de¬ 
pending upon the conditions existing 
within the circuit breaker. The arc 
conductivity and rate of deionization are 
indicated roughly by the arc voltage 
prior to current zero. 

The conductivity of the arc space at 
the time of current zero varies with the 
current being interrupted. This con¬ 
ductivity is a function of the ionization 
during the preceding half-cycle and the 
rate at which the space is being deionized. 
The ionization is produced by the current 
which will approach zero at a rate ap¬ 
proximately a direct function of the rms 
current being interrupted. The residual 
ionization will depend on how rapidly 
these ions are removed. 

In circuit breakers which use the energy 
of the arc to produce the deionizing effect, 
the rate of deionization might vary di¬ 
rectly with the rms current, with the re¬ 
sult that the right amount of deionizing 
activity would be present for each current. 
The larger the rms current being inter¬ 
rupted, the greater the rate at which the 
current approaches zero and the stronger 
the deionizing effect. The production 
and effectiveness of the deionizing action 
is probably never directly proportional 
to the current. Published data have fre¬ 
quently shown that breakers with self¬ 
generated deionizing action have shorter 
arcing times at high currents than at low 
currents. These shorter arcing times 
indicate that the deionizing activity pro¬ 
duced by the arc is relatively stronger at 
the high currents. 

Other breakers may have a deionizing 
activity produced by some source which is 
entirely independent of the current to be 
interrupted. For example, a compressed- 
air breaker ddivers a deionizing blast of 
air, determined by the design of the dr- 
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cuit breaker and independent of the cur¬ 
rent being interrupted. 

When very low values of current are 
interrupted, the deionizing activity may 
keep up with the current, and the con¬ 
ductivity at the current zero may be 
practically zero. Oscillograms made on 
various types of breakers show that even 
a short time before the normal zero in 
these low-current circuits, the arc may 
become unstable and extinguish suddenly, 
the current to the arc space transferring 
at this time to the path through the paral¬ 
lel capacitance of the circuit and resulting 
in a rise in the voltage across the breaker 
at the beginning of the transient recovery 
voltage. The oscillograms also show that 
this phenomenon, which mathematically 
can reach enormous voltages, is still under 
the control of the breaker, because, as the 
voltage rises, it cannot exceed the dielec¬ 
tric strength of the space between the 
contacts without the arc restriking. 
This dielectric strength, determined by 
ionization and contact separation, limits 
the voltages if an attempt is made to in¬ 
terrupt the current so early that the volt¬ 
age rise is rapid and high. Oscillograms 
of a large number of tests on several oil 
and air breakers have indicated that the 
maximum voltage obtained in this man¬ 
ner probably is not over three times the 
normal crest of the line to ground voltage. 

In other cases, the conductivity of the 
arc space may become zero as a current 
zero is reached, and the transient re¬ 
covery voltage takes place in a manner 
which can be explained entirely on the 
basis of the inductance, capacitance, and 1 
losses of the power circuit. This type of 
phenomenon which is generally assumed 
in calculations may occur only at low cur¬ 
rents, or it may extend even up to the 
rated interrupting current. In general, 
test data show that as the current is in¬ 
creased, the tendency for some of the 
ionization to remain at the time of cur¬ 
rent zero increases. From oscillograms 
made on the compressed-air circuit 
breaker, a curve was plotted to show 
qualitatively the relation between the 
equivalent resistance of the arc space at 
the time of current zero and the current 
which was being interrupted. Other 
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Figure 14. Compressed-air circuit breaker 

Arcing time as a function of current interrupted 
for two series of tests made with different 
transient recovery voltages 

types of breakers, including those having 
self-generated arc-extinguishing actions, 
have similar curves. 

The residual ionization, lasting for an 
appreciable time interval after the nor¬ 
mal current zero, acts as a variable re¬ 
sistor connected across the terminals of 
the circuit breaker. This residual ioni¬ 
zation or conducting path between the 
breaker contacts permits a current to 
flow through the breaker during the time 
of the transient recovery voltage. This 
current is a function of the equivalent 
resistance of the arc space and the voltage 
impressed across it. It probably has only 
a very low current density in this space, 
and the deionizing activity can remove 
more ions than it produces. Calculations 
based on the voltage records and knowl¬ 
edge of the circuit characteristics have 
indicated that currents up to approxi¬ 
mately 30 amperes have been carried 
through the arc space of breakers without 
the actual formation of an arc. The 
maximum value of current which can 
flow during this period without producing 
an arc probably depends upon the pre¬ 
vious current and upon the design of the 
interrupter. 

The actual value of current which 
flows through the arc space during the 
transient is, of course, very small with 
respect to the short-circuit current. In 
fact, it is too small to be indicated on a 
normal magnetic oscillogram of the in¬ 
terruption of a short circuit. . It flows for 
only a part of the time consumed by the 
transient recovery voltage and is de¬ 
tected by its influence on it. 

The significance of this small current 
lies in its magnitude with respect to the 
charging current which flows into the 
capacitance in parallel with the breaker. 
This capacitance can vary within wide 
limits. Its minimum value corresponds 
to the capacitance to ground of one ter¬ 
minal of a circuit breaker, a few feet of 
conductor, and one end of a reactor. 
Consequently, this current too can be 
very small. With about 200 micro- 
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Figure 15. Compressed-air circuit breaker, 
13,200 volts, 8,000 amperes 

Cathode-ray oscillograms showing the effect 
of the natural frequency of the transient re¬ 
covery voltage 


microfarads, 200,000 cycles per second, 
and 7,600 volts rms to ground, it would 
be about two amperes. When the current 
through the breaker becomes comparable 
with the capacitance current, either by 
the increase of the one or the decrease of 
the other, it begins to exert a damping 
influence on the transient recovery volt¬ 
age and, when large enough, critically 
damps the transient. For still larger 
currents through the arc path, the small 
current flowing into the capacitance be¬ 
comes negligible, and the transient re¬ 
covery voltage rises as though it were the 
voltage appearing across the resistance 
in a simple circuit containing resistance 
and inductance in series. As these values 
of resistance current and capacitive cur¬ 
rent are relative, the same results can be * 
obtained by reducing the capacitance 
and thereby the capacitive current until 
such a point is reached that the current 
through the arc space is greater than the 
current through the parallel capacitance. 
These relations were demonstrated by 
these tests. 

The testing of circuit breakers carried 
on in high-power laboratories at genera¬ 
tor voltage can approximate dosdy the 
conditions under which the circuit breaker 
is to be used in service. The effects, if 
any, of differences in frequencies of the 
transients can sometimes be evaluated 
by a study of the test data to give a defi¬ 


nite indication of the manner in which 
the breaker will perform in service. 

The tests on the plain-break circuit 
showed that at very low values of natural 
frequency the recovery voltages were un¬ 
damped. At higher natural frequencies 
damping of the transient recovery volt¬ 
age appeared, and after a point of critical 
damping had been reached, further in¬ 
crease in the natural frequency of the 
transient recovery voltage resulted in no 
appreciable change in the actual voltage 
appearing across the circuit-breaker con¬ 
tacts. This was produced by the effect 
of the currents through the circuit breaker 
subsequent to the current zero. This 
current passing through the breaker was 
so large with respect to the current flow¬ 
ing into the parallel capacitance of the 
circuit that it controlled the transient 
recovery voltage, making it approach 
an exponential curve. After the point of 
critical damping was reached, further 
reduction in the capacitance across the 
terminals of the circuit breaker did not 
result in further increase in the severity 
of the duty on the circuit breaker. This 
was carried over a wide range above the 
critical damping without producing any 
appreciable change in these transients 
(Figure 6). 

A similar set of cathode-ray oscillo¬ 
grams was obtained on the compressed- 
air circuit breaker, operating at a different 
current and voltage (Figure 15). 

These data demonstrate that if a cir¬ 
cuit breaker can successfully interrupt 
a given voltage and current and critically 
damp the transient recovery voltage, it 
can interrupt any other circuit having 
the same voltage and current and less 


parallel capacitance without any in¬ 
crease in the severity of the duty on the 
breaker. 

Conclusions 

These tests supplement each other to 
give a picture of the phenomena of arc 
interruption by high-power circuit break¬ 
ers. They show that the interruptions 
brought about by air or oil breakers are 
similar in characteristics. In circuits 
having a low natural frequency, the re¬ 
covery of the dielectric strength of the 
arc space proceeds with negligible in¬ 
fluence exerted upon it by the slowly 
rising transient recovery voltage. The 
maximum value of the dielectric strength 
depends upon the distance between the 
contacts and the condition of the fluid or 
fluids filling the space. Above certain 
values of current and natural frequency, 
depending on the design of the breaker, 
the transient recovery voltage is im¬ 
pressed on the arc space while consider¬ 
able ionization still remains. Conse¬ 
quently, a small current flows through 
this space, thereby hindering further de¬ 
ionization and modifying the transient 
recovery voltage. For very high natural 
frequencies this current may exceed the 
parallel current through the capacitance 
across the breaker and may control the 
transient recovery voltage. If the dis¬ 
charge current becomes too high, it de¬ 
velops into an arc which conducts cur¬ 
rent till the next normal current zero. 
The values of voltage, current, and natu¬ 
ral frequency at which these phenomena 
occur vary with the designs of the break¬ 
ers and not in proportion to their rated 
interrupting capacities. 

The difficulty of circuit interruption 



Figure 16. Compressed-air circuit breaker 

Approximate resistance of the arc space at 
the time of the final current zero as a function 
of the current interrupted 
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does not increase indefinitely with in¬ 
crease in the natural frequency of the 
circuit. The speed with which the cir¬ 
cuit tends to apply the transient recovery 
voltage to the circuit breaker varies di¬ 
rectly with the natural frequency. How¬ 
ever, if the current passed through the 
arc space is greater than the current 
through the capacitance across the 
breaker, further decrease in the capaci¬ 
tance does hot materially increase the 
actual rate at which the voltage appears 
across the contacts and, consequently, 
does not make the circuit more difficult 
to interrupt. 

The maximum arcing times on thes e 
tests were reached with transient recovery 
voltages having natural frequencies which 
were not heavily damped by the conduc¬ 
tivity. 

The tests indicate that the effect of the 
high-frequency component of a two-fre¬ 
quency transient voltage varies almost in 
proportion to the amplitude of the com¬ 
ponent. The effect is negligible when 
both frequencies tend to produce the 
same arcing time. 

The transient recovery voltages ob¬ 
tained on high-voltage circuits energized 
through transformers can be equalled in 
high-power laboratories within the range 
of voltages and currents available. The 
laboratory circuits closely approximate 
the severe service conditions as the leads 
between the transformers and breakers 
are short. The lead capacitance is small 
with respect to the transformer capaci¬ 
tance, and, consequently, small varia¬ 
tions in it are not significant. 

At generator voltages, the reactors in 
the laboratory circuits have natural fre¬ 
quencies which are sufficiently high to 
produce the maximum arcing times in 
circuit breakers. 

The plain-break oil circuit breaker at 
3,800 volts 2,600 amperes did not in¬ 
crease in arcing time for natural fre¬ 
quencies above about 2,000 cycles per 
second. Similar points were found for 
the “De-ion grid” oil breaker, 250 cycles 
per second for 2,800 amperes, 7,620 volts, 
3,000 to 4,000 cycles per second for 5,200 
amperes, and 10,000 cycles per second for 
15,000 amperes. The compressed-air 
breaker operating at 8,000 amperes 
13,200 volts had the same arcing time for 
natural frequencies from 3,900 to 200,000 
cycles per second, but at higher currents 
arcing times increased when the natural 
frequency was over 30,000 cycles per 
second. The lowest frequency at which 
the maximum arcing could be reached 
was not determined, but on a laboratory 
circuit a natural frequency of about 
190,000 cycles was heavily damped, in- 


T HE combination of line sectionalizing 
in the main feeder, individual pro¬ 
tection at branch-line junctions, and re¬ 
closing relays and breakers at the sub¬ 
station has been shown to provide a cumu¬ 
lative reduction in consumer minutes out¬ 
age (minutes of outage per consumer per 
year) that no one of the methods can pro¬ 
vide alone. 1 Branch protection proved to 
be of greater value than line sectionalizing. 

However, in order to be of any real 
assistance in efficient system planning, 
such knowledge of the ways and means to 
improve service continuity must be com¬ 
bined with an understanding of the ex¬ 
pense involved in restoring service for all 
combinations and types of protective 
equipment that are available. Such “res¬ 
toration expense” involves the man-hours 
required to locate the fault, to make any 
necessary repairs on the line, and to re¬ 
store service, and involves also the auto¬ 
motive miles which must be traveled in 
doing it. Naturally, initial costs must be 
included for an over-all consideration of 
the economics of overcurrent protection. 

Calculations and Presentation of 
Data 

Separate studies were made on two dif¬ 
ferent setups of the distribution lines, 
namely, one for branch protection, as in 


dicating that the maximum arcing time 
had been obtained. 
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Figure 1. Individual branch-line protection 
added to 30-mile feeder 

Branches located at center of feeder for 
average of even spacing along feeder 
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3 SECTIONALIZING POINTs"" 
4 SECTIONS* 7.5 MILES EACH 






4 SECTIONALIZING POINTS 

5 SECTIONS 6 MILES EACH 


| SECTIONALIZING POINTS 
6 SECTIONS 5 MILES EACH 


6 SECTIONALIZING POINTS 
7 SECTIONS 4.286 MILES EACH 

Figure 2. Line sectionalizing with protective 
devices connected in series on 30-mile line 

"Restoration expense" isthe total expense for 
restoration time” and automotive mileage. 

The yardstick ” is either the "restoration 
time” in minutes per year or the automotive 
mileage per year caused by "permanent 
faults alone” with no automatic or manual 
line sectionalizing and no branch protection. 

Using the assumptions in appendix A, 
calculations were made to determine the 
restoration time” and the automotive 
mileage traveled for each system setup, 
and the values are given as a percentage 
of the yardstick” on the curves, Fig¬ 
ures 5 to 12 inclusive, that is: 

Actual calculated values for 
Per cent-100% — specific system setup* 
"the yardstick” * 

By making comparisons in terms of this 

percentage, we eliminate to some extent 
tile effect of departures of actual prac¬ 
tice from the assumptions employed in 
the study. Wherever such departures 
might affect the calculations, an attempt 
was made to be conserv ative in showing 

•The calculated values and the "yardstick” mav 
he in terms of either, "restoration time” in minutM 
per year or automotive mileage traveled per year. 



benefits for line sectionalizing or branch 
protection with the less costly line protec¬ 
tive devices. 

Known first costs are brought into the 
picture to determine the length of time 
required to liquidate any increased initial 
costs for equipment which provides sav¬ 
ings in “restoration expense,” as in Fig¬ 
ure 3. (See also appendix B.). 

The Curves 

The data are given in curve form show¬ 
ing the percentage of the “yardstick” for 
varying arrangements of line protection. 
Figures 5 to 10 inclusive are for branch 
protection, and Figures 11 and 12 are for 
line sectionalizing with a number of pro¬ 
tective devices connected in series. 
While these data may not fit a specific 
circuit exactly, they should be sufficiently 
dose to be usable in pl annin g the over¬ 
current protection on practically all dis- 
tribution systems. 

Actual Values for “Yardstick” 

Affect Comparisons 

In addition to comparing the percent¬ 
ages given on the curves, it is important 
to consider also the value of the “yard¬ 
stick' and the Calculated values for 
spedfic cases in terms of the actual “res¬ 
toration time” in minutes per year or the 
automotive mileage per year* Since we 


814 Transactions 


Figure 3. Curves 
showing cost per 
hour of "restoration 
time" saved per year 
to liquidate relative 
initial costs of pro¬ 
tective equipment 

Automotive mileage 
not included 

Symbols defined in 
Figure 6 

Column A. Curves 
for sectionalizing 
equipment show rel¬ 
ative cost of making 
savings in "restora¬ 
tion time" over that 
required with single¬ 
element fuse cutouts 

Column B. Curves 
for different combi¬ 
nations of equipment 
affording approxi¬ 
mately equal service 
continuity show cost 
of saving in "restora¬ 
tion time" where 
made by higher cost 
equipment. *Such 
savings not made 
where curves not 
extended 
Compare curve 1 with 2 

Curve 1 for three resetting reclosers at sec¬ 
tionalizing points with three unprotected 
branches. Curves 2-8 for two-element re¬ 
closing cutouts, three at branches, five at 
sectionalizing points 

Compare curves 3 and 4 with 5 (line section¬ 
alizing only) 

Curves 3 and 4 for three three-element reclos¬ 
ing cutouts three and one-phase circuits 
respectively 

Curve 5 for five two-element redosing cut¬ 
outs one- or three-phase circuits 

Column C. Curves for branch protection 
show the relative cost of savings in "restora¬ 
tion time” secured with different types and 
i combinations of equipment 
Observe that the cost of all reclosing equip¬ 
ment increases at a higher rate than the de¬ 
crease in restoration time” they provide 

have assumed a constant number of total 
faults, the "yardstick,” which is based on 
permanent faults alone,” is obviously 
lowest with 85 per cent temporary faults. 

It increases to a maximum at the 25 per 
cent temporary faults as shown in Table 
I. These values would increase or de¬ 
crease respectively if extended beyond the 
25 to 85 per cent range that was studied. 

Much greater “restoration time,” auto¬ 
motive mileage, and consumer minutes 
outage are required to locate, repair, and 
restore service with a permanent fault 
than just to restore service with a tern- 
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porary fault. Thus, as the percentage of 
temporary faults becomes greater, the 
“restoration time,” automotive mileage, 
and consumer minutes outage, caused by 
equipment opening on temporary faults 
increases less than the decrease in these 
values as caused by permanent faults. 
Because of this relationship, the calcu¬ 
lated actual “restoration time” and auto- 



MILES 

(TOTAL LENGTH OF FEEDER OR OF ALL BRANCHES) 


Figure 4. Conversion curves for determining 
“yardstick" with different lengths of feeder 
and total length of branches 

How to use data: 

1. Determine the multiplying factor 

(1) . For the proper length of the feeder 

(2) . For the total length of all the branches 

2. Multiply the “yardstick” in Table I by 
the multiplying factor for the feeder 

3. Multiply the corrected "yardstick" deter¬ 
mined in item 2 by the multiplying factor for the 

branches 

Observe that the “yardstick" is increased more 
by adding mileage to branches than by in¬ 
creasing the length of the feeder 


Some Protective Devices Can Be 
Connected in Series in Greater 
Numbers Than Others 

More two-element than three-element 
reclosing fuse cutouts can be connected in 
series and co-ordinated to provide about 
equal improvement in service continuity. 
Figures 11 and 12 indicate that the use of 
a greater number of two-element than 
three-element cutouts may increase the 
normal differences in “restoration ex¬ 
pense” for these two devices at the higher 
percentages of temporary faults. How- 


closers at sectionalizing points on the same 
line with the three branches unprotected. 
With 85 and 75 per cent temporary faults 
Figure 3 indicates that from 11 to 20 
years respectively will be required to 
liquidate the additional cost of the re¬ 
closers with a wage rate of one dollar per 
hour per man for a two-man crew. With 
65 and lower percentages of temporary 
faults the use of the two-element reclosing 
cutouts in the branches makes possible 
lower “restoration time” as well as a lower 
initial cost and a slight improvement in 
service continuity. 


Figure 5. “Restora¬ 
tion time" for pro¬ 
tected one mile 
branches employing 
nonreclosing or re¬ 
closing substation 
breakers and all avail¬ 
able types of branch 
protective equip¬ 
ment 

Symbols defined in 
Figure 6 

Observe that a sav¬ 
ing is made for all 
but single-element 
fuse cutouts when 
used with nonreclos¬ 
ing substation break¬ 
ers at 85 per cent 
temporary faults 



NUMBER OF BRANCHES 


ever, when the difference in the initial 
costs of these two types of cutout is 
divided by the savings in “restoration ex¬ 
pense," it shows that the cost per hour of 
“restoration time” saved per year by 
the use of the three-element design would 
be quite high, especially for three-phase 
circuits. For example, the use of two- 
element cutouts at five sectionalizing 
points and three-element cutouts at three 
sectionalizing points provides approxi¬ 
mately the same service continuity. A 
comparison of these, as in Figure 3 (col¬ 
umn B, curves 3, 4, and 5) indicates that 
from 6 to 13 years might be required to 
liquidate the extra cost of three three- 
element cutouts per phase on a three- 
phase 30-mile circuit, with a wage rate of 
one dollar per hour per man for a two- 


Effect of Nonreclosing and Reclosing 
Substation Equipment 

With no line sectionalizing or branch 
protection, “permanent faults alone” are 
the only cause for sending out the trouble 
crew. The restoration of service after a 
temporary fault by manual or automatic 
reclosing of the substation breaker in¬ 
volves only the station attendant and 
thus the type of equipment employed has 
no effect on the “restoration time” or 
automotive mileage. 

Combining Branch Protection and 
Line Sectionalizing 

The cumulative effect on “restoration 
time” and automotive mileage of combin- 


motive mileage for 25 per cent temporary 
faults are greater than that for.85/per¬ 
cent temporary faults. This relationship 
is reversed when the calculated values are 
given as a percentage of the “yardstick” 
as on the curves, Figures 5 to 12 inclusive. 
This shift in relationship is important 
When evaluating the benefits secured by 
the use of the more effective device which 
usually costs more (see Figure 3). 


man crew. 

A similar comparison is made in Figure 
3 (column B, curves 1 and 2) to show the 
effect of the limitations in co-ordinating 
automatic resetting reclosers with fuses 
at branch junctions or at transformers. 
The use of three two-element cutouts to 
protect three branches added to a line 
sectionalized with the five two-element 
cutouts provides at least equal service 
continuity to that provided by three re¬ 


ing the protection of a number of short 
branches with line sectionalizing can be 
approximated from the data on the curves, 
Figures 5 to 12 inclusive. See appendix C 
for description of how to do this. 

Where the circuit consists of two or 
more long branches, each branch should 
be studied separately from the standpoint 
of line sectionalizing and branch protec¬ 
tion. Then the cumulative effect should 
be determined by adding or subtracting 
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Automatically 

The conclusions drawn and the data 
in the curves for redosing fuse cutouts 
apply to any type of apparatus with an 
equal number of redosers and without 
the feature of automatically resetting 
after dearing a temporary fault. 

Conclusions 

Some general condusions can be drawn 
from the study, although it is antidpated 
that the data will prove even more hdp- 
ful in system planning when applied to the 
problems of specific circuits. 

Substation Equipment 

1. The substitution of redosing for non- 
redosing breakers at the substation, while 
improving service continuity, has no effect 
on the restoration time” or automotive 
mileage (unless the substation attendant’s 
tune to manually redose the breaker is 
classed as “restoration time”). 

2 . Overlapping the substation redosing 
protection with all line protective devices 
provides a major reduction in “restoration 
time” and automotive mileage 


equipment 

B —Nonreclosing or redosing breaker at 
substation 

08=Overlapping reclosing breaker at sub¬ 
station, set for instantaneous tripping on first 
opening with all types of line protective 
equipment delayed to open only ahead of 
second opening of breaker 

1 “Single-element fuse 

2 =Two-element redosing fuse 

3 “Three-element reclosing fuse 

^“Automatic resetting recloser 

P= Permanent faults alone—all temporary 
faults cleared with only a momentary outage 

(These are combined to show type of sub¬ 
station and line equipment employed) 
Observe: 

1 • The major reduction in "restoration time" 
for "permanent faults alone" with the 
branches protected 

2. The comparatively small increase in "res¬ 
toration time” for outages caused by equip¬ 
ment opening on temporary faults 

3. Single-element fuses provide the major 
portion of the reduction obtainable except at 

85 per cent temporary faults 


~ ... , P-■*>— It is quite 

effective when combined with branch pro- 

teetive devices. (With such overlapping device disconnectsthe faulted portion of the 
me breaker trips and redoses once without <arcu * t ahead of the second trippine of the 
the branch or line protective device opening ' 

fqr all faults out to the ends of the line, and 
theni the relay provides time delay so that 
tne branch or line-sectionalizing protective 
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relay.) 

3. Such overlapping protection of the en¬ 
tire line is the most economical of all system 
setups providing automatic redosing, when 


Observe that the reduction in "restoration 
time" is greater with ten- than with five-mile 
branches with all other relationships being 
proportionally the same 


both "restoration expense” and initial costs 
are considered. 

4. Where such overlapping protection as 
in paragraph 2 reaches only part way out on 
the line, the decrease in “restoration time” 
and automotive mileage over a nonreclosing 
or redosing breaker is only approximately 
one quarter of the decrease provided by 
overlapping the whole line. 

Branch Protection Reduces Main¬ 
tenance 

1. Overcurrent protection of individual 
branches generally reduces “restoration 
time and automotive mileage, even with 
short branches. The exceptions are with 
only a few or very short branches at high 
percentages of temporary faults where the 
actual number of minutes and miles are 
small (see Figures 5 to 10 indusive). 

2. The length of the branch has a major 
effect on the “restoration time” and auto¬ 
motive mileage. 

3. Overcurrent protection of individual 
branches provides less reduction in terms of 
actual restoration time” and automotive 
mileage at higher percentages of temporary 
faults than at the lower percentages. 

4. The savings in “restoration expense” 
with branch protection are less likdy to 
liquidate the initial cost of all types of over¬ 
current protective equipment at higher 
percentages of temporary faults: than at 
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Figure 9 (below). Automotive mileage for 
protected five-mile branches employing all 
available types of substation and branch pro¬ 
tective equipment 

Symbols defined in Figure 6 

Observe the same greater reduction in auto¬ 
motive mileage for “permanent faults alone" 
and the effect of outages caused by temporary 
faults as observed in Figure 8 


Figure 8. Auto¬ 
motive mileage for 
protection of one- 
mile branches em¬ 
ploying nonreclos¬ 
ing or reclosing sub¬ 
station breaker and 
all available types of 
branch protective 
equipment 

Symbols defined in 
Figure 6 

Observe that the 
saving in automotive 
mileage for “per¬ 
manent faults alone" 
is greater than the 
saving in “restora¬ 
tion time" (Figure 5). 
Also that the effect 
246 0246 of outages caused by 

temporary faults is 
greater. However, 

' the actual values for the “yardstick" in terms 
of automotive mileage is much less than for 
“restoration time" 


the lower percentages, where the protective 
orbs of the substation relay and breaker 
includes the whole line. 

5. Single-element fusing of branches, five 
miles and longer, is the most effective in 
saving sufficient “restoration time" and 
automotive mileage to liquidate the initial 
investment. Only a few years are required 
because of the comparative low first cost to 
the savings effected. For example, with 
30 miles of single-phase branches on a 30- 
mile feeder and a wage rate of one dollar 
per hour per man for a two-man trouble 
crew, the liquidation would be effected in 
about 1 to 2.5 years. The exception is 
with 85 per cent temporary faults where the 
actual minutes and miles saved are too small 
to offset the initial cost of even single-ele¬ 
ment cutouts within a reasonable time. 

6. Two and three-element reclosing fuse 
cutouts and automatic resetting reclosers 
provide reductions in “restoration time" and 
automotive mileage which are worthy of 
consideration. However, this saving is not 
proportionate with the increase in initial 
costs over that for single-element fuse cut¬ 
outs. 

7. Reclosing breakers at the substation 
which overlap single-element fuses at a num- 


Figure 10. Automotive mileage for protected ten-mile branches employing all available 
types of substation and branch protective equipment 

Symbols defined in Figure 6 

Observe that the reduction in automotive mileage is greater than with one- and five-mile 
branches (Figures 8 and 9), and that the effect of outages due to temporary faults is pro¬ 
portionately greater, especially at the higher percentages of temporary faults 
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NUMBER OF SECTIONALIZING POINTS 

Figure 11. "Restoration time" with line sec- 
tionalizing employing all available types of 
substation and line overcurrent protective 
equipment 

\ 

V*Ofi~overlapping reclosing breaker at sub¬ 
station/ protection for only half of line 

Other symbols defined in Figure 6 
Observe: 

. * **i“ # . 

1. The “restoration time" as caused by 
permanent faults alone is reduced only 

slightly by line sectionalizing 

2. The effect of outages caused by de¬ 
vices opening on temporary faults is greater 

than with branch sectionalizing 

3. Therefore/ line sectionalizing generally 

increases “restoration time” 

(This increase amounts to only about ten 
hours per year with single-element fuses at 
85 per cent temporary faults on a 30-mile 
feeder) 


Figure 12. Auto* 
motive mileage with 
line sectionalizing 
employing all avail¬ 
able types of sub¬ 
station and line over¬ 
current protective 
equipment 

VsOB = overlapping 
reclosing breaker at 
substation, protec¬ 
tion for only half of 
line 
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fined in Figure 6 

Observe: 

1* The automotive 
mileage even for 
"permanent faults 
alone" is increased 
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ber of branch junctions provide more sav¬ 
ings in restoration time" and automotive 
mileage than three-element cutouts with 
reclosing breakers. This combination is 
almost as effective as single-element fusing 
of branches without overlapping protection 
in having the savings-in “restoration time" 
offset the initial costs, at 75 and lower per- 
centages of temporary faults, and is more 
effective at 85 per cent. 

8. Consideration of the economic value of 
reducing the percentage of temporary faults 
appears to be justified. Such a reduction for 
the line as a whole might be obtained by the 
use of reclosing devices on a branch or 
branches having a much higher percentage 
of temporary faults than the line as a whole. 

Aotomatic Line Sectionalizing 

Automatic sectionalizing of the tna fp 
feeder (and long branches treated as feeders) 
with protective devices connected in series 


by line sectionalizing 

2. As with branch protection, the effect of 
outages caused by temporary faults is greater 
than with "restoration time" (Figure 8) 


generally increases “restoration time” and 
automotive mileage and thus must be justi¬ 
fied by the savings in revenue and the im¬ 
provement in customer good will resulting 
from the better service continuity. How¬ 
ever, the automatic resetting reclosers re¬ 
duce restoration time” and automotive 
mileage, as do two and three-element re¬ 
closing fuse cutouts at 50 per cent temporary 
faults and lower, and reclosing breakers 
which overlap single-element and redosing 
cutouts at 65 per cent and lower (see 
Figures 11 and 12). 

2* The increase in actual "restoration 
time and automotive/ mileage even with 
single-element fuse cutouts generally is 
comparatively small. 
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3. Automatic sectionalizing with single¬ 
element cutouts requires the most additional 
"restoration time" and automotive mileage 
but at a minim um over-all cost, see Figure 3, 
column 1. Therefore, sectionalizing with 
single-element cutouts may be justified 
economically in many instances. 

4. Overlapping reclosing substation break¬ 
ers combined with single-element fusing at 
sectionalizing points requires less additional 
“restoration time" and automotive mileage 
than sectionalizing with three-element re- 
dosing cutouts and with a lower total first 
c ? st ’, This espedally true on three-phase 
circuits, (Only the additional equipment 
for the spedal rdaying was considered neces¬ 
sary at the substation.) 

5. Sectionalizing with automatic redosing 
equipment provides a greater reduction in 
"restoration time" and automotive milea ge 
compared to single-dement cutouts than 
when the comparison is made with branch 
protection. However, as in the case with 
brandi protection, the reduction in “restora- 
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tion time” and automotive mileage Is not 
proportional with the increase in initial 
cost except possibly on lines appreciably 
longer than 30 miles. 

Branch Protection and Line Sec- 

TIONALIZING SHOULD Be COMBINED 

The cumulative benefit obtained by- 
combining branch protection and line sec- 
tionalizing should not be overlooked. 
Sectionalizing with equipment, the char¬ 
acteristics of which are such as to pre¬ 
clude branch protection, prevents the se¬ 
curing of major reductions in “restoration 
time” and automotive mileage. 

Manual Line Sectionalizing 

Manual line sectionalizing generally is 
employed where automatic protection has 
not been adopted. With manual sec¬ 
tionalizing “restoration time,” automotive 


the percentage of temporary faults, espe 
dally in the range above 75 per cent. 

2. If the percentage of temporary faults is 
decreased, less costly equipment generally 
will provide equal or better service continu¬ 
ity with lower “restoration time” and auto¬ 
motive mileage. 

3. A reduction in the percentage and thus 
the number of temporary faults on a specific 
system lowers the total number of faults 
and provides greater reductions in "restora¬ 
tion time” and automotive mileage than is 
shown in this study, where the total number 
of faults remain constant. 

Use of Data for Continuing 
Expansion of Knowledge 

Although over-all values of combining 
branch protection, line sectionalizing, and 
reclosing relaying at the substation as pre¬ 
sented are based on a set of rigid assump¬ 


Table I. Actual Calculated Values 9 for “yardsticks" for Feeder Without any Branchesf or 

Manual Line Sectionalizing 


Values Decrease as the Percentage of Temporary Faults Increases 




Per Cent Temporary Faults 


Units in Which Calculated Actual 

25 

50 65 75 

85 

Values Are Expressed 

Actual Values for Permanent Faults Alone* 


Consumer minutes outage per year. 

“Restoration time” in minutes per year.... 
Automotive mileage per year. 

...2,137,5.... 
...2,137.5.... 
... 337.6.... 

..1,425.996.25.712.5.... 

..1,426.996.25.712.6.... 

.. 225.157.5 .112.6.... 

..427.5 
..427.5 
.. 67.5 


9 The values in this tabulation are based on a 30-mile feeder. To convert the values for longer or shorter 
feeders, use the multiplying factors as determined in Figure 4. 


* These, actual values will not apply exactly to any system, but the relationship shown should apply about 
proportionally. To determine actual “restoration time” and automotive mileage for any system setup, 
multiply the "yardstick" by the percentage for that setup as given on curves 5 to 12 inclusive.! 

f The values in this tabulation do not apply directly to feeders with branches. Corrections can be made by 
use of the multiplying factors for the total length of all branches as determined from Figure 4. 


mileage, and consumer minutes outage are 
caused by “permanent faults alone” and 
thus are the same percentages of the 
“yardstick” at all percentages of tem¬ 
porary faults. Therefore, automatic sec¬ 
tionalizing and branch protection; which 
may cause outages on all or some tem¬ 
porary faults, are less likely to be justi¬ 
fied over manual sectionalizing at the 
higher percentage of temporary faults 
(above 75 per cent) than is indicated when 
compared with the “yardstick.” This is 
especially true on a feeder with relatively 
long branches where manual sectionaliz¬ 
ing eliminates traveling out and back on 
a number of the branches in search of the 
fault. 

Lowering of the Percentage of Tem¬ 
porary Faults Should Be Con- 

S1DBRED 

1. Since outages caused by temporary 
faults make all types of equipment less effi¬ 
cient in attaining the minimum values for 
“permanent faults alone,” consideration 
should be given to the economics of reducing 


tions, these data should facilitate more 
efficient planning of overcurrent protec¬ 
tion on specific systems. It is hoped that 
these data will be extended, or if neces¬ 
sary, modified as the result of operating 
records secured in actual practice. 

Appendix A. Assumptions Em¬ 
ployed in Mathematical Study 

The same general assumptions employed 
in the study to determine the relative value 
of different types of overcurrent protection 
for distribution circuits in terms of service 
continuity 1 were used in continuing the 
mathematical study to check the effect on 
“restoration expense.” All of the assump¬ 
tions pertinent to the present study are 
• tabulated below : 

1. The Distribution Lines Studied (Length 
of Lines) 

(a). la one part of the study one to six unprotected 
and protected branches, each one, five, or ten miles 
in length, were added at the mid-point of an un- 
sectionalized 30-mile main feeder, increasing the 
total length of line, as in Figure 1. (The greater 
total length will increase the actual "restoration 
time” and automotive miles, but when these are 


expressed as a percentage of the "yardstick” (for 
“permanent faults alone” without branch protec* 
tion), the effect of the length is cancelled. Thus the 
percentage shown on curves of Figures 5 to 10 in¬ 
clusive for any system setup can be applied to any 
length of line or branches, if the “yardstick” is 
modified as directed in Figure 4. Connecting the 
branches at the mid-point provided an average for 
an even spacing of the branches along the feeder.) 

( b ). In the other part of the study, a 30-mile main 
feeder was broken up into from one to seven sections 
by zero to six overcurrent protective sectionalizing 
devices connected in series as in Figure 2. 

2. Equipment Employed. Both stud¬ 
ies included checking comparative results 
with overcurrent protection provided by: 

(a) . Substation breakers actuated by nonreclosing 
or automatic reclosing relays, and automatic reclos¬ 
ing relays which overlap all branch and line protec¬ 
tive equipment so that the breaker trips and recloses 
once without the branch or line devices opening, 
and then provides time delay before the second 
tripping of the relay on more persistent faults; 
each combined with 

(b) . Sectionalizing or branch-line protection with 
single-element or two and three-element reclosing 
fuse cutouts or reclosers which reset automatically 
after clearing a temporary fault. 

3. Number and Type of Faults. One 
fault per mile per year uniformly distributed 
with temporary faults equaling 25, 50, 65, 
75, and 85 per cent of the total. (One 
fault per mile is probably somewhat high. 
Any lower value might have ‘been used 
without changing the percentages used for 
comparison but would decrease the values 
for the "yardstick” in Table I and would 
change the values in Figure 3—decreasing 
these values for cost of "restoration” with 
line sectionalizing in column A and increas¬ 
ing the values for the co:t to secure the 
savings with branch protection in column 

C). 

4. Attended Substation. No "restora¬ 
tion time” was included for the substation 
attendant to close the station breaker or to 
notify the trouble crew. (“Restoration 
time” for temporary faults was zero, re¬ 
gardless of whether service was restored by 
manual or automatic reclosing of the station 
breaker. Thus, there is no difference in 
man-hours of "restoration time” or auto¬ 
motive mileage for nonreclosing or reclosing 
relays and breakers.) 

5. Trouble Crew. Consisted of one 
man who was always available at the sub¬ 
station to start instantly with no time al¬ 
lowed for notification or preparation. (More 
often the crew consists of two men to meet 
safety requirements, but any multiple of 
one will have no effect on the percentages 
used in the presentation of the data. The 
actual "restoration time” in Table I can be 
multiplied by the exact number in the crew 
if over one, to make the values comparable 
with the utility’s actual practice, see also 
the directions on Figure 3. Also, the crew 
is more likely to be out on the system, some¬ 
times closer to and sometimes farther from 
the fault location, so that this assumption 
provided an average.) 

6. Time to Locate Fault, Make Neces¬ 
sary Repairs, and Restore Service. The 
trouble crew: 

A. With no branch protection or line 
sectionalizing (All temporary faults cleared 
when breaker locks open. Service restored 
by station attendant. Trouble crew re¬ 
quired for "permanent faults only.”) 

(a). Traveled 15 miles per hour to the mid-point 
of the feeder as the average, and out to the mid-point 
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of each branch and back as the average for each 
branch. 

B. With automatic line sectionalizing and 
individual branch protection 

(а) . Traveled 30 miles per hour to the sectionaliz¬ 
ing point at which the protective device had opened. 
No time was allowed for examining sectionalizing 
or branch protective devices en route, as it was as¬ 
sumed that these would have indicating features 
visible from the car. 

(б) . Spent five minutes to climb the pole and to 
restore service if a temporary fault had caused the 
outage at the sectionalizing or branch protection 
point. 

( c ) . Traveled 15 miles per hour to the mid-point 
of the branch or section on which the fault persisted. 
The mid-point provided the average for the uniform 
spacing of faults. 

(d) . Spent 30 minutes repairing a permanent fault. 
In a majority of cases the trouble crew will repair 
faults without calling for the assistance of the line 
crew, generally in less than 30 minutes. Where the 
services of the larger line crew are required, the 
time would generally exceed the 30 minutes average. 
This makes the values presented more conservative 
than actual practice. 

(«). After repairing the fault: 

1. No time was allowed to notify the substation 
attendant when he was required to close the 
breaker (although some time probably would be 
required for notification which would have increased 
the values of the "yardstick” Table I and the 
"restoration time” or automotive mileage for out¬ 
ages caused by temporary faults. This would have 
shown greater benefits for line sectionalizing and 
branch protection for reclosing cutouts and espe¬ 
cially for automatic resetting reclosures). 

2. The crew traveled 30 miles per hour to return 
to the sectionalizing or branch protective device to 
restore service. 

3. No "restoration time” or automotive- mileage 
was included after service was restored, since the 
crew might then be headed for another job to which 
the additional mileage and time would be charged. 

7. Service Restoration by First, Second, 
Third, and Fourth Reclosures was assumed 
to be 60 per cent of the total number of 
faults for devices which reclose once, 66 
per cent for those which reclose twice, 70 
per cent for those which reclose three times, 
and 73 per cent for combinations which re¬ 
close four times (see Table IV in appendix 
of previous study 1 ). This gives maximum 
advantage to three-element redosing fuses 
and other multiredosing devices, as com¬ 
pared with two-element redosing fuse cut¬ 
outs, since these values for perfect operation 
are low for the first redosing and high for 
the second as compared with operating 
experience. Some data show as high as 75 
to 90 per cent restoration of service follow¬ 
ing the first redosure. 


9. The Protective Orbit of the Substation 
Breaker (which is determined by minimum 
pickup current of the relay) induded the 
whole feeder and all of the branches. In 
many instances distribution lines have out¬ 
grown this orbit. Consequently, the lower 
current individual protection of the branches 
and line sectionalizing on the otherwise un¬ 
protected portion may prevent burning 
down lines or annealing of the conductors. 
Such faults would require a long time to 
repair and might necessitate the assistance 
of the line crew. Conversely, this lower cur¬ 
rent protection may cause outages which 
might otherwise have burned dear. De¬ 
pending on the type of equipment, after such 
outages service will be restored automati¬ 
cally or will require the trouble crew to go 
out to the sectionalizing or branch protec¬ 
tion point in order to restore service. There 
would have to be a large number of such 
trips to equal the ‘‘restoration time” re¬ 
quired for one case of putting back up lines 
burned down because of lack of protection. 


Table II 


Assumed Initial Costs Used 


for Figure 3 Cost Eachf 


Single-element fuse cutouts.$ 7.00 

Two-element fuse cutouts.... 17.00 

Three-element fuse cutouts.32.00 

Automatic resetting reclosers. 85.00 

Additional relay equipment*. 58.00 


t These initial costs are approximately correct. 
Additional material other than the crossarm will 
be negligible as mounting hardware is furnished 
with the devices. Installation costs are not in¬ 
cluded as they will vary on different systems. 

* It was assumed that induction-type reclosing 
relays and breakers are available. 


No actual data are available on this rela¬ 
tionship. However, it would appear that 
the "restoration time” in the area beyond 
the protective orbit of the station breaker 
would be reduced perceptibly by line sec¬ 
tionalizing and branch protection. This 
would decrease the higher "restoration time” 
and automotive mileage shown in this study 
for line sectionalizing, where the protective 
orbit encompassed the whole line, and would 
increase the savings shown for branch pro¬ 
tection. 


tection and thus the comparison is made 
with the "yardstick” to determine the cost 
of securing this reduction. 

Procedure 

1. Determine the percentage for specific 
system setup from curves 5 to 12 inclusive, 
making additions for the cumulative effect 
of combining branch protection and line 
sectionalizing as described in the text. 

2. Determine the actual "restoration time” 
for each specific system setup by multiplying 
the "yardstick” from Table I (modified if 
necessary for variations in length of the 
total line as described in Figure 4) by the 
percentage determined in paragraph 1. 

3. Determine the difference in actual "res¬ 
toration time” for the equipment being com¬ 
pared. 

4. Determine the difference in initial costs 
of the equipment required for each system 
setup (see Table II). 

6. Divide the difference in costs by the dif¬ 
ference in "restoration time” to determine 
the cost per hour of "restoration time” per 
year. 

6. Divide the values determined in para¬ 
graph 6 by the total wages per hour paid the 
trouble crew to. determine the number of 
years required to liquidate the difference in 
initial cost (as determined in paragraph 4). 
Formulating this: 

Cost per unitf saved/year =* 



Cost of more effec- Cost of less effec¬ 


tive device* — tive device* 

Number of years to liquidate= 

cost/unit saved f/year _ 

dollars per hour paid trouble crew 

Appendix C. How to Combine 
"Restoration Time" or Automotive 
Mileage Values lor Branch Pro¬ 
tection, Figures 5 to 10 inclusive. 
With Those for Line Sectionalizing, 
Figures 11 and 12 


8. No Inspection With Reclosing Fuse 
Cutouts Was Assumed. Because such in¬ 
spection would have permitted refusing be¬ 
fore an outage occurred, the data indicate 
only the minimum benefit for these devices. 

(This benefit would be increased to a de¬ 
gree approaching that of the device that 
resets automatically, as such fuse renewal 
before the occurrence of an outage ap¬ 
proaches 100 per cent. The percentage of 
such discovery and renewal is fairly high, 
because linemen and trouble crews are on 
the lookout for the indicating devices as 
they pursue their regular duties along the 
lines.) 

Fuse renewal is accomplished in a few 
minutes while they are at the installation, 
without any traveling time or mileage as 
was included in the calculated values pre¬ 
sented. Thus all reclosing fuse data are 
ultraconservative. 


Appendix B. How to Determine 
the Cost Per Hour of "Restoration 
Time" Saved Per Year to Liquidate 
Relative Initial Costs of Protective 
Equipment 

This is the method employed in figuring 
the values in Figure 3. It is applicable to 
the studying of automotive mileage costs 
as well (substitute mileage values for "res¬ 
toration time” and proceed as described). 
Since with line sectionalizing the "restora¬ 
tion time” is increased over that for no 
sectionalizing, the comparison is made with 
the single-element cutout which requires the 
greatest "restoration time.” Branch pro¬ 
tection generally provides a reduction in 
"restoration time”, from'that with no pro¬ 


1. Where both cause "restoration time” or 
automotive mileage greater than 100 per 
cent (the "yardstick”), add to the percent¬ 
age on one curve the percentage above 100 
per cent on the outer curve, that is: 

Resultant per cent = (per cent on one curve) 
+(per cent—100 on other) 

2. Where one system causes "restoration 
time” or automotive mileage greater th an 
100% and the other system less than 100 
per cent, subtract from the first percentage 
the value of 100 — the second percentage, 
that is, 

Resultant per cent =» (per cent which is 
greater than 100 per cent) — (100—per cent 
which is less than 100 per cent ) 

* The cost value should be either the initial cost or 
the installed cost. 

t The unit used may be in terms of restoration hours 
per year or automotive mileage per year. 
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Tests and Analysis of Circuit-Breaker 
Performance When Switching Large 

Capacitor Banks 

T. W. SCHROEDER E. W. BOEHNE J. W. BUTLER 

ASSOCIATE AIEE MEMBER AIEE MEMBER AIEE 


T HE increased kilowatt burden on 
generation and transmission equip¬ 
ments—occasioned by the exis tin g national 
emergency—calls for a reduction in the 
use of . these equipments for generating 
and transmitting reactive kilovolt-am¬ 
peres. When operating conditions permit 
the use of either capacitors or synchro¬ 
nous condensers, the relatively shorter 
production time of capacitors is making 


becoming increasingly necessary to apply 
adequate power circuit breakers to the 
task of switching these large banks, 
either totally or in steps, on and off the 
system. It has long been recognized 
that the job of switching capacitive cir¬ 
cuits, such as long unloaded transmission 
lines, can become difficult, and it there¬ 
fore logically follows that both the duty 
on the breaker and its effect on the system 


This may impose a greater than usual 
task on the breaker dielectric to interrupt 
with a minimum of restriking, and if re¬ 
striking occurs, there may be voltage 
stresses above normal on the capacitor 
units as well as on the other connected 
equipment. 

This paper offers an analysis of the 
problem together with test results on 
full-scale and miniature capacitor banks. 
Certain conclusions are drawn relative 
to the duty on and selection of breakers * 
for this service. 

s 

Summary of Conclusions 

A total of 338 tests on oil blast and 
Magne-blast types of power circuit break¬ 
ers in the voltage class up to 15 kv and up 
to 250,000 kva short-circuit capacity, 
have been made. The results of this in¬ 
vestigation, coupled with the analytical 
treatment contained in this paper, have 




them more and more justifiable as a reac¬ 
tive source in the range of kilovolt-sunpere 
ratings where economics might normally 
dictate a synchronous condenser. 1 At 
the present time the use of capacitors in 
banks up to 10,000 kva is being given in¬ 
creased consideration, and several in¬ 
stallations having steps in this range have 
already been made. 

With this growing use of capacitors, it is 


Paper 42-119, recommended by the AIEE commit¬ 
tee on protective devices for presentation at the 
A.IBE summer convention, Chicago, Ill., June 
22—26, 1942. Manuscript submitted April 27, 
1942; made available for printing May 18, 1942. 

T. W. Schroeder and J. W. Butler are both of 
the central station engineering department, General 
Electric Company, Schenectady, N. Y., where 
'Mir. Butler is sponsor engineer. E. W. Boehne is 
research engineer in the power circuit breaker engi¬ 
neering department, General Electric Company, 
Philadelphia, Pa. 


3. Where both systems cause “restoration 
time” and automotive mileage less than 
100 per cent (the “yardstick”), subtract 
from the percentage on one curve the value 
of 100 — percent on the other curve, that is, 

Resultant per cent-* (per Cent on one curve) 
— (100—per cent on other curve) 

To determine the actual “restoration time” 
and automotive mileage multiply the “yard- 


Figure 1 ! Transient- 
analyzer circuit for 
determining effects 
of sequential pole 
closing 

(a) . Total capacitor 
bank energized 

(b) . Capacitor bank 
energized against 
already energized 
bank. U is induct¬ 
ance of breaker and 
bus work between 

banks 

during switching of large capacitor banks 
should be investigated. 

When a capacitor hank is energized, a 
large component of natural frequency 
current initially flows in addition to the 
normal-frequency circuit current. If the 
bank is energized against an already ener¬ 
gized bank, even larger natural-frequency 
equalizing currents may flow through the 
breaker. The effect of these currents 
must be evaluated. 

When a capacitor bank is de-energized, 
larger than normal system voltage^ may 
exist across the breaker contacts because 
of the trapped charge on the capacitor. 


stick” in Table I, modified as directed in 
Figure 4, by the resultant percentage. 

Reference 

1. Relative Value of Different Types of 
Overcurrent Protection for Distribution Cir¬ 
cuits, G. F. Lincks. AIEE Transactions, 
volume 61, 1942, January section, pages 19-26. • 


allowed the following conclusions to be 
reached; 

1. Based upon transient-analyzer analysis, 
it is shown that under the most pessimistic 
conditions of controlled restrike, abnormal 
circuit overvoltages can occur in de-energiz¬ 
ing capacitors. This agrees with the results 
of other investigations 2 covering fault clear¬ 
ing on circuits containing capacitance. 

2. Full-scale tests demonstrate that stand¬ 
ard oil-blast breakers in the above classifi¬ 
cation recover their dielectric strength suf¬ 
ficiently fast to switch capacitor banks up to 
at least 10,000 kva without creating ab¬ 
normal overvoltages. 

As the capacitor kilovolt-amperes is further 
increased, a point is reached where restriking 
becomes more probable. Whether abnormal 
overvoltages appear or not is then deter¬ 
mined by the randomness of the restriking 
phenomena and the inherent damp ing char¬ 
acteristics of the associated circuits. 

3. Full-scale tests show that the high 
series resistance in the arc chute of the 
Magne-blast type of breaker, when restriking 
occurs, prevents the abnormal overvoltages 
usually associated with restriking phenom¬ 
ena. This is evidenced by the successful 
interruption of 31,400 kva—3,400 amperes 
at 5,350 volts. 

4. Full-scale tests demonstrated that the 
peak values of transient equalizing currents 
upon energizing capacitor banks are within 
the values given by the equations presented 
in this paper and in reference 2. 

5. The short-circuit interrupting rating of 
a breaker need not be increased by the 
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Figure 2. Transient- 
analyzer oscillo¬ 
grams showing cur¬ 
rents obtainable 
when energizing ca¬ 
pacitors 

Current calibration 
in times normal 
steady-state capaci¬ 
tor current 

91-3 One cycle of 
normal magnitude, 
fundamental fre¬ 
quency capacitor 
current 

91-4 Inrush cur¬ 
rent, phase b, on 
energizing capacitor 
bank of Figure la. 
Switch b closed at 
Edb maximum; switch 
c closed 36 degrees 
later for maximum /& 

91-5 l a for condi¬ 
tion of 91-4 

91-6 l e for condi¬ 
tion of 91-4 

91-7 Inrush cur¬ 
rent, phase b, on 
simultaneous ener¬ 
gizing of capacitors 
of ail three phases 
of Figure la at the 
instant that makes l b 
maximum 

91-10 Inrush cur¬ 
rent, phase b, on 
simultaneous ener¬ 
gizing of capacitors 
of all three phases 
of Figure 1b at the 
instant that makes l b 
maximum 


proximity of a capacitor bank on the bus 
side. 

6. All tests made under various energizing 
and discharging conditions—many of which 
are presented in this paper—showed that 
the peak values of transient current obtained 
were not harmful to the breakers tested. 
The maximum value reached was 52,000 
amperes. 


The Energizing Problem 


91-13 Inrush cur¬ 
rent, phase c, on 
energizing capacitor bank of Figure 1b. 
Switch b closed at E a i> max; switch c subse¬ 
quently closed to give l c a maximum 

91-14 li, for condition of 91-13 
91-15 l a for condition of 91-13 

91-16 Same as 91-13, except switch b closed 
10 degrees ahead of E<a max 
Switch c subsequently closed to give l e a 
maximum 

where 


capacitor location. Doing this, the above 
expression may be written as 

Im&*~Ic(l+Vlsc/Ic) 

where the subscripts stand for the ca¬ 
pacitor rated current and the short-cir¬ 
cuit currents—as initialed. All currents 
are expressed in peak values. This 
amounts to approximately 2,500 amperes 
for a 10,000-kva bank of capacitors 
closing on to a 13.8-kv system capable of 
delivering 250,000-kva short circuit. 

These expressions hold for each phase of 
a wye-grounded bank on a grounded sys¬ 
tem. In wye floating neutral or delta- 
connected banks, however, the initial in¬ 
dividual phase currents are a function of 
the order of pole closing. And since 
breakers probably do not close their con¬ 
tacts simultaneously, this case was inves¬ 
tigated to determine if larger currents 
than those indicated by the above ex¬ 
pression, could be obtained. 

The analysis of this case*—as given in 
appendix B—indicates that the maximum 
current from this effect is 1.15 times that 
which can be obtained by simultaneous 
closing of contacts. The circuit of Fig¬ 
ure 1 (a) was set up in miniature on the 
transient analyzer 4 with the following 
constants: 

A=0.234 henry 
C=1 microfarad 

For these values ‘s/xjX x =5.5 hence 
Jmax by above equation should be no 
greater than 1+5.5=6.5 times normal. 
Oscillographic results are presented in 
Figure 2. For the equivalent single¬ 
phase or simultaneous closing case, os¬ 
cillogram 91-7 shows a peak inrush cur¬ 
rent in phase b of 4.5 times normal. Os¬ 
cillogram 91-4 shows I b for switch b closed 
at Eab a maximum and switch c closed 36 
degrees later to give I b a maximum. This 
maximum of approximately 6.0 times 
normal, and the 4.5 above indicates that 
even the small damping in the miniature 
setup greatly reduces the maximum ob¬ 
tainable. 

Energizing a Bank Against an Al¬ 
ready Energized Bank 
In this case the energized bank dis¬ 
charges into the oncoming bank through 
the relatively small impedance between 
them. The resulting large equalizing 


Energizing a Single Bank 

It has been shown 8 that the maximum 
inrush current, neglecting system ca¬ 
pacitance and damping, when energizing 
a single capacitor bank at the peak of the 
voltage wave is given by 

I«a*=Jo(l +Vx e /X L ) 


Jo “peak value of steady-state capacitor 
current 

X e =reactance of capacitor bank 
X L *= system reactance viewed from capaci¬ 
tor location 

Since a switching problem is being con¬ 
sidered, it may be appropriate to express 
inrush currents to capacitors in terms of 
the short-circuit current available at the 


current of short duration oscillates at the 
high natural frequency determined by 
the value of series capacitance of the two 
banks, and the inductance of the connec¬ 
tions between them. 

Equations for determining these cur¬ 
rents have already been given* for siihul- 

* A time of at least l /« cycle of natural frequency 
constitutes'a severe nonsimuitaneous pole-closing 
condition from this standpoint. 
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Table I. Single-Phase Closing Tests When Energizing a Bank Against an Already Energized Bank 


Cl 

X L Micro- 

No Ohms farads 

Cj 

Micro¬ 

farads 

E b RMS 
Volts 

IiRMS 

Amperes 

I T RMS 
Amperes 

Ii Peak 
Test 

I, Peak 
Calculated 

Natural 

Closing Frequency 

Angle (Cycles Per 

Degrees Second) 

La 

Millihenry 
Calculated 
from Test 

Oil-Blast Breaker—-250,000 Interrupting Era 








1#«• •«« ( 6.72.. . 17.7... 

... 17.7... 

...15,150... 

... 101... 

... 210_ 

* 

... 8,940.... 

.. .68.-.. 8,100... 

.. 0.0436 

2.3.72. 35.4. • • 

. 4 • 35.4.. • 

.. .16,500... 

... 220... 

... 400_ 

* 

....15,800.... 

...72...'...M00... 

.. .0.0349 

3. • • • •. .2.12. •••••• 70.2... 

... 66.7... 

...15,130... 

... 400... 

... 827,... 

;.. 13,000... 

...18,200.... 

.. .88.(Figure 3).3,900... 

...0.0487 

4. • •« • • .0.42.. •... .440 • • • 

....417 ... 

•. • 5,850. •. 

... 960... 

•. • 2,030. • • • 

...15,400... 

...17,700.... 

...89..1,750... 

.. .0.051 

6.«••••.2,12....... 70.2•.• 

... 86.7... 

...14,350... 

... 380... 

... 786.... 

... 640... 

... 1,250.... 

... 4.4,100... 

.. .0.0440 

6. • • ■ •. .0.62....«. .440 •.. 

...417 ... 

««• 7,800... 

».«1,280 • • • 

...3,200.... 

... 1,380... 

... 2,000.... 

... 6.1,300... 

.. .0.0700 

Magne-Blast Breaker—-ISO,000 Interrupting Era 







7.0.42.440 ... 

...417 _ 

... 5,850... 

... 960... 

.. .2,400.... 

.. .12,400... 

. ..14,400_ 

.. .65.1.440_ 

.. 0 051 


• •.417 .. •. 

... 5,850• ■ • 

... 960... 

...2,400_ 

...14,800... 

.... 18,220... 

...90.(Figure 4).1,850.... 

.. .0.061 

9...0.42.440 ... 

...417 _ 

.,. 5,850.,. 

... 960... 

.. .2,500_ 

... 5,700... 

... 9,250.... 

.. .34.1,500_ 

. 0 0525 

10.0.42.440 _ 

• « .417 ... a 

•. • 5,850 • • • 

... 960.... 

.. .2,400_ 

...10,600... 

.. .11^400... 

...51.l'330_ 

.. .0.067 



* Natural frequency beyond vibrator response. 


Table II. Closing Tests Energizing a Three-Phase Delta Bank Against an Already Energized Delta Bank. 

Tests Were Made at 5/400 Volts 


Natural 

Ci Cj Ij Peak During Closing Frequency Per Cent Per Cent 

Xl Ohm Microfarads Microfarads Ii RMS - (Cycles Per Rise Before Rise After 

L-N L-L L-L Before Closing Polei Pole* Polei Second) Closing Closing 


1 

2 

3 

4 





. 540 . 






mm if 









. 16 . 











§K ¥J 



. 126 . 




mrnmmm 

Naw-KiMiWUwl 


Mr tff 



taneous pole closing, so will not be re¬ 
peated. The case of sequential pole dos¬ 
ing, however, was set up in a miniature 
drcuit of Figure 2, using the following 
constants: 

.£*='0.234 henry Ci=*3 microfarads 


Li =» 0.048 henry Cj=l microfarad 

(Li and L» in per unit of the total capad- 
tive kilovolt-amperes are 0.133 and 0.027, 
respectively) 

The equalizing current on energizing C* 
was measured by means of the cathode- 


Figure 3a. Oscillograms showing the equalizing currents associated with the energizing of an 
adjacent bank with an energized bank on the bus 

See Figure and test 3 in Table I 

B —Bus capacitor current, h C —Cathode ray oscillograph relay trip 

D—-Oncoming capacitor current, /* E— Line current, It F— Breaker travel 


. H r \ /N i a / \ a 

nS' \a . 


\/V v \/ v ^ 


l\- A A 


Figure 3b. Oncom¬ 
ing capacitor current 
of Figure 3a 

See test 3 of Table I 


ray osdllograph. A comparison of the 
effect of simultaneous closure of the three 
poles of the switch with that of sequential 
dosure (with the interval between pole 
dosures controlled to give maximum 
current) is given in Figure 2 by oscillo¬ 
grams 91-10 and 91-13. It will be noted 
that the first natural-frequency current 
peak is nearly the same (eight times nor¬ 
mal) in the two cases, indicating that se¬ 
quential closing for the adjacent bank 
case has less effect on current maximum 
than in the single bank case. 

Osdllogram 91-16 shows the effect of 
closing the second switch b ten degrees 
ahead of the time when the voltage across 
it would be a maximum. The same maxi¬ 
mum current (in phase c) was obtained 




\y \y 


v v \ r ^ 

* *** 5* W. I ¥* rn 



November 1942, Vol. 61 Schroeder, Boehne, Butler—^Circuit-Breaker Performance 


Transactions 823 













































































































Figure 4a. Oscillogram showing the currents 
associated with the energixing of a 417- 
microfarad bank with a 440-microfarad bank 
on the bus 

See test 8 in Table I 

B —Bus capacitor current, h 
C — Oncoming capacitor current, /* 

D —Line current, It 
E —Breaker travel 

by varying the angle of closing the last 
switch. 

Full-Scale Tests 

Tables I and II list a few of the typical 
test data recorded during the energizing 
tests. The test arrangement was de¬ 
signed to have small inductances in order 
to obtain maximum currents. In spite 
of this, the maximum current measured 
was below 20,000 amperes. In none of 
these tests were current-limiting impeders 
used. Figures 3, 4, and 5 are typical os¬ 
cillographic records of the energizing 
phenomena with cross reference to Ta¬ 
bles I and II giving the numerical values. 

Discussion 

The data in Tables I and II show the 
equalizing current values of adjacent 
single-phase and three-phase bank ener¬ 
gizing. The largest adjacent bank en¬ 
ergizing currents are well below the nomi¬ 
nal values of current which these breakers 
are normally called upon to handle. The 
successful performance of the breakers 
under these conditions, together with the 
results presented in the section on “Ca¬ 
pacitor Discharge During Short Circuit,” 
shows that the “closing-in” duties of 
standard breakers constitute a very 
minor problem. The equalizing currents 


Figure 4b. Oncom¬ 
ing capacitor current 
of Figure 4a 

See test 8 in Table I 

are high-frequency (1,000 to 5,000 cycles) 
highly damped discharges, producing 
negligible distress either as contact burn¬ 
ing or as a delaying mechanical impulse 
to the closing breaker contact. Figure 6 
shows an enlarged portion of the breaker 
contacts after 34 closing tests. 

The De-energizing Problem 

The initial voltage across a circuit 
breaker following the interruption of a 
capacitor circuit is zero, since the capaci¬ 
tor on one side holds the same crest volt¬ 
age that existed on the bus side of the 
breaker at and immediately following 
current zero. This permits any circuit 
breaker to interrupt quite easily at the 
first arc current zero. The breaker is 
thus lulled into a feeling of easy triumph 
over the circuit with the minimum of con¬ 
tact separation when suddenly—with the 
cyclic reversal of system voltage—double 
instead of zero voltage appears across the 
open breaker just one-half cycle following 
the interruption. If the breaker with¬ 
stands this double voltage without re¬ 
striking, then and not until then can the 
circuit be considered as cleared. If, on 
the other hand, the circuit is restruck as 
the voltage approaches this cyclic rever- 

Figure 5 (below, right end left). Oscillograms 
showing the phenomena in two phases associ¬ 
ated with the closing on a 4,150-kva delta 
bank with a 4,400-kva bank on the bus 

See test 4 of Table II 

A —Capacitor current, h 
B ■—Line-to-line voltage 
C — Bus side capacitor current. It 
D —Breaker travel 


sal, then a series of events is possible 
which must receive special consideration. 

In counterdistinction to capacitive in¬ 
terruptions, the current in inductive cir¬ 
cuits is interrupted at each current zero, 
whereupon the double-voltage-recovery 
transient is immediate, and circuit inter¬ 
ruption is either achieved, or the arc is re¬ 
struck for another half cycle to repeat the 
attempt under similar conditions at the 
next current zero. Thus the insulation 
is permitted to build up between the 
separating contacts until such a point is 
reached that the circuit is cleared without 
accumulative voltage distress. (There 



Figure 6. Circuit breaker contacts following a 
total of 34 closing tests in which an adjacent 
bank was energized with an energized bank on 
the bus 

Typical tests are shown in Table I 
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Figure 7 (left). Case 
I—De-energizing 
grounded neutral ca¬ 
pacitor bank 

Total capacitance 
switched—shows 
basis of analysis 

Figure 8 (right). 
Case II—De-energiz¬ 
ing grounded neutral 
capacitor bank 

Part of capacitance 
unswitched Ci /Ct — 
0.2/0.5 
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are however special cases of inductive cir¬ 
cuits where abnormal restriking overvolt¬ 
ages can occur.* The effects of the re¬ 
striking phenomenon on the capacitor 
switching problem are discussed under 
the section “Capacitor Discharge During 
Short Circuit.”) 

A comparison of these phenomena in¬ 
dicates that the interrupting capacity of 
standard breakers on capacitive circuits 
may be limited as described in this paper. 
The limitations are not so much in the 
ability of the breakers to eventually dear 
the circuit as they are in the desirability 
of limiting overvoltages on the system 
to safe values. 

At this point, it is desirable to point 
out that the considerations contained in 
this paper dead with capacitor banks of 
high capadtive kilovolt-amperes, and 
in no way should the discussion presented 
here be construed to apply to drcuits 


Figure 9. Case VIII—De¬ 
energizing ungrounded neutral 
three-phase capacitor bank 
with part of capacitance un¬ 
switched 

Second switch to open 


which contain relatively small capadtors 
—as for example, capadtors for the pro¬ 
tection of electric equipment from light¬ 
ning or switching surges and the lower- 
voltage equipments in industrial plants. 
In fact, the phenomena presented here are 
more akin to the phenomena of the inter¬ 
ruption of line-charging current on high- 
voltage transmission systems. The two 
problems are identical in every major re¬ 
spect and differ only in degree. The 
capacitive kilovolt-amperes to be inter¬ 
rupted on high-voltage lines is usually 
large. As with the capacitor bank, in¬ 
terruption takes place easily at the first 
current zero in the arc, thus leaving the 
entire line charged to the crest value of 
generated voltage. As the generated volt¬ 
age reverses on the bus side, double volt- 
age appears across the switch. The 
breakers required to interrupt this line¬ 
charging current are inherently large, and 
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although the contact velodty on parting 
is considerably larger than in the smaller 
breakers, it is not larger in proportion 
to the voltage. It follows that the volt¬ 
age to appear across the open pole one- 
half cycle after contact parting is there¬ 
fore much greater on the high-voltage 
systems. This fact, together with the 
large kilovolt-amperes to be interrupted 
explains why these interesting phenomena 
were first found on the high-voltage 
transmission systems. The trend toward 
large capadtor banks tends to project the 
above phenomena into the lower-voltage 
systems, not by reason of voltage, but be¬ 
cause the heavier currents to be inter¬ 
rupted act to weaken the arc gap one- 
half cyde after parting, thus permitting 
the gap voltage on the reversal of bus 
voltage more easily to produce a restrike. 
The studies presented in this paper reveal 
the degree to which these phenomena are 
important to the lower-voltage switching 
equipments. 

Analysis 

Tests have been made on the transient 
analyzer 4 to determine the maximum 
magnitude of transient overvoltage that 
would be obtained when switching off 
various connections of capadtors, with 
the assumption that the circuit-opening 
mechanism would restrike once. The 
capadtor switch was opened at a funda- 
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Case I—Single-phase or 
three-phase grounded ca¬ 
pacitor/ total capacitance 
switched 
L=0.85 henry 
C=0.5 microfarad 
82-3 Capacitor voltage 
82-4 Voltage across switch 

Case II—Single-phase or 
three-phase grounded ca¬ 
pacitor, part of capacitance 
switched 
L= 0.85 henry 
Ci (unswitched)=0.2 mi¬ 
crofarad 

Ca switched=0.5 micro¬ 
farad 


Case II 


82-5 Capacitor voltage 
82-6 Voltage across switch 
82-7 Unswitched capaci¬ 
tor voltage 

Case IV—Same as case II, 
except £.=>1.67 
G = 0.2 microfarad 


Case IV 


Ca=0.5 microfarad 82-8 
82-9- 
82-10 

Case V—Three-phase un¬ 
grounded neutral capacitor, 
total capacitance switched 
-—first switch to open, 
phase a 

82-11 Voltage of 


switched capacitor to 
ground 

82-12 Voltage across first 
switch to open 

Figure 10. Transient-analyze 
oscillograms showing voltage 
obtainable when de-energizing 
capacitors, for various con¬ 
nections and assuming one re¬ 
strike at peak of voltage wave 

All voltage calibrations in times 
normal of normal L-N crest 
voltage 


mental frequency current zero and re- 
dosed by means of a synchronous switch 
at the subsequent recovery voltage maxi¬ 
mum to represent a restrike. Although 
this switching procedure does not involve 
the randomness present in the drcuit- 
breaker performance, it gives the highest 
possible magnitudes of both switch and 
capadtor voltage. * 

Table III presents the results of these 
tests, giving the peak switch and capad¬ 
tor Volts for the condition of no restrike 
and one restrike. Figures 7 through 9 
show some of the connections tested and a 
free-hand” graphical analysis of the 
voltages. These supplement the oscillo¬ 
grams in Figure 10. 

Figure 7 shows the fundamentals by 
which these transient overvoltages are 
obtained. At a current zero (peak of the 
voltage wave) the switch is opened, where¬ 
upon a full charge remains on the capad¬ 
tor. The fundamental frequency system 
voltage moves onward until it is a nega¬ 
tive maximum resulting in a switch volt¬ 
age of twice normal. A restrike is per¬ 
mitted at this point, and the capadtor 
voltage changes to system voltage on the 
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circuit natural frequency and overshoots 
(neglecting resistance damping) an 
amount equal to its attempted change, or 
to —3 times normal, as shown. At the 
first subsequent current (largely natural 
frequency) zero, the switch is reopened, 
and the charge of -3 times normal re¬ 
mains on the capadtor. 

Figure 8 shows a similar analysis for 


switching off part of a bank (65 per cent 
of the total in all these tests) with one re¬ 
strike. At the time just previous to re¬ 
strike, Ci is at —1.0 per unit volts and 
Ci is at -f-1.0 per unit volts. In the 
transient-analyzer tests there was no in¬ 
tentional current limiter between C t and 
Ci) hence immediately upon restrike the 
charge on C\ and Ci equalized to a value 


Table III. Transient Analyzer De-energizing Tests 


Condition 


Peak Capacitor Volts 

to Gronnd Peak Switch Volts 

No One Wo One 
Restrike Restrike Restrike Restrike 


Grounded Neutral 

I.. .Switching 0.5-microiarad bank. 

II... Switching 0.5-microfarad bank, 0.2 microfarad unswitched.', 
m.. .Same as I, Li changed from 0.85 to 1.67 henries.......... 

IV.. .Same as II, Li changed from 0.85 to 1.67 henries.. .. 


Ungrounded Neutral 

V... Switching 0.5-microfarad bank, 1 st phase.. .. 

VI. . .Switching 0.5-microfarad bank, 2nd phase...*! 

VII. .. Switching 0.5-microfarad bank, 0.2-microfarad un- 

switched 1st phase... 

VIII...Switching 0.5-microfarad bank, 0.'2-miorofarad "un-' 

switched 2nd phase.. 

IX.. .Same as VII, neutrals of capacitors connected. 

* See oscillograms. Figure 10. . • 


• •••3.0.2.0.4.0 

.2.0 .4.8 

, .Similar to case 1 
.Similar to case 2 


....5.0...... .3.0 ••••..6.0 

*• • .6-0..... .3.46..... .6.6 


•••3.7 .3.0.6.1 

.3.46.8.2 

....3.3......2.6.4.3 
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Case VI 


Case VI—Same as case V. 
Second switch to open 
(b phase) 

84-11 Voltage of capaci¬ 
tor being switched (b) to 
ground 

84-12 Voltage of capaci¬ 
tor already switched (a) to 
ground 

84-13 Voltage across 
switch b 

84-14 Voltage across 
switch a 

Case VII—Three-phase un¬ 
grounded neutral capacitor, 
part of capacitance 


switched—first switch to 
open 

83-6 Voltage of switched 
capacitor to ground 
83-7 Voltage across first 
switch to open 
83-8 Voltage of un¬ 
switched capacitor on' 
phase a to ground 


Case VIII—Same as case 
VII. Second switch to 
open (b phase) 

84-1 Voltage of capaci¬ 
tor being switched (phase 
b) to ground 

84-2 Voltage of capaci¬ 
tor already switched (a) to 
ground 

84-3 Voltage across 
switch b 

84-4 Voltage across 
switch a 

84-5 Voltage V& c on 
opened capacitors 


Case IX —Same as case VII. 
First switch to open, ca¬ 
pacitor neutrals connected. 
(Comparison with case VII 
shows effect of unswitched 
capacitors in holding down 
neutral displacement of 
switched capacitors) 
82-13 Voltage of 
switched capacitor to 

ground (phase a) 
82-14 Voltage across first 
switch to open 
82-15 Voltage of un¬ 
switched capacitor on 

phase a to ground 


:^r 


Case VIII 

84-6 Voltage Vbc on un¬ 
switched capacitors 


Figure 10 (continued.) Tran¬ 
sient-analyzer oscillograms 
showing voltages obtainable 
when de-energizing capacitors, 
for various connections and as¬ 
suming one restrike at peak of 
voltage wave 

All voltage calibration in times 
normal of normal L-N crest 
voltage 


given by E(Cz— Ci)/(Ci-f Ci) and then 
oscillated to a value given by — E(Ci+ 
■iCi)/(Ci+ C 2 ). An analytical determina¬ 
tion of this expression is given in appen¬ 
dix B. 

The constants used for these transient- 
analyzer tests—-in L-N values—were: 

System inductance L=0.85 henry except 
cases 3 and 4, L+ 1.67 henries 


Capacitance switched (*=0.5 microfarad 
Capacitance unswitched Ci=0.2 microfarad 

The most severe overvoltage across the 
switch on de-energizing occurs when 
switching off part of an ungrounded wye 
(or delta bank) and when the second 
phase clears. This is shown by Figure 9 
(case VIII). The capacitor overvoltage 


is equal to that obtained when switching 
all of the bank. 

Full-Scale Tests 

Analysis shows—Table III—abnormal 
voltages are possible with one restrike 
under the most pessimistic conditions. 
Full-scale tests were made to determine 
practical conditions obtaining. 
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Table IV. De-energizing Tests—Three-Phase Ungrounded Capacitor 


c 

Eg Xl Micro- Capacitive Eb Peak Eb/Bg L-G Irms 
V olts Ohms farads Eva Opening Peak Opening 

L-L L-N L-L Switched L-G Opening Amperes Remarks 


conditions, which again helped to plan 
and analyze the full-scale program. The 
miniature setup allowed the following con¬ 
clusions to be drawn: 


Oil-Blast Breaker—150,000 Interrupting Eva 


1 . 

... 4,000. 

...0.23.. 

..300 ... 

. 6,330... 

. 4,000.. 

.1.23. 

2. 

... 4,000. 

...0.23.. 

..600 ... 

.15,100 ... 

. 4,100.. 

.1.26. 

3» 

... 4,000. 

...0.23.. 

..600 ... 

.15,100... 

. 4,000.. 

. • •.. 1.23 • 

oil 

-Blast Breaker—250, 

000 Interrupting Era 



4 . 

...14,500. 

...3.38.. 

.. 17.7... 

. 4,860... 

.16,600.. 

.1.40. 

5 . 

...14,500. 

...3.38.. 

.. 17.7... 

. 4,850... 

.16,600.. 

.1.40. 

6 . 

...14,500. 

.. .3.38.. 

.. 84.4... 

.10,800... 

. 16,000 Figure 1.35. 

7. 

...14,500. 

• .3.38. • 

.. 34.4... 

.10,800... 

. 19,400 

12 1.64. 

8. 

...14,500. 

...3.38.. 

.. 34.4... 

.10,800... 

.19,000.. 

.1.61 • 


Magne-Blast Breaker—150,000 Interrupting Eva 


9 .... 

4 , 000 .. 

..0.23.. 

..600 . 

...15,200.. 

.. 5,000.. 

10 .... 

4 , 000 .. 

..0.23.. 

..300 . 

... 6,300.. 

.. 6,000.. 

11 .... 

4 , 000 .. 

..0.23.. 

..975 . 

...31,400.. 

. 4,900.. 

12 .... 

4 , 000 .. 

..0.23.. 

..975 . 

...31,400.. 

. 5,000.. 


Magne-Blast Breaker—250,000 Interrupting Eva 


18.. 

. 5,400. 

..0.47.. 

..259 . 

...11,400.. 

.. 6,000. 

.1.37. 

14.. 

. 6,400. 

..0.47.. 

..259 . 

...11,400.. 

. 6,500 Figure 1.49. 

15.. 

. 5,400. 

..0.47.. 

..259 . 

...11,400.. 

. 5,100 11a 

1.17. 

16... 

. 6,400. 

..0.47.. 

..259 . 

...11,400... 

. 5,400. 

.1.23. 


. 845) 

.1,850 [■ • • • No disturbance—cleared 
.1,850) 


. 180 ^ 

1801 

375 \ ... No disturbance—cleared 
375 ( 

375? 


.1,850) 
845 f 
3,400 f 
3.400) 


... Moderate report—cleared 


1,050) 
1,050 f 
1,050 f 
1,050) 


. Moderate report—cleared 



I- 1 


1. Effect of circuit constants (L and C). 
If the entire bank is switched, the magnitude 
of the switch or capacitor voltage is not ap¬ 
preciably affected by the system constants 
provided that the circuit natural frequency 
is not less .than approximately 180 cycles. 
(Refer to cases I and II of Figure 10.) 

2. Presence of an unswitched bank. If 
part of the bank remains unswitched, the 
capacitor and switch volts are the same as 
the condition of total bank switched, if no 
restrike occurs. If restrike occurs, the 
smaller the bank unswitched, the larger the 
switch voltage, the limit being a very small 
unswitched capacitance for which a some¬ 
what greater voltage may be obtained than 
for the case of absolutely no unswitched 
capacitance. Table I summarizes quantita¬ 
tive results. 

3. Effect of grounding. Grounding the 
capacitor bank on a grounded system results 
in the lowest switching overvoltages, as 
may be seen by comparing the values of the 


Table V. Closing-Opening Tests in Which Capacitor Discharged Through Breaker on Initiation of Fault 


For These Tests Capacitance = 857 Microfarads 


Xl Eg Eb 

bo Ohm Volts Volts 

Magne-Blast Breaker 


Ii* Ii I* 

Ii RMS Peak on Peak on It Short-Circuit 
Before Closing Closing Peak on Peak on Closing 
Closing (Measured) (Calculated) Opening (60 Cycles) 


Ii RMS Natural Lt 

Symmetrical Switching Frequency Millihenry 
Fault Angle (Cycles Per Calculated 
(60 Cycles) Degrees Second) From Test 


1 .0.421.... 

2 .0,421.... 

8.0.421.... 

4 .0.421.... 

Oil-Blast Breaker 

5 .0.421.... 

6 .0.329_ 

7 .0.329.... 


.5.400... 

.. .6,300. 


-10,000. 

.6,400... 

...6,300. 


-42,000. 

.5,400... 

.. .6,300. 


.... 7,800. 

• 5.400... 

...6,300. 


-52,000. 

.5,400... 

...6,300. 


• *«• 38,000. 

.5,400... 

.. .6,040. 


— 8 , 000 . 

.5.400... 

.. .6,040. 


.... 37 , 000 . 


... 11 , 100 . 
.. .47,000. 
... 7,400. 
...53,000. 


.. .44,000. 
... 8,350. 
...44,200. 


.8,800. 

.9,700. 

.9,400. 

.9,500. 


• 36,000.11,800.12.1,100.0.0244 

.26,000.11,700.62.1,100.0.0244 

.36,000. .Figure 13b..11,800 . 8.1,100..0.0244 

.20,000. .Figure 13a..11,800.86.1,100.0.0244 


.8,450.27,000.. 

.8,500.45,000.. 

.8,750..32,000.. 


.. 10,900.48.1,220.0.020 

..14,400 . 9.1,160.0.022 

..14,500.56.1,160.0.022 


^97 L l %, [ 1 Lg 

_' AAAA _ • 1 z 1 -.7 


(gQ^ V = 

i__T JUiLr 
= c ; 

J ii hi 

*'/*• rr 

: FAULT 

This peak current flows through breaker in addition to short-circuit current, but has disappeared with the arrival of peak short-circuit current. 


The typical test results summarized in 
Table IV indicate the scope of these tests. 
Oil and Magne-blast breakers of the volt¬ 
age class up to 15 kv and up to 250,000- 
kva interrupting capacity were tested. 
It is interesting to note that the Magne- 
blast breaker successfully interrupted 
31,400 kva at 4,000 volts without dis¬ 
turbing overvoltage in spite of some re¬ 
striking. This result is caused by the 
high series resistance present 6 when re- 
striking occurs within the arc chute, see 
Figure 11a. This desirable characteristic 
of the Magne-blast type of breaker 
places it in a very favorable position when 
switching capacitive circuits. Figure 11 
exhibits typical cathode-ray oscillograms of 
the voltages attending these interruptions. 


The 15-kv, 250,000-inteirupting-kva 
oil breaker was tested up to approxi¬ 
mately 11,000 kva with results as tabu¬ 
lated. Figure 12 shows a typical record¬ 
ing of this series of tests when de-ener¬ 
gizing the larger bank ratings. 

Discussion of Results 

The transient-analyzer approach al¬ 
lowed the circuit constants to be readily 
varied for determining generalized quali¬ 
tative results, thus materially reducing 
the full-scale test requirements. Also, 
with complete control of the random 
phenomenon called “restriking,” certain 
conclusions could, be drawn with respect 


grounded and Ungrounded cases of Table 
III. 

4. Effect of interconnecting neutrals of 
switched and unswitched banks. The un¬ 
switched bank under this condition has the 
tendency of holding the neutral of the 
switched bank at ground potential, and as 
the ratio of unswitched to switched capacity 
increases, the grounded case is more nearly 
approached. (Refer to cases VII and IX of 
Figure 10.) 

Full-scale tests demonstrated that 
delta-connected or wye floating neutral 
capacitors up to 10,000 kva can be han¬ 
dled with standard breakers without 
creating the abnormal overvoltages in¬ 
dicated by the analysis. This appears to 
substantially satisfy present-day system 
requirements. Above these values a 


to the maximum possible overvoltages 
obtainable under the most pessimistic 
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figure 11a. Cathode-ray oscillogram show¬ 
ing the capacitor voltages to ground attending 
the interruption of a three-phase 6,500-kva 
bank with the Magne-blast air circuit breaker 

See test 14 on Table IV 

point is reached where restriking to¬ 
gether with the attendant overvoltages 
becomes more probable, thus presenting 
a field for further development should the 
requirement greatly expand. 

Capacitor Discharge During Short 
Circuit 

When a short circuit occurs on the load 
side of a large capacitor bank, the ca¬ 


pacitor discharges its energy into the 
fault—in some applications—along with 
the flow of short-circuit current. (See 
figure in Table V.) The question natu¬ 
rally arises regarding the extra duty, 
if any, required of the circuit breaker 
through which both of these currents 
flow. A study of the problem reveals 
that the most severe case of the above 
consideration concerns the closing of the 
breaker upon such a fault with immediate 
opening. The concern regarding this 
case is dispelled when it is realized that 
the maximum capacitor energy is 
“dumped” when the fault is initiated at 
the crest value of the system voltage. 
Under these conditions, the short-circuit 

Figure IS. Cathode- 
ray oscillogram 
showing the capaci¬ 
tor voltages to 
ground associated 
with the interruption 
of a three-phase 
10,800-kva bank 
with an oil-blast 
circuit breaker 

See test 6 on Table 
IV 

Figure 13a. Fault 
initiated near the 
peak of generated 
voltage 

Maximum capacitor 
charge. Note the 
high capacitor dis¬ 
charge in the pres¬ 
ence of approxi¬ 
mately symmetrical 
fault conditions. See 
test 4, Table V 


Figure 11b. Cathode-ray oscillogram of 
voltages to ground associated with the 
Magne-blast breaker opening a single-phase 
3,300-kva 5,400-volt bank of capacitors 

B —Capacitor volts 
C—Bus volts 

current which flows is at its lowest value, 
namely the symmetrical value. In this 
case the highly damped capacitor dis¬ 
charge is practically over with the ar¬ 
rival of the first crest of normal-frequency 
short-circuit current. See Figure 13a. 

If, on the other hand, the maximum 
short-circuit current is developed by ini¬ 
tiating the fault at the zero point of the 
voltage wave, the capacitor charge is zero 
and hence contributes nothing. See 
Figure 13b. 

Analysis shows that this latter case de¬ 
velops the maximum thermal and mag¬ 
netic effects. Since this is a normal 
function of the breaker, it follows that 
the presence of the capacitor cannot add 
to the maximum closing duty of the 
breaker. It should be pointed out, in 

Figure 13 (left, below). Typical oscillograms 
showing the currents resulting when a circuit 
breaker closes upon and interrupts short circuit 
when a large capacitor bank is present on the bus 

B —Trip-coil current 
C—Capacitor current, h 
E —Fault current, la 
F —Line current. It 
G —Breaker travel 

Figure 13b. Fault initiated close to the 
- minimum point of generated voltage 

Minimum capacitor charge. Note the low 
capacitor contribution in the presence of the 
displaced short-circuit current. See test 3, 
Table V 
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addition to the above, that the presence 
of the shunt capacitor on the bus mate¬ 
rially aids the circuit breaker in its duty 
by lowering the rate of rise of recovery 
voltage. This last deduction does not 
hold if the breaker is attempting to clear 
a L-G fault on a system that is suscepti¬ 
ble to high arcing-fault voltages. Other 2 
investigations indicate that on these sys¬ 
tems the reduction of the ratio of ca¬ 
pacitive zero-sequence reactance to the 
positive-sequence inductive reactance 
tends to give the more severe overvolt¬ 
ages if restrike occurs. These conditions 
however, are rare and can be eliminated 
by properly grounding the system. In 
order to determine breaker operation 
when performing this function, as well as 
an attempt to get higher inrush currents 
in the interests of completeness, tests 
were conducted in which short circuits 
were produced by closing breakers upon 
the fault and tripping with no time delay. 
Two oscillograms are shown demonstrat¬ 
ing the above relationships. Figure 13a 
shows a fault initiated near the peak of 
generated voltage. Note that the high- 
frequency capacitor discharge is so short 
that, with the arrival of the first peak of 
the symmetrical short-circuit current, 
little of the capacitor discharge remains. 
Figure 13b shows a fault initiated near 
the zero of generated voltage, giving rise 
to a displaced fault. Note the insignifi¬ 
cant contribution made by the capacitor. 
Table V shows a partial list of the tests 
made under these conditions. The above 
considerations show that the interrupting 
duty on a circuit breaker is not increased 
by the presence of a large shunt bank on 
the bus side. In no case did the breakers 
in this series of tests exhibit abnormal 
stress. 


which with equation 1 substituted is 
E a (a*~ 1+|-j)-1.5 E sin »t 

(3) 

It is interesting to note that the voltage 
across the last switch to dose has no natural- 
frequency component, even though the cur¬ 
rent flowing in phases b and c at this time 
does have. This may be Written 


Eswe=‘ — 1.5E sin (ut'+d) 


(4) 


where 

8=u At, and At is the time elapsed be¬ 
tween the closing of switches b and c. Con¬ 
sidering the effect of this voltage by itself, 

• ~ 1-5-B sin (ftrf'+fl) 

ic= 1.5 Z(p) 

At any time after At the total current in 
phases a and b is 


r _ • H 


T _ l c 

l t)T - t a — 


( 6 ) 


Since I bT , the total current in phase b, will 
be the largest, the operational expression for 
hr given by equation 6 will be solved. 

■y/SEcosat Esin (o>t'+0) 

~ hr “Sw -E55— ro 


Putting dI NF /d$ equal to zero permits the 
value of 9 to be found which will give 
maximum I NF . This will not be far from 
that which will put the two components of 
equation 9 inphase which, for a natural fre¬ 
quency of 5 is 0 = 180/5 = 36 degrees. 

If 0=36, I NF max = Vx 0 /X L 1.12 
If 0=40, I NF ma.x = Vx c /X L 1.18 

Adding 1.0 to Vx c /X L 1.18 to allow for 
fundamental frequency components of equa¬ 
tion 9 gives 

hr =/o(5.9+1.0) = 6.9/o 

which is 15 per cent higher than 7 max de¬ 
termined for simultaneous switching. 

Appendix B. Capacitor De-Ener¬ 
gizing Analysis; Capacitor Volt¬ 
age upon Restrike 

Case 2. Part of Bank Unswitched 

Referring to Figure 8, just before restrike, 
at f=0, the voltage existing across t he 
switch = —-E(l+eos at) neglecting the rise 
m voltage of point a due to i, flowing through 
L. The effect of dosing the switch (re- 
striking) may be obtained by applying this 
voltage to the operational impedance of 
the circuit, and the switch current is 


The solution of this is 


£*(mi 2 +£ 2 ) I 

2 sum t V 2 VX c /X L sina}ot+ 

«1 2 L (mo 2 +/> 2 ) 

(mo 2 H“7> 2 ) (m 2 *T/> 2 ) J 

where 

(10) 


where 


2 cos ("*'+0) — - cos 0 cos wo/'-f 

9 ^X c /X h sin 6 sin «o2'J (8) 


E —crest value of generated voltage 




*= 


2 _ 


A ill 

T n — - --1- 

LCi LCi wo 2 o>i 2 &»2 2 


Appendix A. Sequential Ener¬ 
gizing of a Three-Phase Un¬ 
grounded Wye Capacitor Bank- 
Inrush Current 

Considering the circuit given by Figure la, 
switch a may be dosed with no dectrical 
elect. The maximum current in phase ab 
may be obtained by dosing switch & at a 
tune when the voltage across it, E ai , is a 
maximum. Thus 




. _ V5E cos tat (1 — g)E a 


(1) 


r 

-normal capadtor current per phase 

x ° m $c X '-“ L 

wo=co \/x =natural frequency of the 
circuit 

t terms are components of %, the current 
before switch c is dosed 

4t % 

t terms are components of - the addi- 

2 

tional current after switch c is closed 

Since .the natural-frequency components 
of equation 8 have large coeflidents by com¬ 
parison with the forced frequency compo¬ 
nents, the latter may be neglected to simplify 
the task of determining the value of 0 which 
will give the largest total component of cur¬ 
rent in phase b. The natural-frequency 
components are 


The change of voltage of capacitor Ci due 
to the restrike is Ae^—i^fpCi, for which the 
solution is 


-"if 

Ml* l_M0 2 Wo 2 


+1 + 


where -£<=line-to-neutral generated voltage 
in phase a. 8 

The Voltage across the open switch c is 


= VX C /Z^- 

1 . / 

- sm 01 si 


■ _ sin U(d~\~ 


^Ba-[E a ~i a Z{p)} 
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( 2 ) 


• Wo 

sin mq# cos — 0— 

« 

. Mo , , 

coswoJsin— 0) (9) 

M 


Ml 2 — Wo 2 \ . MI 2 — M 2 T 

(u) 

If the natural frequency mo is assumed very 
large compared with m, then at t=ir/ m 0 

and the capacitor voltage after restrike is 

(13) 

For case II, where G=0.2 microfarad and 
Ca=0.5 microfarad, E n ={—V7/7)E. This 
value may be obtained by conservation of 
charge—the sum of the charges on the 
capacitors after restrike is the same as be¬ 
fore, hence immediatdy after restrike 

E of both capacitors = 

Qt (~~Ci-\~C 2)E 3 

--— - ■ - —-ac —ft 

Ct Ci +G, 7 ' 

The equalized capadtor vpltage must still 
change through 2C 2 /Ci+C 2 B to arrive at the 
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Application of Vacuum-Tube Oscillators 
to Inductive and Dielectric Heating in 

Industry 

J. P. JORDAN 

ASSOCIATE AIEE 


I. Introduction 

T HE knowledge that metals could be 
heated inductively and that non¬ 
conductors could be heated dielectrically 
dates from the earliest experiments with 
electricity. In the last few years induc¬ 
tive and dielectric losses, which have long 
been obstacles in the electrical industry, 
have been profitably employed in a new 
industrial tool powered by high-fre¬ 
quency motor-generator sets and vacuum- 
tube oscillators. Low-frequency induc¬ 
tive heating has been used in specialized 
melting applications for approximately 
20 years and for some surface hardening 
work for the last ten years. However 
with the advent of the new equipment 
and knowledge of its use, it is no longer a 
highly restricted application but is ready 
to handle thousands of heating processes 
throughout the industry. Hence, it is 
felt that a short review of the theory of 
inductive and dielectric heating, together 
with a description of the vacuum-tube 
circuits used and some of their applica¬ 
tions, would be of value at this time. 

H. Classification of Equipment 

Inductive heating can be roughly segre¬ 
gated by frequency into three classes. 
The first class covers applications to 
1,000 cycles. It is almost entirely used 
for forging and melting steel and non- 
ferrous metals either directly or indirectly 
(that is, by heating; dectrically conductive 


crucibles). Power requirements range 
from a few watts to thousands of kilo¬ 
watts generated by motor-generator sets. 
It is being widely used to produce many 
of the specialized alloys demanded for 
war equipment. 

The second class covers frequencies 
from 1,000 to 12,000 cycles almost en¬ 
tirely generated by rotating machines 
with power ratings of from 20 to 1,200 
kw. The applications in this group cover 
practically ah heating processes—surface 
hardening, forging, brazing, soldering, 
melting are ah included. One to three 
thousand cycles are used for melting 
nonferrous alloys, for surface-hardening 
relatively large parts, and for some forg¬ 
ing applications. The new 9,600-cycle 
generators are being used successfully for 
surface-hardening relatively small parts 
where the contours need not be too closely 
followed, and where the depth of case 
need not be too small. Widely used for 
brazing and soldering of other high-resist¬ 
ance metals, inductive heating is more 
difficult to apply to the heating of copper, 
brass, and other low-resistance alloys. 

The third group for inductive heating 
covers ah applications from 50,000 cycles 
to 1,000,000 cycles. Generation is al- 
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system voltage, and in changing through 
the inductance it will overshoot this amount 
and become a negative maximum of 
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Ci+C* 
agrees with equation 13. 
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must entirely restricted tit spark-gap 
and vacuum-tube oscillators. Spark-gap 
type of equipment can be built for fre¬ 
quencies from 50,0110 cycles to ’J0U.OU0 
cycles ami for power outputs up to 25 kw. 
Vacuum-tube equipment, while having 
no theoretical frequency or power limita¬ 
tion,, is most economically applied at fre¬ 
quencies over 150,000 cycles ami at power 
outputs up to 200 kw. 

In the dielectric heating field the vac¬ 
uum tube oscillator is the only source ca¬ 
pable of producing sufficient power at the 
frequencies necessary. From 1,000.000 
ter 00,000,000 cycles have been used at 
powers tip to 200 kw. 

III. Theories Involved 

before taking up some of the appliea 
tiims in greater detail, it might be well to 
review some of the fundamental theories 
involved. Any charge to be heated in 
(luctivelv can In* thought of its a short 
circuited secondary winding of a trails 
former, the primary being the heater coil. 
The currents produced in the charge 
heal it by resistive and hysteresis losses 
according to the well established theory 
of eddy currents. The heat generated is 
coil lined to the surface of the parts by the 
skin effect phenomena. The depth of 
penetration varies inversely with the 
square root, of frequency, directly with 
tlic Hj«*eific resistance of the material, and, 
in the case of magnetic materials, in 
versely with the permeability. 

With nonmagnetic metals the heat, is 
generated in this superficial volume 
throughout the heating cycle, varying 
only as the resistance of the metal changes 
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Figure 2. Fifteen-kilowatt power oscillator 
for high-frequency induction heating 


with temperature—the core of the charge 
being heated largely by thermal conduc¬ 
tion. Thus silver and copper are difficult 
to heat because of their low specific re¬ 
sistance and the resulting small depth of 
penetration. In magnetic materials the 
depth of the heated layer, which is very 
small due to the effect of the high per¬ 
meability, increases rather abruptly at 
the temperature above which the mate¬ 
rial becomes nonmagnetic. Simultane¬ 
ously, the power being absorbed in the 
original layer is reduced. Therefore steel 
with a high permeability and high spe¬ 
cific resistance is readily heated in a thin 
surface layer while below the critical 
temperature, whereas above this tempera¬ 
ture the power absorbed is less, and the 
depth of penetration considerably greater. 

Because of these effects, the majority 
of steel parts can be readily surface-hard¬ 
ened at the intermediate frequencies by 
heating the surface inductively and 
quenching when the desired penetration 
has been achieved. Much higher fre¬ 
quencies are required for irregular parts 
where the contour must be followed 
dosely, where coupling is difficult because 


of shape or small size, and where extreme 
localization of the heat is a necessity. To 
heat readily the low-resistance metals 
such as silver, copper, aluminum, and 
brass, the magnetic flux densities re¬ 
quired at the intermediate frequencies 
are difficult to obtain, whereas the higher 
frequencies allow the use of more nor mal 
flux densities. 

In dielectric heating the material to be 
heated is placed between two electrodes, 
and voltage applied at a frequency above 
1,000,000 cycles. The whole forms a 
high-loss capacitor. The theory of di¬ 
electric losses is somewhat complex and is 
not yet thoroughly understood. How¬ 
ever for most materials the heat developed 
is roughly proportional to the frequency 
and voltage applied and to the power 
factor of the dielectric. The entire mass 
is uniformly heated throughout, provided 
the electric field is uniform. 

IV. Vacuum-Tube Circuits 

The vacuum-tube oscillators used in 
the high-frequency field are of the sim¬ 
plest possible type. Radically departing 
from the usual radio construction prac¬ 
tice; they are truly an industrial tool. 
Mechanically they are ruggedly built to 
withstand normal factory usage. Elec¬ 
trically they have been greatly simplified 
to provide the maximum reliability. The 
circuits most generally used are the Col- 
pitts and the coupled-grid self-excited 
oscillator. In either of these circuits, the 
alternating supply voltage is stepped up 
by means of a power transformer to a 
voltage in the neighborhood of 7,500 volts 
to 15,000 volts and then rectified by a 
suitable bank of mercury vapor rectifier 
tubes. The direct current thus obtained 
supplies the oscillating circuit which con¬ 
sists primarily of a grid-controlled 
vacuum tube shunted across a parallel 
resonant circuit. The tube acts as a very 
rapidly operating switch. When this 
switch operates at the fundamental fre¬ 
quency of the parallel resonant circuit, 
it transmits power surges at this fre¬ 
quency by effectively short-circuiting the 
line once each cycle. Thus the voltage 
across the oscillation capacitor and in¬ 
ductance is alternately reduced and in¬ 


creased, setting up a circulating current 
in the resonant circuit. 

To assure that the tubes operate at the 
desired frequency, their control grids are 
excited directly from the resonant circuit. 
This excitation voltage is obtained by 
several methods. In the Colpitts circuit 
(Figure 3) the excitation voltage is ob¬ 
tained by a direct tap on the oscillation 
capacitor, while in the coupled-grid cir¬ 
cuit (Figure 4) it is developed in a coil in¬ 
ductively coupled to part of the oscilla¬ 
tion inductance. All direct current is 
prevented from appearing in the resonant 
circuit by means of blocking capacitors. 
In both of these circuits the heater coil is 
usually in series with the parallel resonant 
circuit and forms part of the oscillation 
inductance. Since the frequency of opera¬ 
tion is primarily determined by the con¬ 
stants of the resonant circuit, it will shift 
slightly as the inductance of the heater 
coil changes with load, thus always as¬ 
suring operation at resonance and reduc¬ 
ing fluctuations in the output current. 
For some applications requiring higher coil 
currents than are economically obtainable 
with a resonant circuit, an air-core trans¬ 
former is used to step up the current. 

V. Applications—Inductive 
Heating 

This type of equipment, can be applied 
to a great variety of heating problems. 
In the case of a small one-quarter-inch 
shaft the central portion was used as a 
bearing surface while the ends were riv¬ 
eted over to hold it in position. The over¬ 
all length was approximately iy 4 inches. 
The problem was to harden the bearing 
surface while leaving the ends unaffected. 
Previously, this was achieved by copper¬ 
plating the ends and then casehardening 
the exposed parts by carburizing—a 
lengthy and expensive process. To ap¬ 
ply induction hardening, a small coil was 
wound which was approximately thelength 
of the desired hardened area. The 
part was centered in this coil, and the 
whole was immersed in water. Power at 
a frequency of 500,000 cycles was applied. 
As the steel heated up, a film of steam 
formed around that area, protecting it 
from the cooling action of the water. 
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Figure 3 (left). Basic 
Colpitts oscillator 
circuit as used for 
induction heating 


Figure 4(right). Basic 
coupled-grid oscil¬ 
lator circuit as used 
for induction heating 
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But, when power was removed, this 
vapor envelope collapsed, allowing the 
water to rapidly quench the part. The 
entire cycle was complete in 3 X A seconds, 
and a satisfactorily hardened area ob- 


In applying inductive heatin g to braz¬ 
ing, the usual procedure consists of as¬ 
sembling the fluxed parts using a pre¬ 
formed piece of brazing alloy between the 
parts. The advantages of the use of this 




Figure 5 (right). Surface-hardened 
gear 

Photo courtesy of The Ohio Crankshaft 
Company 

Figure 8. Nickel-silver-sheath 
Calrod unit resistor with Mycalex 
terminals and bushings inductively 
brazed 
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method are speed, cleanliness, simplicity, 
and localization of heat. No experienced 
operators are necessary, and the method 
is admirably suited to automatic or semi¬ 
automatic operation. 

In assembling the stator punchings of 
a small motor, the shell holding them had 
previously been spun over on either end. 
However, in using this method, the 
punchings had a tendency to work loose. 
To solve the problem, one end of the shell 
was spun over, the stator punchings as¬ 
sembled in position, and a thick washer 
placed over the end. A groove in the 
washer accommodated a ring of silver 
solder adjacent to the shell. The use of 
torch heating was impractical, because 
the heat conducted to the: punchings 
tended to carbonize the insulating var¬ 
nish. However, by using high-frequency 
induction, the heat could be so localized 
and the time interval used so short, that 
little heating of the punchings took place. 
Also, since the entire brazing operation 
could be performed while in a press, no 


loosening was encountered. 


The manufacture of a small terminal 




Figure 7. Terminal 
bushing assembly In 
which brazed joint 
and fused glass on 
rim were heated 
simultaneously 
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to be sealed in a glass bushing required 
two heating operations. First, the copper 
stud had to be silver-brazed to a nickel- 
steel alloy cup using a gas torch. Then, 
after spraying the rim of the cup with 
a suspension of finely divided glass in 
alcohol, the whole was fired in a muffle 
furnace to fuse the glass preparatory to 
sealing it into the insulator. These two 
operations are performed simultaneously, 
and a much more uniform product 
achieved by the induction heating method. 
The coil used is so proportioned that, as 
the proper temperature is reached for 
brazing at the joint, the flange is at the 
fusing temperature of the glass. The en¬ 
tire operation is complete in five seconds. 

In the assembly of Calrod heating units 
the bushings and terminals are brazed in 
place. A great variety of metals must 
be heated since nickel-silver, copper, 
brass, and steel are all used for various 
applications. Also, the Mycalex insulat¬ 
ing pieces must not be overheated or dam¬ 
age will result. Although the steel parts 
could be successfully heated using inter¬ 
mediate frequencies generated by rotating 
machines, high-frequency vacuum- 
tube equipment is used to obtain flexi¬ 
bility of operation throughout the range 
of materials used. Preformed silver 
solder rings are used. All operations be¬ 
ing automatically controlled, there is no 
possibility of overheating or burning of 
the pieces. A further application of this 
machine has been the reclamation of 
short pieces of tubing previously regarded 
as scrap, since efforts to braze them to¬ 
gether had been expensive and in many 
cases resulted in a weak joint. However, 


because of the uniformity of the brazed 
joint and the automatic operation made 
possible by inductive heat, these pieces 
are now being used succ essfull y, 

Because soft soldering is a low-tem¬ 
perature operation amenable to the use 
of resistance heating, only high-produc¬ 
tion items of an unusual nature have pre¬ 
viously been attempted by induction 
methods. However, with the present- 
day enforced use of high-temperature soft 
solders, this application has been expand¬ 
ing rapidly. 

In the manufacture of crystals as used 
in radio apparatus, one form of the crys¬ 
tal assembly is mounted on a header and 
enclosed in a shell very similar to the 
familiar small metal radio tube. The 
shell is soft-soldered to the base or header. 
This operation was performed in the past 
by pretinning the flange on the shell and' 
•the rim of the base and making the final 
joint in a ring burner, adding such solder 
as was necessary. However, the prod¬ 
ucts of combustion of the gas used some¬ 
times condensed on the crystal surface 
and seriously affected its operation. Also, 
the heat transmitted through the support¬ 
ing bracket occasionally cracked the 
crystal. By heating inductively, the 
heat is entirely confined to the rim, and 
the operation considerably speeded up. 

VI. Applications—Dielectric 
Heating 

Dielectric heating of nonconducting 
materials is the newest application in the 
field and shows great promise of rapid de¬ 
velopment. Already one large unit has 
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been placed in operation curing the glue 
in plywood with promise of many other 
such installations.* Several unsuccess¬ 
ful trials have been made to cure rubber 
by this method, but the applications to 
plastics, ceramics, and insulating com¬ 
pounds are progressing rapidly. 

Not only will this type of heat reduce 
the time of curing of many plastic parts 
(a reduction in the case of thick laminated 
plastic insulating compounds of from* 
hours to minutes), but it will allow the use 
of some types of plastics in forms pre¬ 
viously impossible because of the diffi culty 
of properly curing the material. Within 
the next two years it is expected that con¬ 
siderable progress •will be made in this 
direction. 

VH. Closure 

A word of caution regarding the appli¬ 
cation of this type of equipment. The 
rotating machine and the high-frequency 
oscillator supplement but cannot replace 
each other. It is neither economically nor 
theoretically sound to attempt to heat 
large regularly shaped steel parts by use 
of oscillators, nor is it wise to use rotating 
machines of high power to heat a small ir¬ 
regular part where a low power oscillator 
could be applied. There is little over¬ 
lapping of their respective fields of ap¬ 
plication, but, because of the great num¬ 
ber of factors which must be considered, 
no broad definitions of their fields can 
be made. Thus each application must be 
judged on its own merit. 

♦installed at M & M Woodworking Company, 
Plylock division, Albany, Oregon by the Thermex 
division of the Cirdler Corporation, 
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Synopsis: The conditions which a valid 
postulated electric-energy flow must satisfy 
are given and are stated to be insufficient 
for its unique determination. The com¬ 
monly used Vi energy-flow postulate is 
shown by examples to be not generally 
valid, but by adding a simple term it can 
be made equally valid with other valid 
energy-flow postulates. Various examples 
are given of the application of this corrected 
energy-flow postulate. On power systems 
the engineer commonly limits his use of the 
uncorrected Vi postulate to applications 
where the correcting term should have a 
negligible net effect. Various examples of 
such use are discussed. 


I. Introduction 

A MONG power electrical engineers the 
following postulate as to electric- 
energy flow is extensively used. Let V be 
the electric potential at any particular 
point, referred to some arbitrarily chosen 
point of zero potential. Let i be the cur¬ 
rent density at that point. V, of course, 
is a scalar quantity, having magnitude 
but no associated direction in space; i is 
a vector, having magnitude and also di¬ 
rection in space. The product Vi is a vec¬ 
tor and is postulated to describe or repre¬ 
sent the density of a flow of electric energy 
in watts per square centimeter, V being 
in volts and i in amperes per square centi¬ 
meter. In particular, the point in ques¬ 
tion may be a point in the cross section of 
a linear conductor or cable. The postu¬ 
lated dectric-energy-flow density may be 
integrated over the section of the con¬ 
ductor to give the total postulated energy 
flow along the conductor. If, as is usually 

Paper 42-141, recommended by the AIEE com¬ 
mittee oh basic sciences for presentation at the 
AIEE summer convention, Chicago, Ill., June 
22-26, 1942. Manuscript submitted February 9, 
1942; made available for printing May 29,1942. 

Jositra Slbpian is associate director of research, 
research laboratories, Westinghouae Electric and 
Manufacturing Company, Bast Pittsburgh, Pa. 


the case, the potential V is constant over 
the section of the conductor, then the total 
postulated energy flow will be VI, where 
I, a vector, is the total current flowing 
over the section of the conductor. This 
will be the reading of an instantaneous 
wattmeter connected into and to the con¬ 
ductor at that point. The average in time 
of this quantity VI will be the reading of 
the usual wattmeter at that point. 

What are the phenomena which can be 
actually observed which justify or make 
valid the energy-flow postulate, if it is 
valid? They are the following. At some 
points in space electric energy is being 
generated or created. By that is meant 
that energy of some other well-known, 
recognizable, and measurable form is dis¬ 
appearing, and at the same time electric 
manifestations are taking place there, 
such as the flow of currents, the appear¬ 
ance of electric fields, and so forth. Thus, 
in a generator chemical energy of a pile 
of coal is disappearing, or potential energy 
of water in a reservoir is lessening in 
amount. In a discharging battery chemi¬ 
cal energy is disappearing. In a thermo¬ 
couple heat energy at the hot junction is 
disappearing at a rate greater than .the 
heat energy appearing at the cold junction. 

At other points in space recognizable 
and measurable forms of energy are ap¬ 
pearing or being created, with simul¬ 
taneous electric manifestations. In an 
electric oven heat is appearing in measur¬ 
able amount. In an electric motor, me¬ 
chanical energy is appearing as, perhaps, 
in the increasing potential energy of a 
rising elevator. In an electrochemical 
plant the chemical energy stored in mat¬ 
ter is being increased. 

Also, at various points in space electric 
and magnetic fields malce their appear¬ 
ance, and it is found necessary, if the law 
of conservation of energy is to remain true, 


to assign a stored electromagnetic energy 
to these fields. It is commonly said: 
“It takes work to produce these fields.” 
Where, as in the core of a reactor, there 
is a magnetic field, it is customary to as¬ 
sign a stored energy per cubic centimeter 
of amount (lO~ 7 /Sr)H-B joules where II 
is the magnetic intensity, and B is the 
magnetic induction in gauss. Where, as 
in the dielectric of a capacitor, there is an 
electric field, it is customary to assign a 
stored energy per unit volume of X J% E-D 
where E is the electric intensity in volts 
per centimeter, and D is the electric in¬ 
duction in coulomb-centimeters. In 
empty space, these assigned stored energy 

10-7 

densities are respectively —— IP, and 


8ir 


1.1M0- 12 


8r 


-\E 2 joules per cubic centimeter. 


If these energy densities are integrated 
over all space, they give correctly the total 
energy which must be regarded as stored 
in the electromagnetic field if the law of 
conservation of energy is to remain true.* 

At the various points of space this 
stored electromagnetic energy will be 
appearing or disappearing accordingly as 
the electric and magnetic fields are in¬ 
creasing or decreasing in intensity. 

The postulated energy flow may be said 
to be substantiated, made valid, justified, 
or established if it properly co-operates 
with or fits in with these observable phe¬ 
nomena which have just been described. 
Where electric energy is being generated, 
the postulated energy flow must show 
energy flowing away and in proper 
amount. In regions where electric energy 
i§ being consumed, the postulated energy 
flow must make energy approach in proper 
amounts. At places where electric and 
magnetic fields are changing, and with 
them the associated stored energy, the 
postulated energy flow must make ap¬ 
proach or recede the proper amounts of 
energy. 


* It turns out that these energy densities are not the 
only ones which may be assigned to the various 
points of space, which will integrate to the correct 
total electromagnetic energy. See, for example, 
reference 1. Therefore, these stored energy densi¬ 
ties do not have a unique validity. However, in 
this paper, only these assumed energy densities 
will be considered in their relation to postulated 
energy flow. 
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Figure 1 (left)* Field 
Ei in plane perpendicu¬ 
lar to line 

Figure 2 (right)* Field 
Ei in plane through line 
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The conditions establishing the validity 
of the postulated energy flow may be 
stated more exactly in this way. Con¬ 
struct a closed geometric surface any¬ 
where in the electric system. Determine 
the postulated energy-flow density at 
every point of the surface. Integrate over 
the whole surface, obtaining the postu¬ 
lated total energy flow outward through 
the surface. This total energy flow out 
must correspond to the total changes 
taking place within the region enclosed 
by the surface. That is, the total energy 
flow out through the surface calculated 
according to the postulate must equal the 
excess of the rate of generation of electric 
energy over the sum of the rate of con¬ 
sumption and rate of increase of storage 
of electric energy within the surface. 

It will be evident at once to the trained 
mathematician, and after a little study 
to the more lay engineer, that the condi¬ 
tions just given are not sufficient for de¬ 
termining uniquely an energy flow. For 
the postulate must merely direct the 
energy from the various generation points 
to the various consumption points, in their 
totality; which generation point is to feed 
which consumption point, and by what 
route, is completely undetermined so far 
as concerns any phenomenon which ran be 
actually physically observed. Infini tely 
many postulates may be devised which 
will all be equally valid and equally well 
established by the conditions which have 
been described, and which are the only 
conditions available for defining an energy 
flow. 

Actually, a postulated energy flow 
other than the Vi postulate, which is the 
subject of this paper, is very widely used, 
and not merely in abstract theory but for 
practical calculations, by radio engineers 
and physicists. This is the Poynting 
vector postulate about which there is an 
extensive literature. 1- We will not stop 
for a description of this Poynting vector 
postulate in detail at this stage. Suffice 
it to say that it is in its details completely 
different from the Vi postulate. In gen¬ 
eral, in an electric system it will lead 
energy from any particular generation 
point to a consumption point other than 


same generation point to the same con¬ 
sumption point, it will in general do so 
by a different route. 

Calling attention to the lack of unique¬ 
ness of the validity of any and all valid 
energy-flow postulates is not however the 
primary purpose of this paper. It is 
rather to examine the Vi postulate 
and to determine whether it in itself is 
valid or established in the only physically 
verifiable sense which has been just de¬ 
scribed. The completely general validity 
of the Poynting vector postulate has been 
established (with the formulas for stored 
electromagnetic energy given above) by 
mathematical derivation from Maxwell’s 
equations. The validity of the Vi pos¬ 
tulate can then be determined most con¬ 
veniently by checking by well-known 
mathematical operations whether it is 
equivalent to the Poynting vector postu¬ 
late in the sense already explained. This 
has been done in another paper. 1 

It turns out that the Vi postulate is 
not generally valid, that is, it is not gen¬ 
erally equivalent to the Poynting vector 
postulate. By adding a simple term, how¬ 
ever, a new or enlarged Vi postulate may 
be given which is generally valid. It so 
happens that as usually used by electric- 
power engineers the contribution of this 
added term is negligibly small. Hence, 
no error is committed by the use of watt¬ 
meter readings in the usual way for the 
usual and proper purposes by the engi¬ 
neers of electric-power systems. 

Without going into the detailed mathe¬ 
matics, this paper will show how the 
simple Vi postulate fails in many simple 
cases. It will describe the term which 
must be added to make the enlarged Vi 
postulate universally valid and will show 
in simple cases how this term makes com¬ 
plete the Vi energy-flow picture. It will 
show also that this term makes a negligible 
contribution in the usual use of watt¬ 
meters on power systems for usual proper 
purposes. To do these things, however, 
it is necessary to examine somewhat care¬ 
fully the meaning of the electric potential 


V, the current density i, and the nature 
of the electric field. 

II. The Electric Potential, V 

The potential difference between two 
points is frequently defined as the integral 
of the electric force from the one point to 
the other, or, in other words, as the work 
which must be done in moving a unit 
positive charge from the one point to the 
other. This is equivalent to saying that 
it is the reading of a suitable voltmeter 
connected to the two points iu question. 

For d-c systems, where electric and 
magnetic fields are steady and unchang¬ 
ing, this definition is satisfactory. In this 
case the electric-field intensity is the nega¬ 
tive gradient of the potential so defined. 
In this case also the simple Vi postulate 
is generally valid. 

In this d-c case, the electric field and 
the potential of which it is the negative 
gradient can be calculated from the dis¬ 
tribution of charges. If there are no di¬ 
electrics, the potential V is given by 

where f is the charge density at any vari¬ 
able point, r is the distance from this 
variable point to the point at which the 
potential is being determined, and the 
integration is carried out through all 
space. If dielectrics are present, then a 
term must be added under the integral 
of equation 1, giving the effect of the 
polarization density in the dielectrics, but 
for simplicity we shall leave this out of 
the formula, as it can be readily supplied 
by those readers sufficiently trained to 
feel the lack of it. The electric field is 
then given by 

E— —grad V (2) 

In the case of an a-c system, however, 
the definition of the potential given at the 
beginning of this section fails. The work 
done in moving a unit charge from one 
point to another is no longer uniquely de¬ 
termined. The work done is different 
according to the path chosen in going 
from the one point to the other. For 
example, the work done in moving a 
charge from a point near the core of a 
transformer to a point diametrically oppo¬ 
site, by a path half way round the core, 


that to which it will be led by the Vi pos¬ 
tulate, and where it leads energy from the 


" ov description of energy flow in usual electri 
power machines, according to the Poynting vect 
postulate, see Slepian, Electric Journal, volume 1 
July 1919, page 803. 



Figure 3 (left). Magnetic 
Reid around line 


Figure 4 (tight). Induced 
electric Reid £ 2 
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will be different from the work done if the 
charge is moved from the one point to the 
other in the other direction round the core. 
If a suitable voltmeter is connected be¬ 
tween the two points, the reading will be 
different according to whether the leads 
go round the core by the one path or the 
other. 

We may however define a function cal¬ 
culated from the observable distribution 
of charges (and polarizations of dielec¬ 
trics) by means of equation 1. We shall 
call this the Maxwell scalar potential, * 
V M , so that 



Of course, the electric field is not the nega¬ 
tive gradient of this scalar potential 

—grad V M (4) 

In fact E is not the gradient of any po¬ 
tential. 

We may regard the electric field E as 
made up of a superposition of two fields, 
Ei and £ 2 , 

E—Ei-\~Et (5) 

where 

£ 1 = -grad V M (6) 

Ex may be said to be the field produced 
electrostatically by the charges defining 
V M . 

If a charge is moved around in a closed 
path, the work done against the compo¬ 
nent field Ei is necessarily zero, since £1 is 
the gradient of a potential. If there is a 
net work, not zero, done by the charge in 
going round the closed path in the total 
field £, it must be the work done against 
the component field £ 2 . Thus the integral 
of £2 around a closed path is in general 
not zero. By Faraday’s law, this integral, 
sometimes called the induced electromo¬ 
tive force, is equal to 1/10 8 times the rate 
of change of the enclosed magnetic flux, 
the units of electric field and magnetic 
flux being the usual volts per centimeter 
and maxwells. 

The lines of force of the field £2 cannot 
terminate on any charge, since equations 
3 and 6 make £1 bring to or from all the 
charges all the corresponding lines of 
force, thus leaving no charges for the 
lines of £2 to terminate upon. The lines 
of force of £2 then must form closed loops, 
linking varying magnetic flux. £2 may 
then be said to be the electric field in¬ 
duced by the varying magnetic field, and 
to have no electrostatic character. 

t Physicists now more generally use the retarded 
scalar potential of Lorentz. Except for very long 
lines in power systems, or high frequencies, this 
potential will differ very slightly from the scalar 
potential of Maxwell, which is Used here because of 
its simpler description. 
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Mathematically the defining properties 
of £1 and £2 are as follows: 


div £1 = —4 t in appropriate units (7) 


div £ 2=0 

(8) 

curl £i=0 

(9) 

&B 

curl £ 2 = —1/10 8 — 
dt 

(10) 


It appears that the potential used by 
electric-power engineers is precisely the 
Maxwell scalar potential which has just 
been described. 

For example consider a single trans¬ 
mission line parallel to the surface of a 
good conducting earth, which is taken as 
having zero potential. The charges on 
the line by themselves, if they were un¬ 
varying, would produce the field Ei with 
lines of force lying nearly completely 
in planes perpendicular to the line, as in 
Figures 1 and 2. The slight curvature in 
the lines of force of £ 1 , and their inclina¬ 
tion to the line, shown in Figure 2 some¬ 
what exaggerated, are due to the charge 
density on the line decreasing from left to 
right, due to the decreasing “potential” 
of the line. 

The current in the line, produces the 
magnetic field shown in Figure 3, the lines 
of magnetic force lying in planes perpen¬ 
dicular to the line. If the current is in¬ 
creasing, the magnetic field also increases 
and induces an electric field £2 whose lines 
of force are nearly parallel to the line as 
in Figure 4. This field is strongest at the 
line, where it is nearly equal, and opposite 
in direction to the component of the field 
Ei which is parallel to the line. The 
parallel component of the net field, £, at 
the line is that required by the ohmic re¬ 
sistance of the line to the current it is 
carrying. The total field £ is the sum of 
the electrostatic field Ei and the induced 
field £ 2 .. 

To determine the potential at a point 1 
in the line, the power engineer connects a 
voltmeter from that point to the ground 
immediately below. That is, he integrates 
the electric force along a path in the 
plane perpendicular to the line. Since 
such a path is perpendicular to £ 2 , he 
essentially integrates the field £ x alone 
and, therefore, by equation 6, .determines 
the Maxwell scalar potential, V M , at the 
point 1 of the line. 

To determine the potential at a second 
point 2 in the line, the engineer connects 
his voltmeter from the point 2 to the earth 
immediately below, and not to the earth 
point used for getting the potential at 
point 1. To find the potential difference 
between points 1 and 2, the engineer takes 
the difference between the potentials so 
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determined. He does not connect a volt¬ 
meter from point 1 to point 2 with leads 
running parallel to and along the line. If 
he did, the field £2 would contribute to the 
integral of £ from 1 to 2 and he would get 
a result differing from that obtained by 
his usual procedure. He would say that 
this last procedure would give him only 
the resistance drop in the line, whereas 
his usual procedure gives him the total 
(resistance plus inductance) drop in the 
line. It is clear then that the power engi¬ 
neer uses the Maxwell scalar potential. 
Therefore, subsequently in this paper, the 
subscript M will be dropped frdm the V 
symbol for potential, it being understood 
that the Maxwell scalar potential is that 
which is meant. 

HI. The Corrected Vi Postulate 

The appearance of the induced field £2 
is one of the features which distinguishes 
the variable-state or a-c system from the 
steady-state or d-c system. If £ 2 is absent 
or negligibly small, then the usual energy- 
flow postulate, 

Pi=Vi (11) 

is generally valid, provided i includes dis¬ 
placement currents as well as conduction 
currents, as will be explained in the next 
section. If however, £2 is not absent, 
equation 11 becomes invalid.' Then the 
following energy-flow postulate, 

P 2 =yi + ^[£ 2 X£] (12) 

is generally valid. The bracket symbol in 
equation 12 indicates the vector product 
of £2 and H, whose meaning will be ex¬ 
plained later in examples. The two terms 
in P 2 may be called respectively the con¬ 
ductive and inductive components of the 
postulated energy flow. 

IV. The Current Density i — 
Example of Variable-State 
System Where Pi Is Valid 

To see how the inclusion of displace¬ 
ment currents in i makes Pi valid as long 
as £2 is absent, consider the following ex¬ 
ample: 

A sphere of radius R, far removed from 
other objects, is charged to potential V 0 . 

It is then surrounded by a spherically 
symmetrical radial electric field, with 

V— VgR- , and £ = F 0 P-where r is the dis- 
r r 2 

tance from the center. There will then be a 

111 * 10 -12 

stored energy density, T e = — - £2 

8T 

1 , 11 * 10 1 

= ----pyi? 2 — joules per cubic 

8t 
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centimeter in the space around the sphere. 

Now let the sphere be joined by a fine 
high-resistance wire to the remote ground. 
The sphere slowly discharges by the con¬ 
duction current through the wire. The 
small current flowing produces a magnetic 
field, but let us suppose it is so small that 
we may neglect the stored energy which is 
associated with it and also the small in¬ 
duced field Ei which it produces by its 
slow change. 


The stored energy in the electrostatic 
field slowly disappears, and a correspond¬ 
ing amount of heat appears in the wire. 
The valid energy-flow postulate, Pi— Vi 
must show energy flowing from the space 
where it is initially stored to the wire 
where it appears as heat. 

In the wire itself, let the total conduc- 
tibn current be I. At a point where the 
potential is V a , the postulate Pi asserts 
that there is an energy flow in the wire 
equal to V a I watts away from the sphere. 
At a more remote point on the wire, where 
the potential is V b , the energy flow in the 
wire is Fjl, watts away from the sphere. 
F 6 I is less than V a I, the difference being 
(F 0 — V b )I. But if fab is the resistance of 
the wire in ohms between points a and b, 
Va- F>=r a6 I, and (V a -V b )I=UI* 
which is precisely the joulean heat de¬ 
veloped in the wire between a and 6. 
Thus the postulate Pi— Vi shows energy 
flowing from the sphere down the wire 
where it appears as heat at the proper 
places and in the proper amounts. 

But the valid postulate Pi = Vi must 
also show how the energy stored in the 
electrostatic field arrives at the sphere so 
that it may be directed thence into the 
wire. The displacement current density 
comes to the rescue for this purpose. 

Where an electric field E is varying, in 
free space, a displacement current density 


is defined as i- 


1.11*10-“ dE 


amperes 


4ir dt 

per square centimeter. In the present ex¬ 
ample E is decreasing so that there is a 
displacement current density flowing in¬ 
wards towards the sphere given by i— 


dF fl l 
4r dt r r 


The total displace¬ 


ment current flowing inwards over the 
surface of a sphere of radius r a will be 

The potential 


at r a being R F 0 —volts, there is a total 

• " T« 

energy flow inwards across the surface, 
according to the Vi postulate, of 

1.1 i * X0t 12 R % V o -~ ——watts. Across a 
at dt r a 

more remote sphere; of radius r b , the total 
energy flow inwards is 1.11 • 10 ~^R 2 V 0 X 
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—. The flow inwards across the inner 
dt r b 

sphere exceeds the flow inwards across 

dVn 

the outer sphere by 1.1* 10 12 R 2 V 0 —■ X 

dt 



watts. 


This should be equal to 


the rate of decrease of the energy stored 
in the shell between the two spherical 
surfaces,. 

But integrating the stored energy den¬ 


sity, 7>l.lMO- l2 F 0 2 P 2 ^ over this 

r 

111 * 10 -3 

spherical shell, we get- 1 - V 0 *R- X 

2 


(K) * 


joules. 


\fa r b J 

this energy, 1.11TO -1S F 0 


The rate of change of 
dV 0 . 


dt \r a r b J 


checks exactly with the assertion of the 
Vi postulate in the preceding paragraph. 

Figure 5 shows diagrammatically this 
flow of the stored energy to the sphere and 
thence to the wire according to the Vi 
postulate. For comparison, Figure 6 
shows the energy flow according to the 
Poynting vector postulate. 


V. Example of Failure of Simple 
Vi Postulate 


Consider a long straight linear con¬ 
ductor of circular section arid radius R. 
Let a current flow in it which is increasing 
at a constant rate, 1=/^. Let the return 
circuit be the parallel-plane good conduct¬ 
ing ground a considerable distance below 
the conductor. 

There will be a magnetic field surround¬ 
ing the conductor as in Figured, and this 
field will be increasing in strength at a 
constant rate. The stored energy asso¬ 
ciated with this field and distributed in 
the space will also be increasing. A valid 
energy-flow postulate must show a flow 
of energy into these regions where the 
stored energy density is increasing. 

A potential drop (Maxwell scalar po¬ 
tential drop) will exist along the line, 
called by the engineer the inductive drop 


along the line. Neglecting the ohmic 
resistance of the line this potential drop 
will be constant in time. Associated with 
this distribution of potential on the line 
will be an electrostatic field Ei as pictured 
in Figure 2. This field will be constant in 
time. 

The steadily increasing magnetic field 
of Figure 3 will induce an electric field E> 
as pictured in Figure 4. This induced 
field Ei is also constant in time. 

Let us apply the simple Pi — Vi postu¬ 
late to this case. It shows an energy flow 
in the line at each point of an amount VI 
watts, where F is the potential at the 
point. Everywhere else, other than in the 
line, the current density is zero. There is 
no displacement current in the space be¬ 
cause the electric fields Ei and Ei are 
constant in time. The simple Pi—Vi 
postulate then shows energy flowing in 
the line and nowhere else. 

Consider a short length of the line. 
Because the potential at the entering 
end is larger, the energy flow entering the 
section is greater than that leaving the 
section. Hence, if the simple Vi postulate 
is valid, there should be appearing in the 
section an increasing amount of some form 
of energy, such as heat for example. 
But no such energy appears there 1 The 
simple Vi postulate fails! 

Likewise, out in space the stored mag¬ 
netic energy is increasing. The Vi postu¬ 
late should show an energy flow bringing 
this stored energy to its proper position in 
space. It does not! It fails! 

VI. Success of the Enlarged 

Postulate, P 2 =Vi+“[E 2 XH], 

4t 

With Preceding Example 

The bracket in the second or inductive 
term of the enlarged postulate, P 2 , denotes 
the vector product of the induced electric 
field Ei and the magnetic field II. This is 
a vector which stands perpendicular to 
both Ei and H, with direction given by 
the right hand rule, that is, the direction 
of advance of a right-hand screw when 





Figure 5 (left). Energy Row for discharging 
sphere by Vi postulate 

figure 6 (right). Energy flow for discharging 
sphere by Poynting vector postulate 
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turned in the sense which brings £ 2 most 
quickly into line with H. Its magnitude 
is equal to the product of the magnitudes 
of £ 2 and H, respectively, and the sine of 
the angle between them, 

Let the induced electric field £ 2 have the 
value £20 at the conductor itself. The 
(Maxwell scalar) potential gradient along 
the conductor will have the same mag¬ 
nitude as £ 20 . since we are neglecting the 
ohmic resistance of the line, but will be 
oppositely directed. 

Let the length of the portion of the 
line we are considering be l centimeters. 
The potential drop through this portion 
will then be ^ (£ 20 1 > |£a>| being the magni¬ 
tude of the vector £». The first or con¬ 
ductive term of P 2 then will give an excess 
of energy entering the one end of the line 


Figure 7. Energy flows about line carrying 
increasing current by P 2 postulate 

portion over that leaving the other end 
by an amount equal to l [£» |/ watts. 

At the surface of the line, the magnetic 
field H 0 is perpendicular to the line and 

£20 and has the magnitude |/f| 0 =—. 

10 £ 

The second term of £2 then shows an 
energy-flow density leaving the conductor 

surface of TOtts 

per square centimeter. Multiplying by 
the area of the surface of the line, 2tRI, 
we find the second term showing an energy 
flow out of the line of an amount /|£ 2 q|Z 
watts. Comparing with, the preceding 
paragraph we see that the enlarged postu¬ 
late P 2 calls for the appearance in the line 
of heat or other energy of amount zero! 
In the line P 2 succeeds! 

In the space outside the line, while the 
first term of P 2 shows zero energy flow, 
the second or inductive term shows energy 
flow radially outwards into space. It is 
not difficult to show that this radial flow 
is of just the proper amount to account 
for the increasing magnetic energy stored 
there. Figure 7 shows diagrammatically 
the energy flow about the line according 
to Ps. 

Pi succeeds everywhere! It must, 
since it has been shown in the paper of 
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footnote 1 that it is equally valid with the 
Poynting vector postulate. 

VII. Energy Flow in Transformer 

It is instructive to trace the flow of 
energy in a transformer according to the 
simple and enlarged Vi postulates. The 
simple Vi postulate fails, of course. The 
enlarged postulate succeeds because of its 
inductive term. 

In each turn of the primary of the 
transformer, there is a potential drop 
equal to the induced voltage per turn, V t , 
if the resistance drop is neglected. Ac¬ 
cording to the simple Vi postulate then, 
more energy flows into the turn than out 
by an amount VJj, watts, where I p is the 
primary current. The simple Vi postulate 
then makes V t npl p (n P = cumber of pri¬ 
mary turns) watts disappear in the pri¬ 
mary, apparently causing energy to be 
annihilated. 

Similarly, the simple Vi postulate calls 
for the apparent creation of energy in the 
secondary at the rate V t n t I a watts. 

The second term of the enlarged Vi 
postulate avoids this apparent distressing 
destruction of energy in primary and crea¬ 
tion of energy in secondary by provi ding 
an energy flow from primary to secondary. 

Between the primary and secondary 
coils there will be a magnetic field per¬ 
pendicular to the coil wires, Figure 8. 
This field will have magnitude approxi¬ 
mately |il| = ~ where k is the length 

10 h 

of the coil. Between the coils there will 
also be an induced electric field £2 with 
lines of force remaining parallel to the coil 
wires and perpendicular to H. The mag¬ 
nitude of £2 will be approximately |£ 2 |== 
V t 

— where k is the perimeter of a turn. 
h 

According to the second term of P s , 
then, there is an energy flow from primary 

to secondary of ^[£ 2 X 1 ?]= watts 
4ir kk 

per square centimeter. Multiplying by 
hh, the total area carrying this energy-flow 
density, we get V t n p I p watts carried across 
from primary to secondary by the second 
term of P 2 , which is just the energy brought 
into the primary by the first term Vi. 

VIII. Relationship Between 
Poynting Vector Postulate and P 2 

The Poynting vector postulate asserts 
the presence • of an electric-energy-flow 
density given by 


10 

P=T [£XiI] watts per cm* 
4ir 


(13) 


It differs from the enlarged Vi postulate, 
Pi in making all the energy flow inductive, 
and none conductive. 

This suggests that the resolution of the 
energy flow into a conductive and induc¬ 
tive component as in P 2 is largely arbi¬ 
trary. This is true. 

Let V' be any arbitrary scalar function 
of position in space. Let £ x ' be a vector 
function of space defined by 


Ei~ —grad V' 

Let R' be defined by 


(14) 


(IS) 


Then it is readily shown that the energy 
flow postulate 


PS-Vi'+f-lEi'XH] 
4 x 


( 16 ) 


is equally valid with P and P 2 . 

This bears out the statement made in 
the introduction that infinitely many valid 
energy-flow postulates may be devised. 

The Poynting vector P, and the cor¬ 
rected Vi postulate P 2 , are special cases 
of equation 16, obtained by respectively 
taking F'=0, and taking for V' the 
electric potential V. 

IX. Validity of Simple Vi Postulate 
for Usual Proper Purposes on 
Power System 

The power-system engineer postulates 
an energy flow in his lines given by con¬ 
nected wattmeter readings and with this 
postulate carries on his usual technical 
and commercial operations. This postu¬ 
late is identical with the simple Vi postu¬ 
late (except for the omission of displace¬ 
ment currents) which we have seen is-not 
generally valid. The postulate can be 
made valid by the addition of the induc¬ 
tive term of P 2 . Hence, since the engi¬ 
neer is successful in his usual operations, 
we conclude that he limits himself to those 
applications where the contribution of 
the inductive term of P 2 is negligible. 

We have also seen that even the valid 
enlarged Ft postulate, P 2 , is not uniquely 
valid. Hence, again since the engineer is 
successful in his usual operations) we con¬ 
clude that he normally limits himself to 
those questions for which all valid postu¬ 
lated energy flows will give the same 
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Figure 8. Magnetic field In transformer 
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Figure 9 (left). Energy of 
generator by wattmeters 
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answer. In referring back to the intro¬ 
duction, there is only one question to 
which all valid energy-flow postulates 
give the same answer, namely, the follow¬ 
ing: In a given region of space, in which 
there may be any and various kinds of 
electric apparatus, what is the excess of 
the total electric-energy generation over 
the sum of the total energy consumption 
and the increase in electric-energy stor¬ 
age? 

Before giving examples, it is well to 
point out one use of wattmeter readings 
which is frequently made and which does 
not involve the energy-flow postulate at 
all. It is for determining the loading or 
heating of lines. 

Now, the heating of a line certainly 
does not depend on any so intangible and 
intrinsically indeterminable a thing as a 
postulated energy flow. The heating is 
determined only and entirely by the cur¬ 
rent through it, and this is measured un¬ 
equivocally by an ammeter. However, 
from the wattmeter reading the engineer, 
if he knows the usual voltage and power 
factor of the line, can make an estimate 
of what the current may be and thus esti¬ 
mate the loading or heating of his line. 
But in doing this the engineer is really 
using the wattmeter, together with his 
other knowledge of the line, as a kind of 
devious ammeter. Regardless of how he 
may colloquially refer to energy or power 
or the line, he knows that the heating of 
the line is determined by the current 
magnitude only. 

As a first example, consider the deter¬ 
mination of the energy generated by a 
generator. The engineer places watt¬ 
meters in all the leads coming from the 
generator, adds their readings algebrai¬ 
cally, and asserts that number so obtained 
is the desired generation. He will be 
right if the inductive term of P 2 makes 
no contribution. 

Surround the generator by a closed sur¬ 
face passing through the points in the 
leads where the engineer connected his 
wattmeters (Figure 9). The validity of 
j ensures that, when integrated over this 
closed surface, it will give the net rate of 
energy generation in the generator since 
the energy stored remains constant The 
conductive term, Vi, of P 2 , will be 2ero 

everywhere in the surface except over the 
sections of the generator leads Tw! 
term mtegmted over the surface will 
equal the sums of the wattmeter readings 
E* and H which enter into the inductive 


Figure 10. Energy of generators by wattmeters 

Incorrect connection 

* errn ’ a ~ of P 2 , will each be negli- 

gibly small on the surface, except in the 
neighborhood of the leads. There, as ex¬ 
plained in sections V and VI and shown 
in Figure 3, Ei is parallel to the leads and 
therefore perpendicular to the surface. H 
however will lie parallel to the surface. 

Hence —[EoXH] lies entirely parallel to 

the surface and makes zero contribution 
to the total energy crossing the surface 
by the P 2 postulate. Hence P 2 integrated 
over the surface equals the sum of the 
wattmeter readings, and the engineer’s 
usual use of wattmeters for determining 
the energy generation of a generator is 
justified. 

It is clear from this discussion that the 
validity of the use of wattmeters alone in 

SURFACE 


alone, since in that case an enclosing sur¬ 
face may be drawn such that across it the 
inductive term of Pa will assert zero 
energy flow. 

A last example: Two power systems, 
A and B, operate with an interconnecting 
transmission line, in which wattmeters 
are properly placed. The engineer ad¬ 
vises that the owners of these systems 
make payments to one another depending 
on the sum of the readings of these watt¬ 
meters. What is the physical basis on 
which the engineer makes his recom¬ 
mendation? 

Referring to Figure 12, a surface may 
be drawn through the points of connection 
of the wattmeters and enclosing com¬ 
pletely the system A , such that the con¬ 
tribution to the energy flow across the 
surface according to postulate P a of the 
inductive term is zero. The contribution 
of the conductive term will of course equal 
the sum of wattmeter readings. Hence we 
may conclude that the sum of the watt¬ 
meter readings equals the excess of the 
generation in system A over the sum of 
all the loads and losses in system A . 

Similarly, a surface may be drawn 
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Figure 11 (left). De¬ 
termination of loss in 
primary of a transformer 
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the preceding example depends on the 
points of attachment of the wattmeters to 
the leads lying in a surface which is per¬ 
pendicular to the Ei field. .The engineer is 
aware of this. If one of the wattmeters is 
displaced along one of the leads from its 
proper position, as in Figure 10, the engi¬ 
neer knows that the sum of their readings 
will no longer equal the rate of energy 
generation in the generator. Ordinarily 
he will say that this is due to the induc¬ 
tive action of the leads, each on the other. 
This paper describes this situation by ob¬ 
serving that the inductive term of P 2 in 
this case asserts a flow of energy not zero 
over the portion of the enclosing surface, 
which lies parallel to the leads. 

Another example: The engineer will 
not attempt to determine the losses in 
the primary coil of a transformer by means 
of wattmeters alone. In referring to Fig¬ 
ure 11, showing a transformer diagram- 
matically, it is clear that for a surface 
which encloses the primary alone, there 
will necessarily be some portions across 
which the inductive term of P 2 will also 
assert there is an energy flow, as explained 
m section VII, and this energy flow must 
be added algebraically to the wattmeter 
readings to obtain the primary losses. 
However, the engineer will not hesitate to 
determine the total losses in a transformer 
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Figure 12. Power systems interconnected 

through the wattmeter connections and 
enclosing the system B, which will justify 
the statement that this same sum of the 
wattmeter readings also equals the excess 
of the sum of the loads and losses over 
generation in system B. 

Because of this numerical relationship 
between the wattmeter readings and the 
balance between generation, loads and 
losses on the two respective systems, the 
engineer makes his recommendation that 
the owners of system B compensate the 
owners of system A. The engineer may 
in addition make some irrelevant asser¬ 
tions concerning energy flow in the trans¬ 
mission line, while a physicist may equally 
irrelevantly speak of an energy flow from 
A to B through space. 

The owners of the systems are indiffer¬ 
ent to these reflections of engineer and 
physicist. Their esthetic tastes may per¬ 
haps be more like that of the engineer so 
that they may prefer an energy flow pos¬ 
tulate Pz which makes some of the energy 
(but not all) flow in wires, to one like P, 
where nearly all of the energy flows in 
space and quite remotely from the wires. 
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I. Introduction 

THE main purpose of this paper is to 
■ describe the development of a major 
interconnected system located in the 
province of Quebec. 

By means of a study, based on prewar 
data when stable conditions existed, and 
by suitable illustrations and explanations, 
it is aimed to show how it has been pos¬ 
sible, through interconnection of three 
important hydroelectric systems, to in¬ 
crease the combined firm power capacity 
far beyond the sum of the capacities of 
the individual systems if operated in¬ 
dependently. It will be brought out that 
the diversity in load characteristics and 
hydraulic conditions makes it feasible to 
accomplish this result and to effect other 
desirable economies on these sys tems , 
which are dependent solely on power 
supply from hydroelectric plants. 

The possibilities of system consolida¬ 
tion had been under study for some years, 
but the war, with the urgent demand for 
more firm power, forced the issue to a 
conclusion, involving combined power 
resources of nearly 4,000,000 horsepower 
as indicated in Table I. 

Reference will also be made to certain 
engineering features and operating prac¬ 
tices of these systems, which may prove 
to be of interest. 

II. Description of Geographical 
Areas 

In leading up to a detailed analysis of 
the present interconnected system, it is 


But what actually moves the owners of A 
to expect compensation is the physically 
observable fact that the generation in A 
exceeds the sum of the energies billed for 
at all the loads in A plus the losses in A. 
Likewise the owners of B are persuaded 
to make compensation by the physically 
observable fact that the total energy gen¬ 
erated in B is less than the sum of the 
energies billed for at all the loads in B 
plus the losses in B. These same physi¬ 
cally determinable facts as to location 
and magnitude of electric-energy genera¬ 
tion and consumption, which basically 
are those alone in which owners of power 
systems are interested when engaged in 
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thought desirable to describe briefly the 
areas under consideration. 

The Montreal Area. This area is 
considered as including the territory in 
the immediate: vicinity of Montreal Is¬ 
land on which is located the city of Mon¬ 
treal. Power is supplied by the Montreal 
Light, Heat, and Power Consolidated 
principally from two power developments 
on the St. Lawrence River. The plants 
of the Montreal Island Power Company 
and of the Canadian Light and Power 
Company also feed into this area. 

Originally, in the year 1900, electric 
service was supplied by a number of small 
isolated power companies, not inter¬ 
connected in any way and each serving 
its own independent district. In most 
cases standby steam plants were neces¬ 
sary to guard against the frequent inter¬ 
ruptions to the supply from the hydro¬ 
electric plants because of ice trouble, 
breakdown, and other causes. 

In 1902 the Montreal Light, Heat, and 
Power Consolidated was formed and 
acquired jurisdiction over most of the 
isolated systems in and near Montreal. 
It was soon realized that for reasons of 

Paper 42-150, recommended by the AIEE commit¬ 
tees on power transmission and distribution and 
power generation for presentation at the AIEE 
Pacific Coast convention, Vancouver, B. C., Can¬ 
ada, September 9—11, 1942. Manuscript sub¬ 
mitted June 4, 1942; made available for printing 
July 9, 1942. 

W. R. Way is assistant general superintendent of 
the Shawimgan Water and Power Company, Mon¬ 
treal, Quebec, Canada. 

The author acknowledges the assistance of J. R. 
Hango of the Saguenay Transmission Company, 
Ltd., and Cooper Antliffe of the Montreal Light, 
Heat, and Power Consolidated in the preparation 
of this paper. 


“exchanges of energy," are also the only 
physically determinable facts on which the 
infinitely many valid energy-flow postu¬ 
lates will agree. The engineer is quite 
right in choosing one of them, namely 

Pi- Vi+£[E 2 XI-I], for determining the 

magnitude of-the so-called “exchange of 
energy," and applying it under such a 
condition that the second term may be 
neglected, and determining the effect of 
the first term by wattmeter readings. 

Reference 

1. Joseph Slepian. Journal of Applied Physics, 
volume 18, 1942, pages 512-18. 
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economy, and to secure better service, 
some consolidation of systems or inter¬ 
connection between plants was essentiaL 

While some immediate constructive 
steps were taken in this direction, it was 
found that parallel operation was difficult 
or in some cases impossible because of the 
different frequencies, these being 66, 60, 
and 30 cycles. Furthermore, some sys¬ 
tems were two-phase, while others were 
three-phase, and even direct-current. 
Eventually by compromising on 63 cycles, 
tying in through frequency changers, in¬ 
creasing the 30-cyde frequency to 31.5 
cycles, and adopting three-phase alter¬ 
nating current, a common operating base 
was obtained, but this ‘did not necessarily 
indicate parallel operation of the com¬ 
bined systems. Actually it was not until 
1923 that all the subsystems of the Mon¬ 
treal area were operated completely in 
parallel. 

The Shawinigan Area takes in the 
territory on both sides of the St. Lawrence 
River from Montreal to Murray Bay, some 
80 miles below Quebec City, and is 
served mainly by the Shawinigan Water 
and Power Company, the Quebec Power 
Company, and the Southern Canada 
Power Company. 

The Saguenay Area in the Lake St. John 
region is served mainly from plants on the 
Saguenay River by companies under the 
control of the Aluminum Company of 
Canada, Ltd. 

HI. Load, Output, and Hydraulic 

Characteristics of the Individual 
Systems 

In the Montreal Area the St. Lawrence 
River is the chief source of power and has 
a flow which is unusually uniform, the 
average mean flow being 220,000 cubic 
feet per second, while the maximum and 
minimum recorded flows are 318,000 cubic 
feet per second and 173,000 cubic feet per 
second respectively. The heads involved 
are from 26 to 80 feet; comparatively long 
headrace canals are found, with the main 
difficulties in power output being caused 
by ice jams or other forms of ice trouble, 
occurring during the months of January 
and February. A typical hydrograph 
is shown in Figure 1. 

The nature of the load in the Montreal 
area is that which might be expected in 
any large metropolitan area, with week¬ 
day load factor in the winter months of 
the order of 68 per cent and an annual 
load factor of 47.5 per cent during the 
prewar period. Maximum peak loads 
occur in the months of November or 
December, with a definite tapering off 
during the summer months. This is well 
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Figure 1. Hydro¬ 
graphs of St. Law¬ 
rence, St. Maurice, 
and Saguenay Rivers 

A. Unregulated 
flow, Saguenay River 

B. Regulated flow 
35,000 cubic feet 
per second, 1942 

C. Estimated regu¬ 
lated flow, 45,000 
cubic feet per sec¬ 
ond 1943 

D. Unregulated 
flow, St. Maurice Riv- 

JAN. FEB. MAR. APR. MAY JUN. JUL. AUG. SEP. OCT. NOV. DEC. . „ _ . , , 

er, 6,000 cubic Feet 
per second, minimum 

illustrated by comparing the typical daily E. Regulated flow, 22,000 cubic feet per 
load curves shown in Figure 2. second, 1942 

The chief need consequently is peak F. Utilization of St. Lawrence River flow, 
power for short periods during the winter 1942—164,000 cubic feet per second 

months, while during the remainder of 

the year large and variable amounts of some diversity between the Montreal 
surplus energy and power are indicated, and Shawinigan areas, 
particularly during the months of April From the load standpoint the Shawini- 
to November inclusive, with no immedi- gan system firm load is of an unusually 
ate market available. high load factor, being of the order of 92 

From the point of view of output, the per cent on a week day, with an annual 

gross primary kilowatt-hours sold in this load factor under prewar conditions of 71 

entire area for 1941 were 3,341,902,000, percent. The type of firm load indudes 

while the corresponding maximum sys- paper mills, aluminum production, car- 

tem peak load for primary power was bide and carborundum furnaces, and as- 

586,200 kw. bestos mills, as well as a few steel plants. 

In March 1942, there was available Until recently, on account of the im- 
60-cycle capacity horsepower to the ex- portant paper-mill load which required 
tent of 650,000 horsepower apart from the supply of quantities of process steam, 
that available from the Shawinigan Water large amounts (maximum peak over 

and Power Company under the 160,000- 500,000 horsepower) of surplus energy 

horsepower contract. were supplied to electric boilers to replace 

In the Shawinigan Area the St. Maurice coal-fired steam at the mills. This sur- 

River is the most important source of plus was not only that obtainable from 

power. It has a drainage area of 16,000 the Shawinigan area proper but also in¬ 
square miles and is suitably equipped duded secondary power purchased from 

for good regulation, having a number of neighboring companies, 

storage reservoirs with a total storage of Output characteristics of the Shawini- 
13,000 square-mile-feet. This gives an gan system during the year 1941 included 
indication of the extent to which the river gross kilowatt-hour sales of 6,270,760,.543 

is regulated and the possibilities of storing kilowatt-hours with a maximum 60-cycle 
water for the combined system. firm peak of 868,000 kw. In March 1942 

By using these storages, the regulated this area was served by 30-cycle and 60- 

flow (Figure 1) can usually be maintained cyde capadty to the amount of 1,154,500 
at 22,000 cubic feet per second, as com- horsepower aside from the 100,000-horse- 
pared with the unregulated minimum flow power firm power contract with the 

of 6,000 cubic feet per second. The Saguenay Power Company, 
maximum flow now experienced is of the In the Saguenay Area, the Saguenay 
order of 120,000 cubic feet per second River is fed from a watershed area of 

which occurs early in May. As a result 28,100 square miles. The hydrograph of 

plants on^this river have little difficulty this river (Figure 1) is somewhat simil ar 

m maintaining a high rate of output, ex- to that of the St. Maurice River but is 

cepting during the high tail-water period fortunately different as to the time of 

when in certain cases the plant Output occurrence of the high water period, thus 

is markedly reduced. It so happens, indicating advantages from interconnec- 

however, that in the month of May the tion with the St. Maurice River plants. 

ontreal area is in a position to rectify Prior to 19^1 no storage reservoirs on 
• s condition to a great extent, so that this watershed had been constructed for 

om the hydraulic standpoint, there is regulating the flow of the Saguenay 



River, but Lake St. John itself (6,080 
square-mile-feet usable storage) is utilized 
to the greatest practical extent from 
December to March inclusive. 

Regarding load characteristics: before 
the war, power developed in the .Saguenay 
area was utilized principally for the pro¬ 
duction of paper and aluminum and to 
supply the 100,000-horsepower firm power 
contract with the Shawinigan Water and 
Power Company. During periods of 
excess energy, the surplus was utilized 
for electric steam generation, the output 
for this purpose attaining at times the 
value of 375,000 horsepower. Since 1940, 
on account of the tremendous increase 
in demand for firm power, the electric 
boiler load has been discontinued. 

The gross output of the plants in the 
Saguenay area during 1941 was 4,538,- 
000,000 kilowatt-hours with a maximum 
firm peak of 639,000 kw. To serve this 
area, as in March 1942, there was capac¬ 
ity normally available to the extent of 
1,000,000 horsepower. 

IV. Possibilities of Maximuin Uti¬ 
lization of Resources by Inter¬ 
connection 

In order to illustrate how the differences 
in the system characteristics of the three 
areas, could be utilized fully, a study has 
been made and a series of curves (Fig¬ 
ure 3) prepared to show the peak (kilo¬ 
watt) possibilities, while the kilowatt- 
hour problem is set out in Table II. The 
data have been based on normal prewar 
conditions in 1939, when interconnection 
was being considered. 

The system in each area is analyzed 
graphically (Figure 3) to show its maxi¬ 
mum available generator capacity (GO, 

Table I. Output Data of Plants Associated 
With Interconnection 


Total 

Rated Size of 
Turbine Largest Num- 
Output Unit ber 
(Horse- (Horse- of 
, power) power) Units 


Montreal area supplied 
chiefly by Montreal 
Light, Heat, and 

Power Consolidated.908,000. . 53,000... 45 
Shawinigan area sup¬ 
plied chiefly by . 

Shawinigan Water 

and Power Company.. 1,089,500. .44,500... 48 
Saguenay or Lake St. 

John area supplied 
chiefly by Aluminum 
Company of Can¬ 
ada, Ltd............. 1,850,000. . 85,000... 28 

Miscellaneous Com¬ 
panies....,,.. 80,000. . 6,000.. .20 

Total..,,............. .3,987,500 horsepower 

Maximum rated capacity ’’’operated in parallel 
(2,586,000 horsepower) 1,930,000 kw. 
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power available (P) us influenced by 
hydraulic conditions, and maximum firm 
load (/_) which could be carried if oper¬ 
ated as a completely independent system, 
lo simplify the study, no allowance for 
reserve has been made to take care of 
load growth or frequency regulation. 

From Figure 3A it may be noted that in 
the Montreal area, the comparatively 
steady power output from the St. Law¬ 
rence River plants having no storage 
facilities and the metropolitan load of low 
load factor are not an ideal combination 
from the point of view of matching avail- 
aide power facilities and load require¬ 
ments. In the summer months, even at 
time of peak load, over 100,000 kw sur¬ 
plus output is indicated, while an addi¬ 
tional 100,000 kw is available for about 
seven hours each day after midnight. 
This unfavorable situation results in 
surplus energy being available to an 
amount of over800,000,()()0 kil<nvatt-hours 
per year (item 1, Table II; see also 
Figure 2). 

In the Shamnigan Area, with, its large 
storages and regulating possibilities on 
the St. Maurice River, it is possible to 
convert the entire available annual 
energy into firm loud irrespective of 
daily or seasonal requirements (item 2, 
Table II). The curves (Figure J3B) also 
show that the maximum feasible firm 
loud that may he curried at the normal 
71 per cent yearly load factor is also just 
equal to the limit set by reduced system 
generator capacity during the high tail- 
water period. 

Under these conditions, except for two 
months during the spring flood period, 
there is a minimum of about 00,000 kw 
reserve generator capacity. This reserve 
is admirably suited to assist in converting 
daily or seasonal surplus energy of adja¬ 
cent areas into firm power by storing 
such surplus energy in the St. Maurice 
River storage reservoirs and returning 
it as firm power during the winter months 
to satisfy peak requirements. Additional 
generator capacity on the St. Maurice 
River would permit extension of this 
scheme. 

In the Saguenay Area, using average 
runoff for the 4y 2 winter months, the 
maximum possible firm load to be carried 
is dependent on the fixed storage capac¬ 
ity of Lake St. John. This results ixi a 
large amount of idle generator capacity 
during the winter months (Figure 3C) 
and large surplus summer energy (item 
3, Table II). 

The idle generator capacity during the 
winter months, combined with Lake St. 
John storage facilities, is useful in assist¬ 
ing in the conversion of surplus night 


energy in the Montreal area into firm 
power. Furthermore, part of the summer 
surplus energy may be stored in the res¬ 
ervoirs of the St. Maurice River and 
taken back during the winter months 
and thus be converted into firm power. 

These curves indicate that if each of 
the systems in the three areas were to be 
operated independently: 

(a). The firm loads which each system 
could carry successfully would be limited 
definitely to the values indicated by the load 
curves (see Figures 3A, 3B, 3C), on account 
of limiting local conditions. 

(/>)• The equivalent energy (kilowatt- 
hours) consumed by such individual firm 
loads would be restricted to the values given 
in Table II. 

Such isolated system operation would 
leave a fair portion of the combined total 
. resources unused, or inefficiently used, as 
indicated by the following: 

(a). 1.7 billion kilowatt-hours of idle energy 

(from a firm-power viewpoint) equal to over 
18 per cent of the total energy available. 
This corresponds to 200,000 kw (74.6 per 
cent load factor) of unused potential firm 
power (Table II). 

(&)• Spare generator capacity and spare 
power could be made available to all areas at 



Figure 2. Typical summer and winter week¬ 
day (1941) firm load curves, Montreal area 


Taken in combination with steady output of St. 
Lawrence River plants, the large amounts of 
surplus energy available for conversion into 
firm power are apparent 

their critical periods during the year, be¬ 
cause of the diversity in individual system 
power resources and load characteristics 
(Figure 3D). 

These unused resources illustrate what 
potential possibilities a flexible inter¬ 
connection of the three systems would 
offer for complete utilization of combined 
resources. 
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While it is not represented that this 
study is complete, and without attempt¬ 
ing to describe in detail any specific co¬ 
ordination scheme or outline its practical 
execution, which would be most difficult 
without knowledge of how and where the 
reclaimed firm power would be used, it is 
submitted that the study does give a 
measure of the benefits to be derived 
from interconnection and justifies the 
following conclusion: 

“By suitably interconnecting the three 
areas to permit free interchange of power, 
energy, and reserve generating facilities, by 
utilizing the Shawinigan facilities to store 
offpeak energy from neighboring areas, and 
by installing possibly 125,000 kw additional 
generating capacity on the St. Maurice 
River to permit returning the stored energy 
as firm power during the winter months, it is 
found possible to convert almost all of the 
surplus energy of the combined system into 
firm power. 

“Thus a total of 260,000 kw of additional 
firm power may be gained (Table II, item 5), 
based on the combined system firm load 
factor under normal conditions of 74.6 per 
cent. This is illustrated by the curves 
Figure 3E. The capital expenditure in¬ 
volved for additional generating capacity 
and suitable tie-line connections has been 
estimated to be approximately $38 per kilo¬ 
watt of firm power reclaimed, as against 
$100 to $125 per kilowatt for new power 
developments.” 

« 

Apart from the low cost and more effi¬ 
cient use of resources, it was realized that 
proper interconnection would be ex¬ 
pected to result in better operating flexi¬ 
bility, increased service security, and a 
number of miscellaneous advantages, 
such as: 

The actual situation in this respect in 
1939 was: 

(«). More complete utilization of surplus 
energy and less combined reserve generating 
capacity required. 

(/>). Better regulation of load, frequency, 
and voltage. 

(c) . Full advantage taken of diversity in 
load and hydraulic conditions. 

(d) . Better maintenance schedules of 
equipment possible. 

(a). Deferment of individual system addi¬ 
tions to generating plants. 

V. Prewar Conditions 

Although from many such studies and 
frequent discussions, the advantages of 
adequate system interconnection were 
well known, there was no economic justi¬ 
fication for proceeding, during tlie prewar 
period, with the execution of any plan 
until the reclaimed power could be sold 
as firm power. 

(a). Each system had large amounts of sur¬ 
plus power and energy available and was 
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Figure 3. Curves to 
illustrate graphically 
the results of co¬ 
ordination study 
based on actual pre¬ 
war system data 

P=available firm 
power on a daily 
basis of at least nor¬ 
mal system load fac¬ 
tor. The variable 
shape of the curve is 
caused by water 
shortage or high tail- 
water conditions 

Gj Mt G lS , G a - 

maximum possible 
generator output at 
any instant on the 
individual Montreal, 
Shawinigan, and 
Saguenay systems re¬ 
spectively, as influ¬ 
enced by variable 
heads and flow con¬ 
ditions 

Gc” 3 actual Mon¬ 
treal area generator 
capacity, 1939, apart 
from Shawinigan 
contract 

G * integration of 
Gtf, G.s, and G A , 
G 2 =G+ 125,000- 
kw maximum system 

generatoroutputwith 

energy backing on a 
daily basis 

Gi=G 8 -(G a -P) 

=maximum system 
generator output 
with energy backing 
(normal-system firm 
load factor) from 
seasonal storage 

Ln, L S/ La “maximum practical firm-power demand (at normal load factor) on the Montreal, 
Shawinigan, and Saguenay systems, respectively, and as dictated by maximum generator output at 

the critical point X—X or shortage of water 
These curves follow the typical or normal annual trend on the system concerned 

L = integration of L M , La, L A 

Li = L+260,000 kw = estimated firm peak demand (at normal- system load factor) which could 
be successfully carried on the fully co-ordinated system 
X— X= Critical points of generator reserve [since the Montreal Usht, Heat, and Power Con¬ 
solidated contract supply from Shawinigan Water and Power Company is duplicated in the out¬ 
put figures of each company (Figures 3 A and 3B) a correction in the form of a deduction of 
120,000 kw, (160,000 horsepower) has been made in the integrated curves (Figures 3D and 

3E) to obtain the true result] 
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able to derive some revenue from the sale of 
such power to electric boilers, while firm load 
growth was proceeding normally. 

(2>) • Since the Montreal and Shawinigan 
areas were interconnected in a limited man¬ 
ner, a portion of the surplus energy in Mon¬ 
treal area was utilized for electric-boiler load 
on the Shawinigan system. 

(c) . The Shawinigan and Saguenay areas 
were not interconnected, but some 30,000 
kw to 50,000 kw were being interchanged, 
when desirable, by transferring blocks of 
load from one area to the other on the 60-kv 
system. 

(d) . Companies had to abide by commit¬ 
ments and contractual obligations in regard 
to new plant construction, and, therefore, 
there was no incentive to defer construction 
programs and to obtain prime power from 
neighboring companies by interconnection. 

VI. Changed Conditions Caused 
by the War 

With the advent of the war, there was 
an urgent and immediate demand for 
large amounts of additional firm power 
for defense industries. This abnormal 
demand was not confined to any one area 
but was most pronounced in the Saguenay 
and Shawinigan areas. As a result, some 
form of co-ordination involving proper 
system interconnection was immediately 
sought because of the attractive prospect 
of providing additional firm power in the 
shortest time at minimum cost. 

Compared to the studies previously 
made on a prewar basis, war conditions 
modified the situation to some extent, 
and the actual trend for full develop¬ 
ment and utilization of total power re¬ 
sources, was along the following lines: 

1. In the Montreal area there were immedi¬ 
ately available some 825,000,000 kilowatt- 
hours of surplus • energy annually which 
could be converted into prime power by uti¬ 
lizing Shawinigan storage. Such energy was 
available in the largest amounts during the 
summer months and during nights and week- 

To utilize this energy necessitated in¬ 
creased back-feed from the 110-kv Montreal 
system and resulted in the installation 
(January 1942) of a 110-kv oil-filled under¬ 
ground cable seven miles long. 1 This elimi¬ 
nated the restriction or “bottleneck" in 
power flow through the 60-kv ring system 
and through the two 30,000-kva transformer 
banks in the city of Montreal and increased 
the transfer ability by over 100,000 kw. 

2. In the Shawinigan area, it was necessary 
to provide means for handling the increased 
feed-back from the Montreal area, as well as 
to store a portion of it, and transmit the re¬ 
mainder to the Saguenay area. This re¬ 
quired certain changes on the system and 
included these items: 

(a). Additional transformers and voltage regulat¬ 
ing equipment were installed in certain districts to 
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permit interchanging the full amount of power and 
to enable the reactive to be controlled. 

(&). A number of additional storage projects were 
started on the St. Maurice River which, when com¬ 
pleted, will provide additional capacity of 285 
square-mile-feet equivalent to 16,000 horsepower 
years. 

(c). To transmit the reclaimed firm power to the 
Saguenay area, a 220-lcv transmission line was built 
and placed in operation December 1940. This line 
serves as a means of permanently interconnecting 
the Saguenay system with the Shawinigan and Mon¬ 
treal systems. 

3. The Saguenay Companies decided on im- 
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mediate industrial expansion and complete 
development and local utilization of power 
resources in the Saguenay area, as well as 
arranging for absorbing all available surplus 
power in the Shawinigan and Montreal 
areas. Physically, the program included: 

(*)• The construction of two storage reservoirs 
which, when completed, will provide the means of 
converting surplus summer energy in the Saguenay 
area into firm power. Storage capacities are esti¬ 
mated to be 2,460 and 5,360 square-mile-feet respec¬ 
tively and should permit an increase in the regulated 
flow of the Saguenay River from 32,000 to 46,000 
cubic feet per second. 
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Table II. Study of Kilowatt-Hour Resources end Load Requirements 

Based on Normal Prewar Conditions 1939 


Item No. 


Maximum Feasible Firm Loading 
If Operated as Isolated Systems 
Annual Annual Equivalent 
Peak De- Load Factor Firm Energy 
maud, Kw (Per Cent) KwhrXIO* 


Total Practi- Surplus 

cal Energy Energy 

Available Available 

Annually Annually 

KwhrXlO* KwhrXIO" 


!• Montreal area. 293,000. 

2. Shawinigan area. 520,000. 

3. Saguenay area. 440,000. 


.93.0. 


* Less Montreal Light, Heat, and 
Power Consolidated contract.. 120,000. 620 


4. Integration of items 1, 2, and 


.1,220.. . , 

.2,045_ 

• • • • 825 

.3,240... 

.3,600_ 

.... 360 

.3,580_ 

.4,100_ 

.... 520 

.8,040... . 

> • • • • 9(745. • • • 

....1,705 

. 620_ 

.... 620_ 

• • • • 

.7,420.... 

_9,125_ 

•. • • 1,705 


1,706,000,000 


>260,000 kw 


8,760X0.746 

6. Percentage of total energy resources reclaimable as firm power- 


1,705 [ 
'9,125* 


'18.6 percent 


an ? Pow f Consolidated contract supply from Shawinigan Water and Power 
pany is duph„a. t ed in the output of each company, its deduction is necessary to obtain a true result. 


(b). Completion of a second double-circuit 154-kv 
line. 

The result has been that with the pro¬ 
vision of these facilities a rapid and fairly 
complete exploitation of all available 
power and energy resources in these areas 
has been accomplished with mi nimum 
outlay and in minimum time, providing 
as well additional generator reserve, im¬ 
proved operating flexibility, and service 
security. 

As an illustration of the actual results 
obtained in combined system output, a 
typical daily firm-power peak load curve 
(Figure 4) for January 1942 has been 
plotted and shows how fully the resources 
are being utilized for firm-power purposes. 
It is to be noted that on the individual 
systems the margin of generator reserve 
is very limited, whereas on the combined 
system fairly large reserves are available 
excepting at time of maximum system 
peak. 

VII. Analyzer Studies and 
Increased Fault Currents 

Anticipating the tying up of the 
Saguenay and Shawinigan systems over 
the 220-kv tie line, a number of studies 
were made on an a-c network analyzer to 
determine among other matters : » 

(a). The magnitude of fault current at dif¬ 
ferent locations. 

(&). Possibilities of automatic reclosing and 
single-phase switching on the 154-kv and 
220-kv lines. 

(c). Degree of stability. 

These studies indicated that the inter¬ 
connection materially increased the mag¬ 
nitude of the fault currents at the 
interconnecting points. 


In most cases, existing oil circuit 
breakers were capable of meeting the in¬ 
creased duty, but in certain localities it 
was found necessary to modify existing 
breaker designs in order to increase the 
rupture duty and to reduce operating 
times. 

Where new circuit breakers were found 
to be necessary, there was a tendency to 
adopt the air-blast breaker for 69-kv, 132- 
kv, and 220-kv service. The type of air- 
blast breaker generally adopted was 
developed by engineers of the Montreal 
Light, Heat, and Power, Consolidated 
after several years of development work 
and field tests. However, also on the 
system may be found European designs 
of 11-kv, 154-kv, and 220-kv air-blast 
circuit breakers, as well as 69-kv and 138- 
, kv “oil-poor” breakers. Circuit-breaker 
performance is considered satisfactory, 
although in some instances it has been 
necessary to modify designs slightly. 

VIII. Stability and High-Voltage 
Automatic Reclosing 

In the matter of automatic reclosing 
of high-voltage lines, actual experience 
gained over a period of eight years with an 
installation on two long 187-kv lines indi¬ 
cates that under many transient faults re¬ 
turning the faulted circuit .to service 
promptly by automatic means has pre¬ 
vented the loss of the second line due to 
the systems falling out of synchronism. 

Studies on the analyzer of the Shawini- 
gan-Saguenay 220-kv tie line indicated 
that with a line-to-ground fault on the 
line cleared in five cycles, using conven¬ 
tional three-phase switching, and re¬ 
closing automatically in 20 cycles, the 
resulting swing curves showed every indi¬ 


cation that stability would be maintained. 
Since the subsequent line loading is much 
higher than that used in the studies, 
attention is now being directed to com¬ 
plete a study of single-phase switching. 
In due course it is expected that some 
definite progress will be made in a prac¬ 
tical application. 

On the two 187-kv circuits, now operat¬ 
ing at 154 kv, a few cases of instability 
have been experienced caused primarily 
by line short circuits in the Saguenay 
area and under unusually heavy load 
conditions. Such operations were not 
unexpected, and, considering the trans¬ 
mission constants and excessive loading, 
completely stable operation under all 
types of faults is not anticipated. 

Continual efforts are being made to im¬ 
prove system protection so as to reduce 
time of fault clearance, with the object 
of improving stability. 

IX. 220-Kv/165-Kv Transformation 

In order to connect the 220-kv Shawini¬ 
gan system to the Saguenay system (oper¬ 
ating at 154 kv to 165 kv) and to permit 
a load of 150,000 kw to be carried it was 
necessary to consider carefully the trans¬ 
formation problem. 

Originally, two obvious ideas ware 
considered: 

(c). The installation of three 50,000-kva 
conventional double-winding 220-kv/165-kv 
three-phase transformers with a limited- 
capacity tertiary winding. 

(6). The installation of two 75,000-kva 
220-kv/165-kv three-phase autotransform¬ 
ers. 

In the case of the conventional-type 
transformers, it was found that 50,000 




Figure 4. Actual daily load curve, inter¬ 
connected systems, January 30, 1942, show¬ 
ing how available resources have been fully 
utilized for firm power purposes 
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kva was the largest size that could be 
handled from the point of view of trans¬ 
portation and servicing, and this would 
have required the purchase of three such 
units. 

Regarding the use of autotransformers, 
because of their inherent lighter weight, 
it was possible to obtain from the manu¬ 
facturer units of 75,000-kva rating so that 
only two transformers were required. 

However, a third proposal was sug¬ 
gested, diagram of which is shown in 



Figure 5. Diagram 
to illustrate method 
of interconnecting 
220-kv system to 
165-kv and 60-kv 
systems using series 
transformers 

A. Development of 
one phase 

B. 220-kv/165-kv/ 
60-kv transformation 


Figure 5. This scheme was found to be 
practical by the manufacturer and was 
eventually used. The fundamental idea 
was to make use of the fact that there 
were already existing two 45,000-kva 
banks of 165-kv star to 66-kv delta. 
Since the problem was to transmit 
power from the 220-kv system to the 
165-kv system, two three-phase “series” 
transformers were installed, each having 
a name-plate rating of 18,750 kva, 220 
kv-55 kv/60 kv 196.84, and supplied 
with a number of suitable voltage taps. 
The setup is really a scheme whereby 
use is made of the core structure of 
the existing 45,000-kva transformers in 
conjunction with the “series” trans¬ 
formers by electrically coupling at 60 
kv, so as to simulate the effect of an 
autotransformer in the combined uni t 
By this means, the weight and rating of 
the additional transformer equipment 
may be considerably reduced without 
impairing the kilovolt-ampere transfer 
ability between 220 kv and 165 kv. 
Furthermore, the use of this idea results 
in a marked decrease in impedance and 
transformation losses between 220-kv, 
165-kv, and 60-kv systems, as compared 
with the alternative schemes. 

From the point of view of costs the 
percentages were: 


Three 50,000-kva conventional-type 

threerphase transformers. 

Two 75,000-kva autotransformers.. 
Two 18,750-kva series transformers 
: (150,000 kva equivalent).. . 


100 per cent 
70 per cent 

57 per cent 


More than a year's operation on these 
three-phase series banks has demon¬ 
strated the success of the arrangement 
and it has been found that loads of 
190,000 kw have been transmitted from 
220 kv to 165 kv without undue heating. 


work and particularly on the Shawinigan 
system, the matter of such relay protec¬ 
tion had been given unusual attention. 
The double step impedance principle, 
with its features of instantaneous fault 
clearance to within 80 per cent to 90 per 
cent of the line length, was conceived, 
developed, and applied as early as 1920 
for the clearance of phase-to-phase and 
ground faults. General application of 
the instantaneous differential-current 
zone protection, to generators, trans¬ 
formers, and station bus bars quickly 
followed. 

With the adoption of high-voltage net¬ 
work distribution came the problem of 
instantaneous protection for the short tie 
lines. This led to the development and 
successful application of a number of 
differential-current pilot-wire schemes, 
using a separate control cable for the 
pilot wires. Subsequently, the direc¬ 
tional impedance interlock: principle was 
developed, with available communication 
circuits being used as a control channel. 

Recently commercial carrier-current 
relaying, combined with a simplex com¬ 
munication, has been used in conjunction 
with some important high-voltage tr unk 
lines to provide selective instantaneous 
clearance. 

For transformer and regulator pro¬ 
tection, in addition to differential schemes 
and supplemented by residual current 
features, gas-detector relays are being 
used. The pressure element is arranged 
to trip the associated circuit breakers, 
while the gas element operates an alarm. 

For standby or backup protection, the 
impedance principle has been adopted 
almost exclusively since its initial de¬ 
velopment because of its effectiveness 


X. System Protection 

When interconnecting large systems, 
the need for instantaneous and selective 
zone protection assumes special im¬ 
portance, to reduce the hazard of per¬ 
manent power. arc damage and system 
instability, since in many instances 
troubles pyramid. 

Fortunately, on this high-voltage net¬ 


under all operating conditions and ir¬ 
respective of the amount of system genera¬ 
tor capacity connected. This is in 
contrast to the shortcomings, in th es e 
respects, of the inverse definite time over-' 
load protection previously used. 

At controlling points, automatic oscillo¬ 
graphs and high-speed recording volt¬ 
meters are utilized, as well as trans¬ 
mission-line fault locators, to ensure 
sufficient available data so that each case 


of trouble may be fully investigated and 
proper remedial measures applied. 

To ensure proper over-all functioning 
of the protective schemes, the practice of 
making “primary” checks and tests on 
new protection installations is standard. 

Concluding this section, it is apparent 
that without the progress and develop¬ 
ment just outlined in regard to protective 
schemes, interconnection of systems 
would have been a hazardous venture 
with added service difficulties, rather 
than the increased service reliability 
actually obtained. 

XL Basic System-Operating 
Principles 

The general principles underlying the 
operation of the combined systems may 
be summed up as follows: 

(o). To assure satisfactory parallel opera¬ 
tion, each company undertakes as far as pos¬ 
sible and with a practical spirit of co-opera¬ 
tion to maintain load, voltage, and frequency 
conditions which are most suitable to the 
common interest, keeping in mind, of course, 
local problems and obligations to customers, 

(6). Firm power contracts existing prior to 
interconnection remain in full force and ef¬ 
fect. 

(c) . Operating agreements have been made 
to cover the supply or purchase of surplus 
energy. 

(d) . It is the objective of all companies con¬ 
cerned to ensure maximum utilization of all 
available power resources to assist in the war 
effort. Equitable energy rates have been 
agreed upon to make this result possible. 

So far, any unusual operating matters 
which have arisen and which were 
not covered by agreement, have been 
promptly and satisfactorily rectified by 
the operating managements of the re¬ 
spective companies. 

XII. Control of Voltage and 
Reactive 

Constant voltage is required at the 
load in the Saguenay and Montreal areas 
and on the 60-kv busses. In addition, 
however, when the following items have 
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been considered, it will be realized that 
a definite reactive control problem 
exists: 

(a) . Between the Montreal area and the 
Shawinigan area, involving the four 110-kv 
circuits, the load may have to vary be¬ 
tween 120,000 kw delivered to Montreal and 
130 kw fed back front Montreal. 

( b ) . The load transmitted over the upper 
St. Maurice 220-kv line varies from 100,000 
kw to 250,000 kw and is delivered at the re¬ 
ceiving point at approximately 100 per cent 
power factor, so that most of the reactive 
kilovolt-amperes of the two generating 
plants feeding this line is used in trans¬ 
mission and is not available therefore for 
the load. 

(c) . The load transmitted from Quebec to 
Lake St. John in the Saguenay area may 
vary between 25,000 kw and 150,000 kw, and 
at Lake St. John it is frequently necessary 
to supply 50,000 kva; that is, the power is 
received at a leading power factor. 

(d) . System load reductions of the order 
of 45 per cent occur each Sunday when mills 
shut down. 

(<?). Only one synchronous condenser 
(30,000-kva capacity) is available on the 
system installed at Quebec. 

This whole matter of voltage and re¬ 
active control was given attention in the 
a-c network-analyzer studies, and as a 
result, it was decided to install “on-load” 
tap-changing gear on all transformers in 
the vShawinigan area where a tie exists 
between the 220-kv system and the 110- 
kv Montreal system, as well as on a 
customer’s 110-kv bank. 

So far, with some extra supervision 
required, use of these facilities has enabled 
voltage levels to be maintained by proper 
generator field manipulation, as well as 
by occasional use of vented hydroelectric 
units as synchronous condensers, and by 
changing taps at controlling points when 
dictated by marked changes in loading 
conditions. 
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XIII. Frequency Regulation, Load 
Control, and Reserve Generation 

Normally, generating stations in the 
Montreal area are operated on base load, 
with frequency controlled by either 
Shawinigan or Saguenay systems. Auto¬ 
matic frequency control is available and 
is used on two generating stations in the 
Shawinigan area. With manual control 
no difficulty has been experienced in 
holding frequency to plus or minus 0.1 
cycle and synchronous time to a maxi¬ 
mum error of ten seconds. This may not 
be as close regulation as many other sys¬ 
tems obtain but is found to be quite 
satisfactory in this case. Manual control 
of frequency has been made more con¬ 
venient to the operator by bringing the 
governor motor control to miniature keys 
on the operator’s desk. 

Automatic tie-line load control is not 
used and is not considered essential at the 
present time, although it would be a 
definite operating convenience. The long 
distances between exchange points and 
generating stations make the application 
of automatic tie-line control both difficult 
and expensive. 

At the generating station on frequency 
control, it has been the custom in the past 
to try to maintain a minimum amount of 
spare equivalent to a 30,000-kw unit dur¬ 
ing the peak period, and to retain in 
service at other generating stations a 
sufficient number of units to carry the 
allotted load efficiently, consistent with 
flow and head conditions, so that when 
the need arose, an additional 30,000 kw- 
50,000 kw could be picked up by running 
wide open temporarily. However, pres¬ 
ent practice is to utilize, as far as pos¬ 
sible, most of the normal generator 
reserve for supplying urgent defense loads. 
This results occasionally in the necessity 
of dropping blocks of electric furnace 
load or grinder motors as a temporary 
means of maintaining suitable frequency. 


XIV. Summary and Conclusions 

1. The interconnected system described 
and supplied solely from hydroelectric 
plants must be considered as one of the 
major power systems on the continent, hav¬ 
ing resources of nearly 4,000,000 horsepower 
(developed or under construction), of which 
2,586,000 horsepower are now operating in 
parallel. 

2. It is to be noted that while operating as 
individual systems or areas, the hydraulic 
power resources and load requirements of 
each group were not ideally matched, it was 
found that when viewed as a combined sys¬ 
tem, these characteristics were quite com¬ 
plementary, thus enabling much more 
complete firm-power utilization of total 
energy resources. 

3. Under normal prewar conditions, un¬ 
doubtedly this interconnection of systems 
would have been delayed in its execution, 
but because of the immediate demand for 
more firm power for defense industries, it 
became imperative and economically feas¬ 
ible to proceed, therefore in effect making 
available for firm power over 18 per cent of 
the total combined energy resources which 
otherwise would have been wasted or sold as 
secondary power to electric boilers. This 
estimated gain in firm power output is apart 
from that obtained from additional sources 
as given in section VI. 

4. Because of the necessity of producing 
and utilizing every available kilowatt- 
hours for defense purposes, operating pro¬ 
cedure has changed, resulting in larger 
ranges in frequency and voltage regulation 
and less generator reserve. 

Control of reactive kilovolt-amperes is 
successfully accomplished mainly by 
generator field adjustment and use of 
transformer tap-changing equipment, 
with the assistance of a single 30,000-kva 
synchronous condenser. 
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Three-Winding Transformer Ring-Bus 

Characteristics 


G. W. BILLS 

ASSOCIATE AIEE 

S UCH hydrodectric projects as the 
Boulder Dam, Grand Coulee, and 
that proposed for the St. Lawrence River 
present serious power limit and short- 
circuit problems. Each of these develop¬ 
ments will be capable of producing over 
1,000,000 kw, part of which for each case 
must be transmitted over 200 miles. 
Any method which will increase transient 
stability and lower fault currents should 
be carefully investigated; this paper pre¬ 
sents the investigation of such a method. 

Statement of Problem 

To obtain optimum use of transmission 
lines between a generating station and a 
load center, it is desirable to parallel the 
circuits in such a manner that the loss of 
a line or section of a line will result in the 
least disturbance. In general, this is done 
by bussing the lines together and section- 
alizing at one or more points. 

However, to bus lines on the sending 
and receiving ends imposes very severe 
requirements on switching equipment. 
For example, the 287.5-kv Boulder Dam- 
Los Angeles lines require 287.5-kv break¬ 
ers with interrupting capacities of 
2,500,000 and 3,500,000 kva. Even on 
230-kv systems circuit breakers with 
interrupting capacities of 2,500,000 kva 
are in use. 

High-voltage bus reactors may be used 
to reduce short-circuit currents, but 
besides being costly, they tend materially 
to increase the reactance between the 
sending and receiving ends of the system 
after the loss of line or line section. It is 
probable, even though the fault currents 
on the circuits are reduced by the addition 
of reactors to the bus, that the dynamic 
power limit would be decreased because of ” 
the added impedance. 

The use of reactors in the transformer 
neutrals to reduce ground-fault currents 
may interfere with relaying and imposes 
highe r-voltage stresses on equipment. 

Paper 42-153, recommended by the AIEE com¬ 
mittee on power transmission and distribution for 
presentation at the AIEE Pacific Coast convention, 
Vancouver, British Columbia, Canada, September 
1942. Manuscript submitted June 1, 1942; 
made available for printing July 24, 1942. 

G*. W. Bills and C. A. MacArthur are both with 
Bonneville Power Administration, Portland, 
°reg., as assistant engineers in the system engi¬ 
neering department. 
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NONMEMBER AIEE 

Also, for three-phase faults neutral re¬ 
actors have no effect on fault currents and 
thus do not increase the power limit for 
such disturbances. 

Description of Studies 

Three-winding transformers connected 
so as to form a ring on the low-voltage 
side, as shown in Figure 1, lower short- 
circuit currents by making use of the 
reactance between low-voltage windings. 
To determine the transient power limits 
and fault currents of a system using this 
ring-bus arrangement, studies were made 
on an a-c network analyzer. For com¬ 
parison similar studies were made on the 
same system with a standard high-voltage 
bus, as shown in Figure 2. 

The studies prove that the transient 
stability limits are higher and the fault 
currents are lower for the three-winding 
transformer ring-bus system. A very 
interesting result was that the transient 
stability limits for the above system are 
almost independent of the reactance 
between low-voltage windings as it varies 
from zero to 40 per cent. 

The basic system for the studies con¬ 
sisted of four 230-kv transmission lines 



185 miles in length connecting a hydro¬ 
electric plant to a load center. The load 
center was connected through a short line 
to an infinite bus. The generating plant 
consisted of eight identical 60-cycle ma¬ 
chines, each of 55,000-kva capacity. 
Each generator had a direct-axis transient 
reactance of 44 per cent and a WR~ of 
132,500,000 pound-feet squared. 

For the three-winding transformer ring 
bus the transformer banks were rated 
110,000/110,000/150,000 kva at 13.8/ 
13.8/230 kv and connected delta, delta, 
wye-grounded. With the low-voltage 
windings paralleled, the through re¬ 
actance of the transformers was 11 per 
cent on a 150,000-kva base. 

For the standard bussing arrangement 
the transformer banks were rated at 
110,000 kva, 13.8/230 kv and connected 
delta, wye-grounded. The reactance was 
11 per cent on a 110,000-kva base. Trans¬ 
former banks rated at 110,000 kva but 
having a reactance of 11 per cent on a 
150,000-kva base were also used. 

The various sytems were placed on an 
a-c network analyzer and studies made of 
short-circuit and transient-stability char¬ 
acteristics. Faults were applied on a 
generator bus and also on the sending end 
of a transmission line. For the three- 
winding transformer ring bus the react¬ 
ance between the low-voltage windings 
was varied from zero to 40 per cent. 

The results of the short-circuit studies, 
shown in Figure 3, indicate that the sever¬ 
ity of three-phase short circuits on the 
generator bus of the transformer ring-bus 
system can be made as low as that of the 
standard bus system. This is accom¬ 
plished by using low-voltage windings 
having a reactance between them of at 
least 42 per cent. 

By not bussing the transformers on the 
high-voltage side, the severity of faults 
on the transmission lines near the gener¬ 
ating station are very greatly reduced. 
This materially reduces system disturb¬ 
ances resulting from the line faults. 

Transient-stability limits for the two 
standard bus systems were found for both 
three-phase and two-phase faults on the 
lines near the sending end. For these and 
all stability studies a total clearing time 
of 4 V 2 cycles was assumed. 

Similar studies were made on the three- 
winding transformer bus system as the 
reactance between the low-voltage wind¬ 
ings was varied from zero to 40 per cent. 

The power-limit values from Figure 4 
show that the standard systems are much 
less stable in all cases. For example, the 
best standard system carries at least 
36,000 kw less than can the transformer 
ring-bus system. 
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It should be kept in mind that the as¬ 
sumed clearing time is almost the mini¬ 
mum possible for 230-kv systems. Longer 
clearing times would increase the differ¬ 
ence in stability limits between the sys¬ 
tems and so favor the ring-bus system. 

The rise in power limits for the ring-bus 
system as the transformer reactance in¬ 
creases from zero to 15 per cent is ex¬ 
plained by the decreasing severity of the 
faults. At 15 per cent reactance the 
effect of the bus reactance in decreasing 
synchronizing power between the gene¬ 
rators becomes larger than that due to 
decreased fault currents, and the power 
limits tend to drop when the reactance is 
increased. However, the variation in 
power limit is small, being less than two 
per cent over the entire range; thus 



LOW-VOLTAGE WINDINGS 
Figure 3. Short-circuit characteristics 

Curves A for the three-winding transformer 
ring-bus system as follows: 

Aq —Three-phase fault on a generator bus 
At —Three-phase fault on transmission line 
near sending end 

As —Double-line-to-ground fault on a trans¬ 
mission line near sending end 

Curves B for the standard bus system with 11 
per cent transformers on a 110,000-kva base 
as follows: 

B 0 —Three-phase fault on a generator bus 
B» —Three-phase fault on a transmission line 
near sending end 

Bt —Double-line-to-ground fault on a trans¬ 
mission line near sending end 

higher reactances between low-voltage 
windings may be used, resulting in greatly 
reduced currents for generator bus faults. 

Conclusions 

While a detailed economic study is be¬ 
yond the scope of this paper, it may be 
mentioned that three-winding trans¬ 
formers with the ranges of reactance used 



LOW-VOLTAGE WINDINGS 


Figure 4. Transient-stability limits 

Curves A for the three-winding transformer 
ring-bus system as follows: 

As —Three-phase fault on transmission line near 
sending end 

At —Double-line-to-ground fault on transmis¬ 
sion line near sending end 
Curves B for the standard system with 11 per 
cent transformers on a 110,000-kva base as 
follows: 

Bs —Three-phase fault on transmission line near 
sending end 

Bt —Double-line-to-ground fault on a transmis¬ 
sion line near sending end 
Curves C for the standard system with 11 per 
cent transformers on a 150,000-kva base 
Ci—Three-phase fault on a transmission line 
near sending end 

C*—Double-line-to-ground fault on a trans¬ 
mission line near sending end 

in this study may be obtained for the 
same price as standard three-winding 
transformers. The increase in cost of the 
three-winding transformers over the 
smaller capacity two-winding transform¬ 
ers is partially offset by the elimination 
of high-voltage breakers. 

However, on transient stability and 
short-circuit considerations the three- 
winding transformer ring bus offers very 
definite advantages for systems of large 
magnitudes. 
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Inverse Functions of Complex Quantities 

HERBERT B. DWIGHT 

FELLOW AIEE 


F ORMULAS for inverse functions of 
complex quantities, such as sin -1 
(x+fy), are of use in several branches of 
electrical engineering. Calculations for 
transmission circuits require them, par¬ 
ticularly in connection with communica¬ 
tion circuits. Integration of expressions 
involving complex quantities can involve 
inverse functions. They are encountered 
also in conformal transformations. 

In presenting the formulas in this paper, 
it is necessary to specify angles with suf¬ 
ficient detail to avoid ambiguity and the 
liability of incorrect results. Also, all of 
the appropriate multiple values should be 
included. It is not always obvious by 
inspection that two different complex 
values are only values of different branches 
of the same function and are both correct. 

In all cases, numerical examples are 
given as illustrations. 

Inverse Sine sin -1 (x±iy) 

Let 

sin - 1 (*-f-iy) = u+iv 


The quantity under the radical sign 
may be factored, and is 

{(l+x) 3 +y 3 }{(l-x) 8 +y 8 } (5) 

From equations 4 and 5 
sin 3 #=VsU+xM-y 3- 

V {(l-i-*)*+3' 2 } { (1 —x)H-;y 3 } ] 


2x 

P+2 


sta “ =,b (V) _ 

where p— \/ (l+x) 8 +y 8 (positive value) 
_ ( 

q = \/(l— x)*+y* (positive value) 


( 6 ) 


an 


(*) 


The second solution in equation 6 is ob¬ 
tained by rationalizing the numerator. 
It involves the sum of two quantities 
instead of the difference and so allows 
more convenient precise computation. 

Since v is real, cosh v is positive, as may 
be seen from the series expansion. There¬ 
fore, by equation 1 , sin u is the same sign 
as x. This allows * in equation 6 to 
be changed to + • Therefore 


For any angle 6, there are angles 2kr+0 
which are the same as 6 in all respects, 
and there are angles ( 2 &H- 1 )t —8 which 
have the same sine, where k is a positive 
or negative integer or 0. These can be 
cotnbined by stating that angles having 
the same sine as 6 are 

«T+(-l) w fl (11) 

where n is an integer or zero. Therefore 

2x 

sin -1 (*=fc»y)-«r-|-(— 1 )” sin -1 —— * 

P+2 

i(-l) n cos\i- l ~ (12) 

A 

taking the principal value of sin ” 1 and 
the positive values of cosh ” 1 and of the 
radicals p and q. The quantity x may be 
positive or negative, but the quantity y 
is positive. 

N ote that if y —0 and x > 1, q - x —1 and 
P+q-2x. If y=0 and x<l, q-l-x 
and P+q— 2. 

An alternative computation may be 
made by means of the well-known formula 

sinh ” 1 m— logn (nt+\/ im l +l) (13) 

where logn denotes natural logarithm. 
Let 


sin -1 A = u 

where A and u are complex quantities 


where x, y, u, and v are real quantities 
and i—“s/ — 1 . 

sin («+«0 — (x-Wy) 

sin u cosh v~x ( 1 ) 

cos u sinh v=y (2) 

Squaring equations 1 and 2 and putting 
sin 3 »=l — cos 8 « 
and 

cosh 3 »= 1 - 1 -sinh* » 

there is obtained, by eliminating sinh 2 v 

( y 3 ” 

I put sinh 3 v =—i- 

\ cos 3 u 


) 


cos 4 «— (1— X 3 — y l ) cos* «—y 2 =0 (3) 

from which 
cos* tt= 

Vi [1 - x*--y 3 =fe V (1 - x 3 ~y 8 ) 8 +4y 2 ] (4) 

Since u is real and cos 3 u is positive, the 
positive value of the root is taken. 


?aper 42-158, recommended by the AIEE commit- 
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convention, Vancouver, British 
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«= sin 


-1 


2x 

P+2 


W 


Take the principal value of u, that is, 
the value between —ir/2 and r/2. Since 
u lies in this range, cos u is positive. 

The following expression corresponding 
to equation 3 can be obtained by elimi¬ 
nating cos 2 u 

sinh 4 p+( 1 —X s — y s ) sinh 8 v— y 3 =0 
sinh 3 y— 

1 /t[x i +y l -1 ± V (l-x 2 -y 3 ) 8 +4y*] 

The quantity under the radical sign is 
the same as equation 5 so that 

COSh D= dbl/ 2 (^-f.g) 

Since v is real, the positive value is to 
be taken. 


cosh 


-i P+2 


2 


( 10 ) 


' Since cos u is positive, then by equa¬ 
tion 2 , sinh v and v are the same sign as y. 
This may be secured by writing 


sin ” 1 (x =My) = sin ” 1 


2 x . • p+q 

77 —cosh ” 1 -—- 

P +2 2 


where y is positive and the positive value 
°f cosh - * 1 is taken (see reference X, page 
58, and reference 2, page 264). 


sin u-A 

iA =* sinh iu 

iu = sinh ” 1 iA 

sin” 1 A——i sinh ” 1 iA +2kv 

= — * logn (±V / l~A*-l-tA)-f2i!ir 
_ (14a) 

or =t logn (*\/l-A 8 -»A)H- 2 jfeT 

(14b) 

The two solutions of equation 14a indi¬ 
cated by =<= correspond to the two angles 
6 and ir~0 which have the same sine. 
The second or alternative form, equation 
14b, is, identical with equation 14a. The 
repression involving + in equation 14b 
is obtained from that involving + in 
equation 14a by rationalizing the numera¬ 
tor in equation 14a. In practice, the form 
should be used which involves the numeri¬ 
cal sum of quantities instead of the dif¬ 
ference, .thus giving more convenient 
precise computation. 

Square Root Vte^iy) 

In the computation just described, the 
square root of a complex quantity is re¬ 
quired. It may be repressed as follows: 

(JS) 
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( 16 ) 

where as may be positive or negative, y is 

positive 

and 

w=+A/(* 2 +y 2 ) (17) 

The positive square roots of (m+x)/2 
and (m—x)/2 are used (see reference 2, 
page 260). 

An alternative method is to express the 
complex quantity in the polar form 

r Z0= » re* 6 —r( cos 6 +4 sin 0 ) (18) 


and k is an integer or 0, the positive value 
of r being taken. The quantities and 
y may be positive or negative (see refer¬ 
ence 7, page 3). 

The angle 9, according to this specifica¬ 
tion, is not always a principal value of 
cos -1 , sin -1 , or tan -1 . If both x and y 
are negative, tan 9 is positive and the 
angle 9 is in the third quadrant. 

Another case where 

6 = tan -1 - 
n 

is not a sufficient specification is in the 
equation 


by equation 16, using the + sign 

=3.116—4 1.926 
—iA— 3 —i 2 

■\/(\ —A 2 ) -iA = 6.116-4 3.926 

Equation 14b is used instead of equation 
14a so as to avoid the small difference of 
nearly equal quantities. 

Let 6.116— 43.926 =a:+4y as in equation 
23 

6.116 2 =37.4 
3.926 s = 15+ 

52.8 

Vs logn 52.8 - */,(!.664+2.303) = 1.983 


where, if the complex quantity is x+iy 


r = + a/ (* 2 +y 2 ), cos 0 
Then 


x , . y 
- and sm 0 —~ 
r r 


(19) 


a/ (x+iy) — =*= V r/O/Z 



The angle 9 may be in any one of the 
four quadrants, depending on whether x 
and y are positive or negative quantities. 
The angle is not specified according to the 
principal values of tan -1 and cos -1 , 
and so forth, though the numerical value 
of 9 may be conveniently found by using 
a table of tan or tan -1 and then de¬ 
termining the quadrant for 9 by equation 
19. 


Logarithm logn (x+iy) 


tn cos A +n sin A = r sin (A +5) (24) 

where r=\Zm 2 +n i , sin 9=m/r and 
cos 9-n/r 

(See reference 5, number 401.2). 

Example 1. sin -1 (2+i3) 

p =a / (9+9) = 4.243 
gB ,V(l-j-9)=3.162 
£+2“ 7.405 
4 

sin -1 sin -1 0.540 = 0.570 radian 

7.405 

7.405 

cosh -1 ■- —- =1.983 
2 

Putting w=0 in equation 12, 
sin -1 (2+43) =0.570+«1.983 
Putting w= 1 

sin -1 (2-f-t3) =3.142—0.570—4 1.983 
=2.572-4 1.983 


The angle 9 of equation 23 is in the fourth 
quadrant. 

, .» 3.926 

*“ H1 'sli6’ l, ' e42 

0 = —0.571 radian 
logn (x+iy) =1.983-4*0.571 

by equation 23 

sin -1 (2+4*3)=0.571+41.983 

by equation 14b 

The second solution is given by the 
— sign in equation 14a or 14b, the former 
being preferable. 

~'\/(l-A*)+iA = -6.116-M3.926 

The angle 9 of equation 23 is in the second 
quadrant, 

sin -1 (2+4*3)=2.571—*1.983 

The quantity 2 hr may be added to either 
of these solutions. 


In using equation 14, the logarithm of 
a complex quantity is required. This is 
computed as an inverse function of e*. 
Let 

logn (x+iy) ** u+iv 
e u + iv =ae v (cos v+i sin v) 

**x+iy 


In this computation, tables of sin -1 x, 
cosh -1 x , and so forth, as in reference 6, 
for real values of x, may be used. To 
check, 

sin (0.570-M 1.983) = 0,540 X3.702+ 

* 0.842X3.563 
=2.00+4 3.00 
and 


Inverse Cosine cos -1 (x=»=iy) 

Let cos -1 (x+iy) —u+iv 
cos (u+iv) *=x+iy 

cos u cosh v —x (25) 

sinttsinhi* = —y (26) 


e v cos v=*x 
e v sin z/=y 


( 21 ) 

( 22 ) 


sin (2.572—41.983) =0.540 X3.702- 

4*(—0.842X 3.563) 
=2.00+4 3.00 


Squaring and adding 

« 2 «»(ica +;y a) 

Let 

r=A/* 2 +y 2 

The positive value of the root is to be 
taken since u is real and e u is positive. 

The angle v is to be specified with suf¬ 
ficient completeness so that the numerical 
values of cos v and sin v will have the cor¬ 
rect signs. 

logn (x+iy) - logn (x i +y 2 )+i(0+2vk) 

. (23) 

wherecos0=*/r,sin0=;y/V,f= A/(* 2 +y 2 ) 


If the only purpose of the real part of the 
value of sin -1 (2+43) is to take the sin, 
cos, or tan, or to add it to other angles 
which are given in degrees, then a trigono¬ 
metric table in degrees might be used, but 
care would be needed in choosing an ap¬ 
propriate notation. 

In using equation 14 to obtain sin -1 
(2+43) — sin -1 A 

1—A*=6—» 12 . 

=x—iy as in equation 16 

itt =V^(36+144) = 13.42 by equation 17 
i»+s=19.42, tn — «=7.4 2 _ 


Squaring and eliminating sinh 2 v, 

sin 4 «— (1— x s —y 2 ) sin 2 #—y 2 =0 

sin 2 « = Va[l— x 2 — y 2± _ 

A/'(1—#*—y 2 ) 2 +4y 2 J 

Since « is real and sin 2 u is positive, use 
the positive value of the root. 


cos 2 « = Vs(l +x 2 +y 2 —pq) 
cos «= ± l /%(p—gfr 

Since v is real, cosh v is positive, and cos u 
is the same sign as x, by equation 25. 
Then 


cos u=* 1 /j(p—q) ■ 


2x 

P+2 


2x 

tt = COS -1 —;— 

P+2 
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Take the principal value, that is, the value 
between 0 and x. Then sin u is positive. 
Similarly 

sinh 4 —x t —y a ) sinh 2 v—y 2 =0 
sinh 2 v- — 1+ 

V(l-x*-y*)*+4y*] 

taking the positive value of the root since 
sinh 2 v is positive. 

cosh 2 v=‘ 1 / i (p+q)* 
cosh v = l Mp+q) 

taking the positive value since v is real. 
»= cosh -1 

2 

Since sin u is positive, sinh v and v are 
the same sign as —y, from equation 26. 

cos -1 (x+iy) = 

=t [ COS ~ 1 ^ +2 ^~ i cosh_1 ^] (27) 

where y is positive, taking the principal 
value of cos -1 and the positive values of 
cosh -1 and of p and q. Also 


Using equation 29b to avoid the numerical which is the same sign as x, as it should 
difference of quantities be, from equation 32. Cos a and cos /3 

A-V(A*-1) = -3.952-48.10 “* P osltive - 


In finding the logarithm of this, logn r= 
2.20, and the angle 8 is in the third 
quadrant and is 4.258 radians. 

cos -1 (—2—*4) = =*=(—4.258-f-*'2.20)+2£x 
= ± (2.025+42.20) 

putting 

A-l. 

Inverse Tangent tan -1 (x+iy) 

Let tan -1 (x+iy)=u+iv 

tan (u+iv) =x+iy=i tanh 

* 

since 

tan z = i tanh (z/t) 

. u+iv x+iy 

tanh —;—=-- 

* i 


cos (x— a— /8) = — cos («+j8) 

= (—1+ tan a tan /3) cos a cos 0 

„ „ cos a cos B 

= (l-« 2 _y 2 )-;- 


which is the same sign as 1— a 2 — y' 1 and 
proportional to it (see equation 31). 

The quantity 2kx, where k is an integer, 
may be added to equation 35. 

Therefore 


tan -1 ( x+iy ) =-< (2&+l)x— tan 


-^1 


_,l+y 


* 


i (l+;y) 2 +* 2 

+ i u * a <7=^ 


(36) 


where the principal values of tan -1 are 
taken and where x and y may be positive 
or negative. 

An alternative method of computation 
is by means of equation 31 


cos - ^ (x— iy) — 
2x 


- cos - 


l ~—+2ki ir+t cosh - 

P+2 2 


(28) 


v—iu *■ tanh -1 ( y—ix) 

,, . 1+y-ix 
— V* logn 


*-re¬ 


taking the same values of sin 1 and cosh -1 
as with equation 27. For p and q see 
equations 7 and 8. 

The quantity x may be positive or 
negative. The quantity y is positive. 

An alternative method is by use of the 
equatioq 

cosh -1 p— logn (ar+V* 2 —1) 

Let cos -1 A—u, a complex quantity. 

A — cos u — cosh iu 
iu= cosh -1 A 

cos -1 A — —i cosh -1 A = 

logn (A+ VA 2 -1) +2kir (29a) 


1— y-\-ix 

where logn denotes natural logari thm . 

e iv (cos 2 u—i sin 2 u) = —— 

1— y+ix 

Rationalizing the denominator 

a# o 1— x*—y s 

e cos 2u=- -— 

(1 - y ) 2 +* 2 


(30) 


(31) 


e 8B sin 2 u = 


2x 


d - y ) s +* 2 


(32) 


Squaring, adding, and factoring the 
numerator 




4 6 (l-;y) 2 +* 2 


(1- j - y ) 2 -)-* 2 

or = logn (A - V^ 2 - l)+2kir (29b) (l~y) 2 +x 2 

The second equation is obtained by 
rationalizing the numerator of the first 
and is to be used when it avoids the 
numerical difference of quantities. 

Example 2. cos -1 (-2-/4) 

By equation 28, putting £=0 

cos -1 (-2-/4) = [cos -1 (—0.4385) + 

* cosh -1 4.56] 

[2.025+42.198] 

To check, 


by equation 5 


(33) 


Dividing equation 32 by equation 31 
2x 


tan 2u = 

1 —x t —y t 
Let 

2»-„- tan- 1 -±I- 


X 


(34) 


(35) 


cos (2.025-W2498) = -0.4385X4.56- 

*0.899 X4.45 
m —2.00—*4.00 

By the alternative method, let A- 
—2—*4 


A*— 1—— 13+*16 
VG4 3 —1) =* 1.952+/4.10 
A = -2-/4 
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= 7T—<*—/3 


where the principal values of tan -1 are 
taken, that is, a and B are between 
—x/2 and x/2. 

sin (?r—a—/3) =sin (a+/3) 

= (tan a-f tan /3) cos a cos £ 

2 

=- cos a cos B 
x 


-2kir (37) 


tan -1 («+*y)=-logn 

2 1— y+ix 

Example 3 

tan -1 (-2-/4) = 1.675-/0.2006 

When computing this by equation 37, 
k— — l. Other values, given by adding 
2kir, are equally appropriate. 

Inverse Hyperbolic Sine 
sinh -1 (±x+iy) 

Let 

sinh -1 (x+iy) = u+iv 

x+iy = sinh (u+iv) 
u+iv 


—i sm 


y—ix= sin 


* 

u+iv 


u+iv —i sin 1 (y—ix) 
By equation 12 


(38) 


sinh -1 (±*+ty) =±(_i)» cosh -1 f±* + 

2 

i(-l) n sin -1 ~ + inw (39) 

where n is an integer or 0, 
x is positive, 
y is positive or negative 

* ** V^(l +y) 2 +x 2 (positive value) (40) 

t—’s/ (1—y) 2 +* 2 (positive value) (41) 

The principal value of sin -1 (between 
—x/2 and x/2) and the positive value of 
cosh -1 are taken. 
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Note that if *=0 and y>l, s+t-2y 
and if y< l,y+/= 2 . 

An alternative solution is 

sinh" 1 A = logn ( Vl+A i +A)+i2kr 

_ (42a) 

or - - logn ( ± V 1 +A*-A) +i2kir 

(42b) 

The two solutions of equation 42a indi¬ 
cated by =±= correspond to the two angles 
6 and ir—9 which have the same sine. 
Logn (A — V^H- 1 ) is a value of sinh -1 A 
which differs from logn Cd+vQ^+l) 
by logn (- 1 ) or i(2k+l)r. Evidently 
one at least of the two values is complex, 
for any given value of A, whether A is 
real or complex. 

The second or alternative form, equa¬ 
tion 42b, gives the same results as equa¬ 
tion 42a. It should be used when it 
enables one to avoid computing the 
numerical difference of two quantities. 

Example 4 

sinh -1 (—2—14) = —2.184—il.097 

putting n— 0 in equation 39 or using the 
+ sign in equation 42b. 

Also sinh -1 (—2—*4)=2.184+^4.239 
putting n= 1 in equation 39 or using the 
— sign in equation 42a. 

The quantity i 2krr may be added to 
both these solutions. 

The results may be checked by com¬ 
puting sinh, which gives — 2—i4. 

Inverse Hyperbolic Cosine 
cosh -1 (x+iy) 

Let cosh -1 (x+ 4 y)=tt+w 

u-\-iv 

x+iy= cosh (k+m>) — cos —;— 

% 

#+«»=» cos -1 (ac+ty) 

If y is positive, by equation 28, 
cosh -1 (tf-My) = 

=fc|cosh -1 ~^ + i cos -1 -^-+i2kir 

l 2 p+q 

Also, if y in the following equation is 
positive, by equation 29, 

cosh -1 (x—iy) = 

=<= cosh -1 —; i cos -1 —7-—f-»2£r 1 (44) 

L 2 p- fg J 

The quantities p and q are positive and 
are given by equations 7 and 8 . The 
quantity x is positive or negative. 

The positive value of cosh -1 and the 
principal value of cos "* 1 are taken. 



An alternative solution is 

cosh -1 A = logn (A + \/a 2 — 1) +i2kr 

(45a) 

or 


= * logn (A — V A 2 — 1) +i2kr 

(45b) 

Equations 45a and 45b give the same 
results and the one which involves the 
numerical sum of two quantities should 
be used in any given case. 

Inverse Hyperbolic Tangent 
tanh -1 (x-f-iy) 

Let 

tank -1 {x-\-iy)=u-{-w 


1 , 1 +r+iy 

*- logn --r 

2 l—x—ty 


e™ cos 2v — 


e 2w sin 2v = 


1—s 2 —y 2 
( 1 —ac)*+y 2 
2 y 


( 1 —ae) 2 +y* 


(46) 

(47) 

(48) 


Squaring, adding, and factoring the 
numerator 


AU_ 


(l+s) 2 +y 2 

(l”*) 2 +y* 


1 lntm (i+*) 2 +y 2 

4 (1—ac) 2 +y 2 

Dividing equation 33 by equation 32 

2 y 

tan 2v=- ---- 

1 —**—y 2 

Let 

14-* 

2 d=it— tan -1 -tan -1 


(49) 


(50) 


1 +* 

I * ■ 

y 

7T— «— P 


1-X 


(51) 


where the principal values of tan -1 are 
taken, that is, « and p axe between 
ir /2 and ir/2. 

sin (ir— a— $) = sin (a+/3) 

= (tan a+ tan p) cos a cos P 
= (2/y) cos a cos P 


which is the same sign as y, as it should 
be, from equation 48. Cos a and cos p 
are positive. 

cos (t— a—P) = — cos (a+ p) 

= (— 1 + tan a tan p) cos a cos p 


-( 1 —**—y 2 ) 


cos a cos p 
y 2 


which is the same sign as 1 —x 2 —y 2 and 
proportional to it (see equation 47). The 
quantity 2kir, where k is an integer, 
may be added to equation 51. 


Therefore 


tanh -1 (x-Ky)=- logn 
4 


(l+s) a +y 2 

(l-aOM-y^ 



( 2 £+l)ir- tan -1 


tan -1 


1 +x 

y 



(52) 


where the principal values of tan -1 are 
taken and where x and y may be positive 
or negative (reference 3, page 115, and 
reference 5, number 715). 

An alternative method of computation 
is to use equation 46 directly. Multiple 
values will be obtained since expression 
23 for logn has a term i2kr. 


Example 6 

tanh -1 (-2+«3) = -0.1469+*1.339 
putting k=0 in equation 52 
or = -0.1469+i4.4806 
putting k—1. 

The choice of the alternative formulas 
involving logarithms of complex quanti¬ 
ties, which have been given in each case 
in this paper, depends to some extent on 
the practice and preference of each indi¬ 
vidual. While the algebraic logarithmic 
formulas are shorter to write than the 
others, the solution of the numerical 
problems in this paper has seemed longer 
by the logarithmic formulas. 

The use of logarithmic formulas for 
obtaining results involving inverse func¬ 
tions is given in equations 125, page 71 
and 428, page 179 of volume 2 of “Com¬ 
munication Networks,” by E. A. Guil- 
lemin (reference 4). 
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A Practical Discussion of Problems in 
Transformer Differential Protection 


P. W. SHILL 

MEMBER AIEE 


Synopsis: Some conditions which have to 
be met with in protecting transformers by 
the usual current-differential method pro¬ 
duce special problems. Those involving 
the protection of interconnected wye or 
zigzag transformers and those involving 
Scott-connected transformers are dealt with 
at some length. There is also a discussion of 
tolerances in the selection of current trans¬ 
formers and the factors to be considered in 
the selection of relays for the purpose. 


E LECTRIC-power systems are becom¬ 
ing more and more complex insofar as 
their protection is concerned. Until now 
there has been little difficulty in obtaining 
almost anything that one might desire 
for the usual run of problems, such as the 
protection of machines, transmission lines, 
transformers, and so forth. Even sys¬ 
tems, which have grown to the point 
where they have generators, transmission 
lines, transformers, and other equipment 
with widely diverse characteristics con¬ 
nected together, have been successfully 
protected. The war has now changed 
things, so that today we are having to 
bring back into service various pieces of 
apparatus which have been, considered 
obsolete, and which one hoped would re¬ 
main in that class forever. To connect 
old apparatus into a well-designed power 
system and protect them both with 
equipment not too well-suited to the pur¬ 
pose is a real problem for the engineer 
responsible for relay protection. Often 
the circuit is needed in service very 
quickly* but the delivery dates for relays, 
current transformers, and so forth, can¬ 
not be promised for many months ahead. 
There is also the question of priorities. 

It is quite probable that some old two- 
phase equipment will have to be rehabili¬ 
tated and put back into service. For this 
reason, the question of the protection of 
Scott-connected transformers by the cur- 
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rent-differential method should receive 
some attention. 

While there have been on the market 
several types of relays and current trans¬ 
formers which, when properly applied, 
give very satisfactory results, we are now 
faced with the fact that we must use con¬ 
siderable ingenuity to “get by” with such 
things as we may have on hahd or can 
procure readily. 

A few years ago much time and money 
were spent on current-differential protec¬ 
tions to see that the various component 
parts of the circuit were built as closely 
to their theoretical ideals as possible. 
Current transformers of exact special 
ratios and with matching characteristics 
were specially purchased and installed. 
Current-transformer cable connections 
were carefully tested so that their resist¬ 
ances might be closely matched. Relays 
of very special types were considered to 
be absolute essentials. In fact, there 
was, - generally speaking, considerable 
superstition in some places about this 
type of problem. 

Today, with our accumulated data 
based, on experience and more accurate 
knowledge of those conditions which must 
be satisfied in order to ensure a reliable 
protection, many of the old ideas have 
been greatly inodified, and we know that 
we can do things which at one time were 
considered to be quite hazardous to the 
continuity of service. 

A transformer differential protection is 
much more likely to operate when it 
should not do so than not to operate when 
it should do so. So. that, provided the 
relays are in working order and their cur¬ 
rent windings are not short-circuited, 
they will operate if they can get sufficient 
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Figure 1. Single-phase transformer differential 
protection 


current at any time. The chief concern 
with differential relays is to see that they 
do not respond too readily to transient 
currents and to be sure that their multiple 
trip circuits are in an operable state at all 
times. So sensitive is the usual current- 
differential protection that a loose con¬ 
nection on one current-transformer wire 
has been known to operate the relay con¬ 
nected with it. 

The chief sources of trouble for which 
the designer must be on the watch when 
working up the studies for a differential 
protection are: 

1. The possibility of the generating ca¬ 
pacity of the system being so reduced under 
light load conditions that the fault current, 
available in the protected zone may be in¬ 
sufficient to operate the relays. 

2. The possibility that the relays may be 
so sensitive that they may operate during 
periods of transient differential currents, 
which may be produced by the magnetic 
characteristics of the transformer and of the 
current transformers, at times of switching, 
or of heavy faults which draw current 
through the protected zone but are them¬ 
selves outside of it. 

In the past there was some doubt about 
the suitability of bushing-type current 
transformers for use in differential current 
schemes. It is now accepted that, except 
in the cases of those with turn ratios too 
small to be reliable for any kind of use, 
bushing-type current transformers are 
as reliable as wound ones for relay work, 
especially when the relays are required to 
work, that is, during periods of heavy cur¬ 
rent flow due to fault conditions. 

Fundamental Principles 

Let us now review the more important 
basic conditions which must be satisfied 
in all reliable current-differential protec¬ 
tive schemes for three-phase transformers. 

1. Current transformers must be provided 
in every phase connection to the transformer 
or transformer bank, so that all current 
entering and leaving the windings by normal 
paths may be properly measured and ac¬ 
counted for in the balancing of the differ¬ 
ential circuit. 

2. Delta-connected transformer windings 
ordinarily are provided with current trans¬ 
formers with wye-connected secondary wind¬ 
ings. They are the most accommodating of 
all circuits for which to provide differential 
protection, because, provided proper at¬ 
tention is paid to the ratio of the current 
transformers, it is immaterial whether their 
current-transformer secondary circuits be 
wye-connected or delta-connected. 

, 3. Any transformer windings which are 
connected in wye or zigzag and are so ar¬ 
ranged that current can return to any 
phase through a neutral connection will at 
times have some current returning which is 
not measured by the phase current trans- 
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formers. This would cause an unbalance in 
the differential circuit. This unbalance will 
take the form of zero-phase-sequence com¬ 
ponents in the current-transformer second¬ 
ary circuits which measure the currents in 
the wye-connected or zig-zag-connected 
transformer windings. Currents which do 
not sum to zero in delta-connected current- 
transformer secondary circuits will circulate' 
the difference current around the delta. 
This circulating current is for all practical 
purposes the sum of the zero-phasc-sequence 
components and corresponds to the power 
current returning through the neutral con¬ 
nection. The currents leaving from the 
delta and entering into the differential cir¬ 
cuit will be a true measure of the phase 
power currents aud will balance out satis¬ 
factorily. Because of these facts, it is 
generally accepted that circuits connected 
to wye- or zigzag connected transformer 
windings must have a delta circulating path 
for the zero-phase-sequence components in 
their current-transformer secondary cir¬ 
cuits. This is necessary to ensure that 
neutral currents will not upset the differ¬ 
ential current balance and thus operate the 
relays for some external condition when 
there is no fault in the differentially pro¬ 
tected transformer zone. 

4. The instantaneous vector sum of all the 

Table I 

Full Load of Transformer Bank“15/000 Kva 

3-Phase 

Current-Transformer Ratios Figured for 25 Per 
Cent Overload. Base 60 Kv 
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, 86 ,. + 1.86 
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connection, 
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inverted delta connection. 
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transformer-bank differential pro¬ 
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currents from the current-transformer leads 
connected to the relay for any one phase 
should be as nearly as possible zero at all 
instants of time when no internal fault exists. 
For this reason the phase angles between 
all the currents must be theoretically either 
zero or 180 degrees, depending upon the 
relation of the power transformer windings 
to each other, when no internal fault exists. 

5. The current transformers in all connec¬ 
tions to the transformer bank must have 
their performance characteristics so well- 
matched that transient differential second¬ 
ary currents may be held to a minimum at 
all times when no internal fault exists. 

Conditions 1, 2, and 3 can usually be 
arranged without much difficulty. Con¬ 
ditions 4 and 5 are ordinarily speaking 
never possible to be achieved to within 
their closest theoretical limits. 

The Current Connections 

The simplest case of all is that of a 
single-phase two winding transformer as 
shown in Figure 1. The three-phase two- 
winding delta-delta-connected trans¬ 
former bank shown in Figure 2 is quite 
commonplace. Another case quite as 
common is the wye-delta-connected trans¬ 
former bank shown in Figure 3. These 
three cases serve to illustrate how condi¬ 
tions 1, 2, and 3 are usually satisfied. 

It should be noted that no neutral 
current or ground fault current can return 
to the delta-connected windings of a 
transformer bank, except through the 
admittance of the windings from the cores 
to their conductors. This current is al¬ 
ways of a very small magnitude and Can 
be ignored for the purposes of studies in 
current-differential protection. 

It should also be noted that by putting 
wye-connected current transformers on the 
delta side of the transformer bank and 
delta-connected current transformers on 
the wye side of the transformer bank, the 
phase angles of the secondary currents 
can quite easily be adjusted so that they 
will satisfy condition 4. 

The case of the delta-zigzag transformer 
bank shown in Figure 4 is one of the 
newer ones to come up, and, as will be 
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seen by a study of its vector diagrams, is 
a hybrid one. The phase relations of the 
high-voltage and low-voltage circuits are 
the same as those for a delta-delta-con¬ 
nected transformer bank. There is a 
path for zero-phase-sequence current 
through the neutral connection of the 
zigzag winding; therefore, the current 
transformers on this side must have their 
secondary circuits connected in delta. 
We must not shift the phase relations of 
the current-transformer secondary cur¬ 
rents on the delta side, and so these cur¬ 
rent transformers must have their second¬ 
ary windings connected in delta also. 
This differs from the arrangements shown 
in Figures 2 and 3. 

The three-winding delta-zigzag-wye 
transformer bank, shown in Figure 5, 
presents an interesting problem. Let us 
look at the connections of the windings 
and from the foregoing discussion decide 
what the requirements will be for each 
set of windings of the transformer bank. 

1. The high-voltage winding is delta-con¬ 
nected and, therefore, will have current 
transformers with wye-connected secondary 
windings. 

2. The intermediate-voltage windings are 
connected in zigzag, and, therefore, the cur¬ 
rent transformers must be delta-connected. 

3. The low-voltage windings are wye-con¬ 
nected, and, therefore, the current trans¬ 
formers must be delta-connected. 

Now the vector diagrams for the trans¬ 
former bank show that the intermediate- 
voltage and the low-voltage windings have 
their output currents 30 degrees out-of¬ 
phase with each other; therefore, they 
cannot ordinarily both have current 
transformers with delta-connected second¬ 
ary circuits and at the same time have 
their phase angles adjusted to a balanced 
condition. Furthermore, the high-voltage 
windings and the intermediate-voltage 
windings have their output currents in- 
phase with each other, and, theiefore, the 
phase angle must not be disturbed as 
would be the case with dissimilar current- 
transformer connections. 
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The high-voltage delta-connected wind¬ 
ings, having wye-connected current trans¬ 
formers, will provide secondary currents 
which represent the phase angles of refer¬ 
ence to which the secondary currents from 
the current transformers connected to the 
other two sets of power windings must be 
adjusted. 

This difficulty can be overcome suc¬ 
cessfully by the arrangement shown in 
Figure 5. The current transformers in 
the leads to the zig-zag windings are con¬ 
nected in delta. This has provided the 
necessary circulating path for the zero- 
phase-sequence components, but it has 
shifted the phase angles of the currents. 
A set of auxiliary current transformers 
must now be used to shift the phase angles 
back again. It should be noted that 
normally there will be a one to three 
step-up in current from the secondary 
currents in the original current trans¬ 
formers to the output of the auxiliary 
current transformers into the differential- 
relay circuit. This factor and any other 
adjustments in ratio that may be neces¬ 
sary can be taken care of by selecting 
auxiliary current transformers of a suit¬ 
able ratio. 

To determine the ratio required let: 

I p =the current in amperes from the zig¬ 
zag windings of the power trans¬ 
formers 

J r ==the current in amperes required for 
the current differential circuit 
Ri/l =ratio of the current transformers in 
the leads from the zigzag windings of 
the power transformers 
J? 2 /l «= ratio of the auxiliary current trans¬ 
formers 

Then 


The low-voltage wye-connected wind¬ 
ings present no difficulty. The delta- 


connected current transformers provide 
the necessary circulating path for any 
zero-phase-sequence components, while 
the phase angles of the secondary output 
currents are adjusted to match those from 
the high-voltage side. 

A more complicated case is the one of 
the “Scott "-connected transformer bank 
as shown in Figure 6. It will be noticed 
that the worst possible condition for 
current-differential protection has been 
considered. The high-voltage circuit is 
three-phase four-wire. The low-voltage 
circuit is two-phase four-wire and also 
has the mid-points of the phase windings 
of the transformers interconnected and 
grounded. Here are possibilities of three- 
phase neutral current and also of two-phase 
neutral current. Obviously, the three- 
phase current transformers must have 
their secondary windings delta-connected. 

The two-phase circuit presents the real 
problem. We have to achieve two things: 

1. To arrange that the over-all ratio of the 
current transformers is such that the final 
output will be of the right magnitude for the 
current differential circuit. 

2. To change these output currents from 
two-phase to three-phase. 

Of course the fundamental idea must 
be the same as that of the “Scott" con¬ 
nection, but it is not so easily accom¬ 
plished with current transformers as with 
power transformers. The transformer 
producing the current in the phase W-X 
is the teaser of the transformer bank. 
Therefore, the current transformers in 
the circuit W-X must perform the same 
function in the current-differential cir¬ 
cuit, by producing the quadrature com¬ 
ponents for B and C phases as well as 
providing the current for A phase. 

Three auxiliary current transformers 
are required: two of them must have 
three windings, the other needs only two 
windings. 
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Figure 5. Three- 
phase delta-zigzag- 
wye transformer- 

bank differential 

protection 


The two three-winding current trans¬ 
formers are called phase-mixing trans¬ 
formers for want of a better name. As 
will be seen, one of them mixes phases 
W-X and Y-Z to produce a resultant cur¬ 
rent for B phase. Similarly, the other one 
mixes phases W-X and Y-Z to produce a 
resultant current for C phase. The dif¬ 
ference between the two resultants is 
achieved by reversing the direction of the 
current Y-Z in one of the phase-mixing 
transformers. 

The two-phase current transformers 
have no interconnection between phases 
W-X and Y-Z. Therefore, any two-phase 
neutral current components when passing 
through the auxiliary current transformers 
will produce three-phase zero-phase- 
sequence components in the output cir¬ 
cuits. 

By connecting the output windings of 
the auxiliary current transformers in 
delta, a circulating path is provided for 
the zero-phase-sequence components, and 
the phase angles of the output currents 
are adjusted to match those from the 
three-phase side. 

Let us now get on to the determination 
of the current transformers required. 

Let 

Ih = the current in amperes in the three- 
phase side of the power transformers 

ij=the current in amperes in the two- 
phase side of the power transformers 
the currents in amperes in the re- 
_ spective current-transformer sec¬ 
ondary windings on the two-phase 
side 

Z r =the current in amperes required for 
the current-differential circuit 
i?i/l=ratio of the current transformers in 
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Figure 6. Three-phase to two-phase "Scott"- 
connected transformer-bank differential pro¬ 
tection 
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Table II 

Full Load of Transformer 03014=5/000 Kva 
3-Phase-2-Phase 

Current-Transformer Ratios Figured for 25 Per 
Cent Overload. Base 60 Kv 


Current- 

Transformer 

Ratios 


4 ) 

,13 


1 

i 

Amperes 

4> 

8 3 

«d O' 

£ « 

i 

Available ; 

Current- 

Transformer 

Secondary 

Amperes 

if & 

4) 0 

■a* 

ll 

03 .. 

40. 

.3..100/3".. 

100/3 

♦. 5 

—0.2 

ai.s .. 

47. 

.3.102/3 .. 

100/3 

..3.1 .. 

-0. 1 

00 .. 

48. 

.3.. 104/3 .. 

100/3 

..3.2 .. 

0 

38.3 .. 

40. 

.3.100/3 .. 

100/3 

..3.3 .. 

H-o. l 

37 

31. 

.3..110/3 .. 

100/3 

..5,5 .. 

+0.3 


It.Kti. ,iW4, .2..453/0 
0.0 . .3731. .2. .474/fl 
<1.34. .304. .2. .4D3/5 


1.000 


Uiiii t . 

„ /. r it.4.r»5* .-~o.«r» 


<u ’ 


0.40 

0.27 
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nection. 

* Three-phase current the name value after puhsuik 
through phase-mixing current transformers. 

t Two 1,000/3 current transformers with secondary 
windings in parallel «* 300/3. 


the three-phase leads of the power 
transformers 

B*/t«»ratk> of the current transformers in 
the two-phase leads of the power 
transformers 

j?i/l «ratio of the auxiliary current trans¬ 
former for A phase 


then 
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Now when Iu> x ~- I v ~ e ~ 1 r 

then the current input for B and C 
phases equals 

and the ratios of the phase-mixing trans¬ 
formers when expressed in terms of am¬ 
peres will be 

1.154/ v .f/2/ tP * j 

This expression will hold good for any 
values of and /„ even if they 

are not equal. 

Generally speaking, a transformer dif¬ 
ferential protection should cover not only 
the transformer bank but as much more 
of the station equipment as possible. 
In Figure 7 there is shown an arrangement 
which can be considered as typical. 


Here there is shown a three-winding 
transformer together with its necessary 
circuit breakers and connections which 
are all included under the one differential 
protection. A fault anywhere in the cir¬ 
cuits between the transformer and the 
six groups of current transformers, includ¬ 
ing the transformer itself, will cause the 
differential relays to operate. In large 
stations the bus bars indicated and the 
circuit breakers connected to them may 
be separated by considerable distances, 
so that the connections may include quite 
long pieces of cable. The differentially 
protected zone would then reach out to 
cover equipment situated all over the 
station installation. 

Disturbing Factors 

The foregoing discussion of the current- 
transformer circuits is based on the 
assumption that all instruments and ma¬ 
chines with magnetic cores behave abso¬ 
lutely normally at all times. They do so 
only after the currents have reached their 
steady state. Unfortunately, they behave 
very abnormally during the times that 
transformers or machines are being cut in 
and out of service, and also during the 
times of heavy faults anywhere on the 
system which can greatly disturb the cur¬ 
rent conditions in any particular pro¬ 
tected zone. 

The most usual abnormal conditions 
are referred to us 

1. Through-current transients. 

2. Transformer charging-current transients. 

Through-current transients are caused 
by faults which draw very heavy currents 
through the transformer bank, and the 
transient magnetic characteristics of the 
circuit are such that, for a few cycles, 
the current transformers on one side of 
the transformer bank do not deliver sec¬ 
ondary currents which will balance those 
from the other side. 

Transformer charging-current transients 
are caused by the inrush of the charg¬ 
ing current of the transformer bank at the 
instant that the first circuit breaker closes. 
Obviously, tile current must appear in the 
current transformers on one side of the 
transformer bank only when only one 
circuit breaker is closed. Fortunately 
this current persists for only a few cycles 
also. 

Without discussiong these disturbing 
factors in further detail, let us say that 
the problem that confronts one from both 
of these conditions is to get the relays to 
ignore these transient currents and still 
remain sensitive enough and fast enough 
to clear any faults in their zone of pro- 
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teetiou before excessive damage can result 
from them. 

Here again the war conditions enter into 
the picture. Old transformers often take 
very high charging inrushes of current. 
Current transformers of older types often 
have saturation curves and d-c time con¬ 
stants which differ widely from those 
which are built today. In fact, many of 
them were built when little attention 
was paid to standardization of perform¬ 
ance. Therefore, one may be forced by 
circumstances to make use of current 
transformers which have characteristics 
differing very widely one from another. 
These conditions are almost sure to pro¬ 
duce excessive current-transformer tran¬ 
sient differential currents. 

There are quite a few types of relays on 
the market which are arranged to be 
restrained diming transient conditions and 
are designed on very sound theoretical 
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Figure 7. Grouping of current transformers for 
transformer-bank zone differential protection 

Single-phase connections shown 


liases for the purpose. Unfortunately, 
these relays are quite expensive to put 
into temporary installations. Also it is 
becoming more and more difficult to ob¬ 
tain relays of ordinary standard types, 
let alone those which are of quite special 
types, as these restrained relays are. 

Tolerable Differential Currents 

There are some compensating factors 
which help to simplify the problem. It is 
quite obvious that insofar as the relays 
are concerned, either the transformer 
charging current, or the through transient 
current will produce the greater differen¬ 
tial current. Therefore, if we can restrain 
them for the greater current, we shall have 
no trouble with the smaller one. 

In case of a fault in the protected zone, 
the damage done will be a function of the 
time that the fault persists and of the 
watts that are poured into it. If the im¬ 
pedance to a fault be high, and the 
power fed into it be therefore low, one 
may stretch out the time it may be al- 
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lowed to persist without doing any exces¬ 
sive damage. 

It is quite usual in practice to find that 
current transformers cannot be arranged 
so that the differential current through the 
relays is zero at all times. There will 
almost always be some permanent dif¬ 
ferential current flowing which will be 
added to the true differential current 
under fault conditions. Insofar as the 
relays are concerned, this permanent dif¬ 
ferential current is the same as a perma¬ 
nent fault of very high impedance. A 
transient differential current will be the 
same as a transient fault, usually of rela¬ 
tively high impedance. 

The Relays 

Let us assume that one has not much 
choice of the current transformers and 
relays that one . can obtain for any given 
differential protection. Let us assume 
also that, in a hypothetical case, mathe¬ 
matical investigation has yielded the fol¬ 
lowing results for a normal five-ampere 
relay circuit on a 60-cyde system. 

Maximum differential cur¬ 
rent due to through-cur¬ 
rent transients —12 amperes 

for20cydes 

Maximum differential cur¬ 
rent due to transformer 
charging-current tran¬ 
sients —15 amperes 

forl5cycles 

Normal 125 per cent load 
differential current 
through relays —2 amperes 

Maximum fault differential 
current under minimum 
system generating capac¬ 
ity —5 amperes 

If we can obtain both time delay and 
instantaneous relays of suitable types, 
we can adequately protect the trans¬ 
former bank by using one instantaneous 


Instantaneous relay: Pickup at 20 amperes 
lime delay relay : Pickup at 2.5 amperes 

Operate at 14 am¬ 
peres in 30 cycles or 
at 17 amperes in 23 
cycles. 

The actual setting of the time-d elay 
will depend .upon its inherent char¬ 
acteristics. . ’ It must be .determined by 
testi . .Let us. suppose that for a given 
relay- setting we get the following per¬ 
formance: 

Operate at 14 amperes in 30 cycles. 
Operate at 17 amperes hi 15 cycles. 

and for another setting we get 

Operate at 14 amperes in 35 cycles, 
perate at 17 amperes in 23 cycles. 
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Then the second setting should be the 
one to be selected, because it gives ample 
time clearance for both through-current 
transients and transformer charging-cur- 
rent transients. The first setting comes 
too dose to the anticipated time for 
transformer charging-current transients 
to persist and might result in false opera¬ 
tions. 

Almost always the fault current will b 6 
high enough to operate the instantaneous 
relay, but the time-delay relay is neces¬ 
sary to provide against faults at times 
when the short-circuit current to the fault 
would be sharply limited by the system 
setup. Transient currents will not oper¬ 
ate the instantaneous relays, because 
they cannot reach a high enough value. 
They may, however, start the time-delay 
relays in operation, but they will die out 
before the relays can close their contacts. 
The low value of pickup current of the 
time-dday rdays— 0.6 amperes above the 
normal 125 per cent load differential cur¬ 
rent—will ensure that they will operate 
tinder minimum fault conditions and will 
not pick up under normal conditions. It 
is true.that the time will be long in clear¬ 
ing, but the limited power available at 
the fault will limit the extent of the dam¬ 
age that can be done. Most manufac¬ 
turers of relays now combine these two 
types of relays in one case. 

In some places it is customary to use 
some sort of additional suppresser circuit 
to handle transient conditions. The sup¬ 
presser circuit is usually arranged to shunt 
away part of the transient differential cur¬ 
rent from the usual, percentage differential 
type of rdays and slow up their action 
until the transient conditions have passed. 
This arrangement has one great disad¬ 
vantage. There is no instant of time 


charging current rushes in. A suppresser 
circuit makes the relays far less sensitive 
while it is in operation than they would be 
normally. Therefore, any fault develop¬ 
ing before the suppresser circuit has timed 
itself out will require a much greater fault 
current to operate the differential relays 
than would otherwise be necessary. At 
times with low generator capacity in 
service this may cause a complete failure 
of the differential protection. Some sup¬ 
presser circuits, which operate on straight 
voltage for their timing, could never timp 
out during heavy faults in the protected 
zone, due to the voltage around the zone 
falling to a very low value, perhaps almost 
to zero. 


can be allowed in the sdection of current 
transformers and relays for current-dif¬ 
ferential schemes as will be seen from 
Tables I and II. Table I is worked out for 
a delta-zigzag-wye transformer bank such 
as the one shown in Figure 5. Table II is 
worked out for a "Scott”-connected bank 
as shown in Figure 6 . 

While it is always better to have in¬ 
struments such as rdays perform a func¬ 
tion for which they have been especially 
designed, there are often quite a few ap¬ 
plications for relays of certain types 
which were not contemplated at the time 
the rdays were originally thought of. 
Fortunately, ordinary overcurrent rdays 
can, with care, be made to suffice quite 
well for transformer differential protec¬ 
tion, if time and money are important 
factors in getting the installation into 
service. 


Conclusions 

The most important and, in fact, the 
essential thing to make sure of in the de¬ 
sign of a current-differential protective 
circuit is that the instantaneous directions 
of the various currents which must be 
matched are right and that they cancel 
out fairly well at the relays. This require¬ 
ment naturally presupposes that there 
will be no phase-angle shifts between the 
currents coming into the relay for any 
one phase at any time. The exact balance 
of the magnitudes of the various currents 
is not very critical. The exact matching 
of the characteristics and ratios of the 
current transformers, which are used, is 
not necessary under ordinary circum¬ 
stances. It may be necessary where 
unusually high sensitivity is required. 
While special types of relays for this work 
are normally available and give good 
results, it is not essential that one have 
anything but some reliable instantaneous 
and time-delay overcurrent relays in 
order to provide adequate protection in 
most cases. Necessary phase-angle shifts 
of currents, in order to adjust the in¬ 
stantaneous directions of the currents, 
reaching the relays, can be made with 
auxiliary current transformers. These 
should have as low an internal burden as 
possible, in order not to upset the ratios of 
the power current transformers with which 
they are connected during heavy current 
periods. In current transformer circuits, 
connected to transformer windings which 
have a return path for current through a. 
neutral connection, a delta circulating- 


path for. the zero-phase-sequence com¬ 
ponents in the phase leads must be pro- 
On the whole, considerable tolerance vided. 
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when a fault may show up in a trans¬ 
former bank or its connections in the 
and one time relay per phase and set protected zone more than the one when 
them as follows: the first circuit breaker closes and the 



Some Air-Blast Circuit-Breaker 
Installations in Canada 
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T HIS paper gives a brief report on 
certain installations of air-blast cir¬ 
cuit breakers now in service in Canada, 
including results of interrupting tests and 
operating experience. 

There are in service in Canada 23 air- 
blast breakers of 09 kv, 138 kv, and 230 
kv of the types illustrated. There are 
37 breakers in service on 13 kv and 4 kv. 
These breakers are in service in ten 
different stations in various localities. 

Figure 2 illustrates an installation of 
two 230-kv breakers in a station, carrying 
a load of about 250,000 kva per breaker. 
Two identical breakers are in service in 
another city. 

Figure 4 shows six 138-kv breakers in 
a switchyard built for ten air-blast 
breakers. This switchyard was built in 
1934, and 138-kv air-blast breakers have 
been in service continuously since that 
time in this installation. 

Figure 5 shows three 138-kv air-blast 
breakers in a city station of 135,000-kva 
transformer capacity. 

In Figure 0a is shown a 138-kv breaker 
in a downtown city station of 80,000-kva 
transformer capacity, fed by 120-kv 
underground cables. This station is 
built for air-blast breakers exclusively 
and will have an ultimate installation of 
24 15-kv and 30 4-kv breakers. 

Figure 7 shows one of two 110-kv 
breakers at a generating station in the 
north country (above latitude 48). 

Air-blast breakers of 69-kv design are 
shown in Figure 8, in service in a city 
station of 40,000-kva transformer capac¬ 
ity. In Figure 11 is shown one of five 
69-kv breakers in a terminal station 
where the short-circuit duty is 1,100,000 
kva, this being the recorded interruption 
on test of one of these breakers in this 
station. 

Air-blast breakers in service on 11-kv 
generator voltage are shown in Figures 
13 and 14. Figure 15 shows a group of 
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seven 4-kv breakers now in service in 
Western Canada. 

Interrupting Tests 

The type of 230-kv breaker illustrated 
has been tested at the station where 
these breakers are in service, located near 
the center of three large power systems 
operating in parallel with a combined 
generating capacity of about 2,750,000 
horsepower. The maximum short-circuit 
duty at. this location is 2,500 amperes at 
230 kv or 1,000,000 kva, which is the 
recorded interruption on test of this 
breaker as shown in oscillogram, Figure 3. 

The breaker is rated at 2,500,000 kva or 
6,250 amperes at 230-kv three-phase, an 
amount of short-circuit current not avail¬ 
able for test in Canada. However, this 
breaker has six interrupting elements in 
series per pole, and tests have been made 
on one of these elements interrupting 
5,385 amperes with 58.8 kv across the 
element (see oscillogram Figure 6) . This 
test voltage, 58.8 kv, is about 2.67 times 
the voltage impressed on each of the 
elements when interrupting a short- 
circuit current (assuming line-to-neutral 
voltage across each pole and equal voltage 
across each of the six elements in series). 
If the voltage across one pole is assumed 
to be 1.5 times line-to-neutral voltage, 
then the above ratio of 2.67 would become 
1.78; that is (under the last assumption) 
the single element was tested at 1.78 times 
its rated voltage and interrupted 5,385 
amperes which is 86 per cent of 6,250 
amperes, its rated current. Multiplying 
. 1.78 by 0.86 gives 1.54; that is, the test is 
an indication that the breaker would 
interrupt 6,250 amperes with a voltage 
across one element 1.54 times the normal 
(equally divided) voltage, and with a 
voltage across the same pole of 1.50 times 
the line-to-neutral voltage. It will be 
noted that the only extrapolation in the 
above is from 5,385 amperes test current 
to 6,250 amperes rated current, that is, 
an assumption of the same kilovolt¬ 
ampere capacity at 6,250 amperes; The 
assumption of 1.5 times line-to-neutral 
voltage across one pole is one which has 
been commonly used, and the assumption 
of 1.54 times the equally divided voltage 


across one element is believed to be more 
conservative than necessary; The os¬ 
cillogram shows that the arc voltage (six 
arcs in series) is so low that it could be 
applied all across one element and be 
only a small fraction of 22 kv (the equally 
divided voltage across one element). 
Hence, if there is any practical inequality 
of voltages across the six elements, it 
could only occur after the interruption 
(and until the opening of the series iso¬ 
lating switch, while the blast of air is still 
passing between the contacts). The 
electrostatic field is quite uniform, being 
detennined by the metal roof 30 by 4S 
inches, and a metal bedplate of the same 
size, 60 inches below it, supported on 
insulator stacks, about seven feet above 
the grounded structure. The insulating 
structure housing the contacts and arc 
chutes has a large horizontal cross section. 
The six sets of contacts occupy identical 
locations in this structure. Such condi¬ 
tions Eire conducive to uniform division of 
potential across the contacts. 

Tests on the 69-kv breaker (oscillo¬ 
gram Figure 9) also have a bearing on the 
interrupting capacity of the 230-kv 
breaker. The interrupting element in the 
69-kv breaker is the same as in the 230-kv 
breaker, except that the width of the 69- 
kv contact (and arc chute) is eight indies 
instead of five inches as in the 230-kv 
breaker. The 69-kv breaker has inter¬ 
rupted 10,000 amperes on a three-phase 
short circuit on a 63-kv circuit, which 
test subjected the single element of the 
69-kv breaker to a transient voltage of 



Figure 1. The first 138-kv air-blest breaker 
of this type 


In service from 1934 until 1940 
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Figure 2. Two 230-kv air-blast circuit breakers in service on long 230-kv lines 

One breaker carrying approximately 250,000-kva load. Four of these breakers 

In service in Canada 
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Figure 3. "Make-break" test on 230-kv breaker on 230-kv 
line, interrupting maximum current available 2,500 amperes 

Arcing time one-half cycle (see text for additional tests 
showing interrupting capacity above 2,500,000 kva) 

Figure 4. Switchyard built for ten 138-kv air-blast breakers 

Six have been installed, controlling 200,000-kw load 

Figure 5. Receiving station switchyard with three 138-kv 
air-blast breakers installed, operating on 150 pounds per 

square inch 

Closing time 13 cycles—opening time 3 cycles 

Figure 6. "Make-break" test applying 58.8 kv across one 
22-kv interrupting element, interrupting 5,385 amperes, 

arcing time one-half-cycle 

The 138-kv breaker has three of 
these 22-kv elements in series per 
pole, and the 230-kv breaker has 
six of these elements in series per 
pole' 
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Figure 6a. 138-kv breaker on an 
underground 120-kv cable-fed sub¬ 
station located in a downtown area 

This breaker is within ten feet of a 
busy street 

Figure 7. Two 110-kv breakers at 
generating station in northern Quebec 

These breakers have two interrupting 
elements in series per pole. Addition 
of one interrupting element per pole 
would increase voltage rating to 138 
kv and interrupting capacity to 
2,000,000 kva 



















































30.4 kv. Reducing .’Hi.] kv in (lie ratio 
of Jive inches to eight inches gives -2.75 kv 
as the voltage at which the live-inch ele¬ 
ment should interrupt 10,000 amperes. 
If the voltages are divided equally in the 
230 kv interruption, each element would 
be subjected to only 22 kv, but assuming 
1.5 times liue-to-ueiitral voltage across 
one pole, then one element would be 
subjected to 33 kv. Reducing 10,000 
amperes interrupted on test, in the ratio 
of 22.75 kv to 22 kv, gives 0,900 amperes 
as the interruption at 220 kv, which is 
2,750,000 kva. In this case we are inter¬ 
polating, from the higher test current of 
10,000 amperes to the lower current 
(0,900 amperes) which would justify a 
slightly higher kilovolt-ampere rating 
than we have assumed in the voltage 
ratio calculation. 

It will be noted that none of the tests 
on this style of interrupter showed what 
is the maximum interrupting capacity. 
Each of the tests was simply made at the 
maximum current and voltage available, 
and none of the tests indicated that the 
interruption was near the limit of capac¬ 
ity of the breaker. 

The 128-kv breakers illustrated have 
identically the same interrupting ele¬ 
ments as the 220-kv breakers, with three 
elements in series per pole (instead of six). 
The tests above referred to are, therefore, 
directly applicable to the 128-kv breaker. 
The current-interrupting rating is prac¬ 
tically the same (0,250 amperes), and 
tile voltage per element is practically the 
same. 

Tests were made also on the 09-kv 
breaker by applying 58.8 kv across one 
pole, interrupting 5,580 amperes, which 
was the maximum current available. 
The significance of these tests is the 
liberal overvoltage capacity shown (see 
oscillogram Figure 10). 

In general the tests on all of the 
breakers above referred to have shown 
arcing time of one-half cycle. The con¬ 


figure 8. Two 69- 
kv breakers in city 
station 

Switchyard laid out 
for nine of these 
breakers. Each pole 
has one interrupting 
element eight inches 
wide; otherwise the 
same as the elements 
in 138-kv and 230- 
kv breakers, which 
are five inches wide 


tacts have shown negligible burning and 
did not require cleaning up before putting 
them in service. The are did not extend 
outside of the cooling grid. All of the 
tests were “make-break” and the dis¬ 
connecting switch contacts making the 
short circuit performed satisfactorily (the 
motion of the switch blade being very 
fast), the arc was not objectionable, and 
the contacts did not require, cleaning up). 

The tests were witnessed by dis¬ 
interested visiting engineers from various 
power companies, and there was general 
agreement that no distress was shown in 
the interruptions. 

Operating Experience 

Service experience with air-blast 
breakers in Canada (and the United 
States) dates from 1984 when the first 
128-kv breaker was put in service in the 
switchyard of a large generating station. 
It remained in service continuously for 
about six years interrupting all short 
circuits satisfactorily. Its isolating switch 
was very slow, and the workmanship on 
its interrupting contacts was relatively 
crude, finally resulting in overheating 


while carrying load, and it was super¬ 
seded by breakers of improved design 
and workmanship. Breakers of the later 
style have been installed in the same sta¬ 
tion, and there are now six installed. 
This first installation demonstrated that 
there were no serious difficulties in operat¬ 
ing and maintaining air-blast breakers 
of that voltage outdoors in a location sub¬ 
ject to climatic extremes of moisture and 
temperature. The activated alumina 
twin air dryers installed in that station 
in 1934 are still in satisfactory operation 
serving six breakers. The early experi¬ 
ence showed the importance of extracting 
the oil vapor as well as the moisture from 
the eonipiressed air. There was much 
improvement made in the detailed tech¬ 
nique of determining when the alumina 
needed reactivating; the color-elianging 
alumina was a practical help), but not 
essential; the experienced operators got 
along quite well with the plain white 
product. The oil vapor (from the lubri¬ 
cation of the compressor pistons) requires 
a good tight woolen blanket to filter it 
out. If tlie blanket does not fit tightly 
in the container, the oil vapor will blow 
by. If oil vapor is allowed to pass into 
the breaker valves (especially the pres¬ 
sure-reducing valve), it will cause the 
small parts to stick. Consideration has 
been given to the use of oilless com¬ 
pressors, using carbon pfistou rings, but 
the maintenance of the carbon rings and 
extra cost of such compressors does not 
app>car attractive nor justified. The 


Figure 9. Three-phase "make-break" test on 
69-kv breaker in 63-kv circuit, interrupting 
maximum current available 10,000 amperes, 
equals 1,090,000 kva 

Opening time 3 3 /-i cycles, including one-half¬ 
cycle arcing (see text for additional tests indi¬ 
cating higher interrupting capacities) 
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Figure 10. “Make- 
break” test applying 
58.8 kv across one 
jf-O-kv interrupting 
element of 69-kv 
breaker 

| interrupting maximum 
current available, 
5,580 amperes, one- 
half cycle arcing 

Figure 10a. Details 
of interrupting ele¬ 
ment 

Two elements in 
scries on 110-kv 
breaker, three ele¬ 
ments in series on 
1 38-kv breaker, and 
six elements in series 
on 230-kv breaker 

Figure 11. 69-kv 

breaker 20 minutes 
after short-circuit test 

One pole com¬ 
pletely taken down, 
and inspection com¬ 
plete, showing ease 
of inspection 

Figure 12. "Inside infor¬ 
mation" on a 69-kv air- 
blast breaker after interrupt¬ 
ing four short circuits at or 
above rated capacity 

Showing ease of inspec¬ 
tion and minimum burning. 
A/Voving contact pulled 
down for inspection 
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woolen filter has been found quite satis¬ 
factory. 

There are now in service in Canada 
23 air-blast breakers of 69, 138, and 230 
kv, in seven different localities. Their 
service record is equivalent to about 
21 "breaker years.” 

In one instance certain new-style arc- 
cliute details were installed without 
sufficient interrupting tests, because of the 
desire to meet promised shipping dates, 
and. certain new parts were found neces- 
sary after the tests. In other instances, 
water had accumulated in the air piping 
and was not blown out before connecting 
Idle breaker, resulting in a flashover in 
one of the small porcelain “closing” 
tubes, requiring only replacement of the 
tiu.be. Aside from such experience, the 
straight work of installing air-blast 
breakers does not require any greater 
fbdll or labor than installing oil breakers ; 
^ fact, the absence of any mechanical 
bnkage between poles of the air-blast 
breakers eliminates the close mechanical 
a <dj^Lstrhents required in installing oil 
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Figure 13. Deile breakers 
installed in a large power¬ 
house 

Main generator and trans¬ 
former breakers operating 
on 11 kv rated 1,000,000 
kva, This station Is com¬ 
pletely equipped with air- 
. blast breakers 

Figure 14. Factory picture, 
English Electric Company 
(Canada) of Deile breakers 
for four-kilovolt service 

These breakers are now In 
service in western Canada 
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breakers. Also there is no item in the 
air-blast job corresponding to the job of 
filtering large quantities of oil during 
installation of oil breakers. 

In the 09-kv, 138-kv, and 230-kv 
breakers herein illustrated the contacts 
and other parts requiring occasional in¬ 
spection are very accessible. The con¬ 
tacts can be removed and replaced in a 
small fraction of the time required for 
corresponding inspection of oil-breaker 
contacts. 

In these breakers the interrupters are 
supported on standard switch-type insula¬ 
tors (the same as used for bus supports 
and disconnecting switches). The break¬ 
age of the porcelain on such supports does 
not impair their mechanical strength, 
and there is no danger of the interrupter 
falling. 

In the experience of several years of 
testing various styles of interrupter con¬ 
tacts and arc chutes to determine their 
interrupting limitations, the observers 
have, been impressed with the fact that a 
failure to interrupt does not result in 
serious damage. After such a failure to 
interrupt, the contacts require resurfacing 
or replacement of arcing tips, certain 
parts of the arc chute require cleaning up 
or replacement, but the remainder of the 
breaker remains intact. 

The 138-kv and 230-kv breakers illus¬ 
trated arc readily adaptable to single¬ 
pole operation (automatically opening 
and redosing one pole only to clear a 
line-to-grountl fault), because there is no 
mechanical connection between the three 
poles. The G9-kv breakers have mechani¬ 
cal connection, but this can readily he 
dispensed with in case single pole opera¬ 
tion is desired. 

The opening time (including arcing 
time) of the 138-kv breaker is within 
three cycles. The other two breakers 


take about three quarters of a cycle 
longer in opening. This can be shortened 
by about one cycle in the case of the 69-kv 
breakers by omitting the mechanical tie 
between the poles. The opening time is 
also influenced to some extent by the 
adjustment of certain small valves con¬ 
trolling the opening and closing of the 
blast valve, so that the opening time of 
the blast valves and the breaker can be 
somewhat reduced below the above 
figures. 

Regarding closing time, the breakers 
as now adjusted take about 12 cycles to 
close in the case of the 69-kv breaker, 
about 15 cycles for the 138-kv, and about 
19 cycles for the 230-kv. This time is also 
susceptible of reduction bv certain 
adjustments. 

In cases where extremely fast reclosing 
is desired, this can be arranged by certain 
adjustments which advance the time of 
shutting off the blast and applying closing 
air pressure, it being unnecessary to wait 
until the isolating switch has completed 
its opening motion. 

It has been noted that all of the tests 
recorded by the oscillograms were “nmke- 
break" interrupting tests. The construc¬ 
tion of these breakers is such that the 
opening and clearing time is the same 
whether the operation is a “make-break” 
or a “break" performance, as the breakers 
are provided with pneumatic tripfree 
valves. 

As shown by the illustrations and re¬ 
marks concerning the 138-kv breaker, 
even after one of these breakers has been 
installed and operated, if changes should 
be made in the system either by increasing 
the voltage or increasing the interrupting 
duty, it is a relatively simple matter to 
add one or two supporting insulators and 
one or two interrupting sections, thereby- 
increasing the voltage and interrupting 


capacity of the breaker without discarding 
any of the parts. For instance, a system 
might initially operate at 110 kv and in 
later years be raised to 138 kv or ISO kv 
by the additions to the breaker as in¬ 
dicated. 

The same remarks apply to the 230-kv 
breaker in regard to a possible increase in 
voltage from 230 kv to 280 kv for in¬ 
stance, which could be accomplished by 
adding one or two supporting insulators. 

Low-Voltage Air-Blast Breakers 

Figures 13, 14 and 15 show installa¬ 
tions of 15-kv and 4-kv air-blast breakers 
in Canada. The first few breakers of this 
type were imported from the Delle Com¬ 
pany in France. The other breakers of 
the same design were built by the English 
Electric Company of Canada. The inter¬ 
rupting capacity has been established by 
the tests made in the testing laboratories 
in France and by certain tests made in 
the testing laboratories of the I-T-E 
Circuit Breaker Company in Phila¬ 
delphia. Further tests have been made on 
these breakers at tlie stations where they 
are installed. Certain improvements in 
detail have also been made by the 
Canadian company to meet Canadian 
requirements. 

The 15-kv breakers illustrated have 
been operating satisfactorily for about 
two years on 11 kv in a large generating 
station which is equipped with air-blast 
breakers exclusively. 
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History of A-C Wave Form, Its 
Determination and Standardization 

FREDERICK BEDELL 

FELLOW AIEE 


Synopsis: With the birth of the transformer 
and the first distribution of alternating cur¬ 
rents, wave form assumed interest, and 
methods were developed for its determina¬ 
tion, chiefly the point-by-point method of 
instantaneous contact, mechanical oscillo¬ 
graph, cathode-ray oscillograph, and the 
oscilloscope with stabilized time axis. The 
point-by-point method, by which were 
made the first major contributions, is now 
practically superseded by oscillograph and 
oscilloscope, each finding increasing use in 
its field. 

With the determination of wave form ac¬ 
complished, demand arose for its standardi¬ 
zation corresponding to expanding applica¬ 
tions. No single standard being suited to 
all applications, different standards have 
been developed in different fields, as in 
power, communication, and insulation. 
While it is desirable that standards, onee 
set up, remain fairly stable, they should be 
subject to review and occasional change to 
keep in step with technological advances. 
Minor revision in communication is in 
progress. Although standards in other 
fields do not appear ideal, no immediate 
revision is recommended. Forty refer¬ 
ences are appended. 

Alternating Current in the Late 80’s 

T HE distribution of alternating current 
as we now know it began in 1885-86. 
Previous to that time, alternators were 
used to operate arc lamps in lighthouses, 
each machine operating one large arc 
lamp, but there was no distribution. 
Late in 1885, William Stanley made his 
first constant potential transformer, and 
early in 1886, using six transformers for 
operation in parallel distributed current 
at Great Barrington, Mass., to a score of 
customers at a distance of 4,000 feet. The 
secondary voltage was 100 volts. Current 
was supplied from a Siemens alternator, 
designed for 12 amperes 500 volts, im¬ 
ported for the purpose. At the time of 

Paper 42-152, recommended by the AIEE committee 
on basic sciences for presentation at the AIEE 
Pacific Coast convention, Vancouver, British Co¬ 
lumbia, Canada, Septembers—11,1942. Manuscript 
submitted June 17, 1942; made available for print¬ 
ing July 21, 1942. 

Frederick Bedell is professor emeritus of 
physics, Cornell University, Ithaca, N. Y„ and con¬ 
sulting physicist, R. C. Burt Laboratory, Pasadena, 
Calif. 

The author is indebted to A. C. Crehore, his first 
co-worker, and to later co-workers to some of whom 
reference is made; to L. F. Blume of Pittsfield, 
O. E. Buckley and H. S. Osborne of New York, 
L. W. Chubb and R. D. Evans of Pittsburgh, who 
furnished material and references; and to the staff 
of the California Institute of Technology. 
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this first installation, it was pointed out 
by dectricians that “if a high potential 
primary circuit of 500 volts or more were 
used to distribute dectricity throughout 
a community, there was a grave fire and 
life danger.” A few years later a bill was 
introduced 1 but not passed in the Virginia 
legislature to limit a-c pressure to 200 
volts, alternating current being con¬ 
sidered (by those opposing its use) to be 
more deadly than direct. 

Stanley’s installation at Great Barring¬ 
ton was put in regular service in March 
1886, and operated until summer, when 
an attendant dropped a screw driver into 
the alternator and ruined it. Meanwhile, 
on April 6, 1886, George Westinghouse, 
accompanied by W. L. Church, F. L. 
Pope, W. C. Kerr, and others, had seen 
the system in operation and determined 
to activdy enter the a-c field. The manu¬ 
facture of a new type of alternator de¬ 
signed by Stanley, the radial-pole type 
thereafter generally used, was undertaken 
in Pittsburgh. The story is well told by 
Stanley 2 himself with interesting side 
lights with credit to others. 

The following winter the first commer¬ 
cial installation was made at the station 
of the Buffalo Electric Company. The 
question of the determination of a-c 
wave form then arose as an engineering 
problem. Before considering wave form, 
we should note the meagerness of knowl¬ 
edge then possessed concerning the be¬ 
havior of alternating currents. 

In the late 80’s many misconceptions 
impeded progress. Series versus parallel 
operation of transformers was much dis¬ 
cussed without adequate understanding.- 
In 1886, at the very time that the parallel 
operation of transformers was successfully 
accomplished as we have just seen, a 
distinguished cantor lecturer held such a 
connection to be impracticable, main¬ 
taining that a separate lead to each, trans¬ 
former would be necessary, or each trans¬ 
former should have a special regulating 
apparatus. 

Referring to constant current operation 
with transformer primary windings in 
series, the chief of an electrotechnical 
testing station explained:® “When no 
secondary current is flowing, the electro¬ 
motive force in the primary and secondary 
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coils is a maximum. (Quite correct.) \V e 
have consequently this disproportion that 
the smaller the output of the apparatus th*' 
greater the energy consumed. With tli<-» 
secondary circuit open, and a constant, 
exciting current, the energy used could 
be as much as ten times as great as under 
full load.” Power factor was overlooked 
or unknown. 

The proponents of the series connection 
of transformers operated with constant 
primary current reversed the argument 
with the same misconception. They hel c 1 
that inasmuch as primary electromotive 
force decreased with increase of secondary- 
load, power input also decreased (primary 
current being constant), with the happy 
result that as more power was taken out, 
less power was put in —surely a condition 
to be desired. Here again, power factor 
was neglected or unknown. Yet, without 
meters for measuring power, power factor 
or phase, such misconceptions should bo 
expected; they merely reflected the state 
of the art at the time. 

The United States Patent Office had 
shown a like misconception when in 18815 
it refused 4 to grant a patent on a trans¬ 
former on the ground that it would be 
impossible to get a larger current out of 
the secondary winding than was supplied 
to the primary winding, but in 1886 a 
patent was allowed for this very thing. 

In the Early 90’s 

Many of the misconceptions of the 80' K 
trailed along into the early 90’s. In the 
field of alternating currents there was si. 
growing collection of isolated facts, some 
understood and others not, but there was 
no broad foundation on which to stand. 
This was the situation, as recalled by the 
author in 1890 and 1891, when he first 
became interested in alternating currents 
and in wave form. The open-magnetic- 
circuit transformer was still discussed. 
The merits of the “nonpolar” transformer 
with its closed magnetic circuit was not 
yet fully recognized. The capacity 
“effect” with current before the electro¬ 
motive force that produced it (the effect 
before the .cause) and the Ferranti 
“effect,” with electromotive force re¬ 
ceived at the far end of a cable greater 
than the electromotive force applied, were 
found baffling. 

Two “systems” of a-c distribution were 
then in use, apparently well-established: 
the “high-voltage” constant potential 
(Westinghouse) system operating trans¬ 
formers with primary circuits of l,0C)O 
volts and 2,000 volts, with secondary cir¬ 
cuits wound for 50 volts and 100 volts for 
supplying incandescent lamps in parallel; 

Electrical Engineering: 



and the constant current system, about 10 
or 15 amperes for supplying arc lamps 
in series. Transformers were limited to 
small sizes, the dictum from high sources 
that transformers larger than two kilo¬ 
watts would not be economical being 
generally accepted. Higher voltages and 
the use of a-c motors were in the offing. 
The attempted use of iron wire for a-c 
transmission has been reported. 

It was in 1890-91 that P. N. and L. L. 
Nunn installed the first commercial trans¬ 
mission of alternating current for power, 
to operate a 3,000-volt synchronous 
motor at the Gold King Mine at an alti¬ 
tude of 11,500 feet near Telluride, Colo., 
from water power 3,000 feet lower at a 
distance of three miles. The situation at 
that time was vividly described by P. N. 
Nunn in an address (mimeographed) 
before AIEE Los Angeles section, May 8 , 
1934, on “Early Experiences in the Power 
Industry,” from which the following is 
quoted; 

"In spite of its shortcomings, alternating 
current seemed the most feasible. A pair of 
conventional alternators were installed, one 
as generator, the other as motor, identical 
to assure identical ‘wave forms,’ whatever 
that might be. 

"In 1890 alternating current was just 
plain freak; it did not follow Ohm’s law 
and 'clogged’ itself in its circuits. Bedell 
and Crehore had doped out its laws and 
demonstrated their concepts in 100 pages 
of solid calculus. 

"Wattmeters had not been developed, nor 
had the term ‘power factor’ been adopted 
into the vernacular.” 

Evidently wave form, power factor, 
and the clogging effect of impedance were 
dimly discernible. The need of a stand¬ 
ard wave form, "whatever that might 
be,” was thus early recognized. From 
this first power transmission it was a far 
cry to the 287,500-volt transmission with 
its magnificent equipment at Boulder 
Dam today. The increase from 3,000 
volts came slowly with gradual increasesin 
demand for more and more power from 
greater distances, with notable jumps to 
33,000, 40,000, and 60,000 volts. With 
high voltages and long distances arose 
problems of insulation and interference, 
in which questions of wave form play such 
important part. 

Going back to horse-and-buggy days, 
with constant-current and constant-po¬ 
tential systems both in use, the question 
arose as to whether incandescent lamps 
and arc lamps could be supplied from the 
same system. Early in 1891 a promoter, 
an ardent believer in the future of the 
constant-current system,* sought the 

* Well into the present century engineers of emi¬ 
nence believed that constant current would be the 
ultimate in power transmission. 
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aid of A. C. Crehore and the author in the 
development of a constant-current to 
constant-potential transformer for oper¬ 
ating incandescent lamps from such a 
system. Easier said than done, but with 
the enthusiasm of youth, the problem was 
tackled. In this connection the develop¬ 
ment of the principles governing the flow 
of alternating currents was undertaken, 
while at the same time experiments were 
started on a high-voltage constant-current 
arc-light circuit, the only supply avail¬ 
able. 

From the experimental work much was 
learned, although it was never completed. 
As at Great Barrington it was learned that 
a short circuit by a screw-driver could 
wreck a constant-potential generator; so 
the lesson was now learned that an open 
circuit caused by the slipping of a con¬ 
nector from a mercury cup could wreck 
a constant-current system and cause a 
general blackout 1 A mercury-cup con¬ 
tact is ill-suited for high-voltage experi¬ 
ment. Permission for experiment was 
withdrawn. The work, thus summarily 
ended, was never renewed; meanwhile a 
better solution had been found by Elihu 
Thomson—the “tub” transformer with 
floating secondaiy winding delivering 
constant current from a constant-poten¬ 
tial primary winding. Constant-potential 
primary distribution had become firmly 
established. 

The theoretical work, on the other 
hand, the development of the principles 
governing the flow of alternating current, 
gave better results, opening a fruitful and 
ever widening field with direct bearing 
on a-c wave form. This work, prepared 
initially without thought of publication, 
formed the basis for the first paper by 
Bedell and Crehore 5 presented before the 
Institute at its annual convention (then 
general meeting) in Chicago just 50 years 
ago. In this the principles governing 
current flow in transient as well as in 
steady conditions were first fully de¬ 
veloped. The sequel published in book 0 
form later in the same year defined the 
limitation to telephony (page 201 ) due to 
change in wave fonn of a complex wave 
along a line 68 with distributed capacity 
and the modification produced therein 
by self-induction, successfully accom¬ 
plished later by M. I. Pupin with the use 
of loading coils. In it were included the 
development of vector methods for solv¬ 
ing a-c problems and the extensive use of 
circle diagrams, now so common. 

The first use was here 6 ’ 6 made of 
j = s/—l in a-c analysis. Its use in astron¬ 
omy and other fields had long been 
known, the symbol\/—I as a sign of 
perpendicularity appearing in a memoir to 
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the Royal Society of Arts and Letters of 
Denmark by Caspar Wessel 7 in 1797. 
It is to A. E. Kennelly , 8 however, that 
credit 9 should be given for bringing out 
its full significance in the application of 
complex quantities to a-c problems, and to 
C. P. Steinmetz for so ably extending its 
usefulness. 

Vector methods and circle diagrams 
for solving a-c problems were not infre¬ 
quently criticized, when they were first 
developed, as being dependent upon the 
so-called “sine assumption,” whereas in 
fact electromotive forces produced by a-c 
generators are not true sine waves. To 
this criticism with its part truth there was 
no categorical answer. As a circle is 
defined by three points, a circle diagram 
permits the determination or predeter¬ 
mination of the performance of a-c ma¬ 
chines and systems with a minimum 
amount of observation and calculation. 
Experimental diagrams 10 were early found 
to check** closely with theory. The 
wide use of the circle diagram today is 
evidence of its value. 

The assumption of equivalent sine 
waves has likewise proved adequate 11 for 
many cases. For other cases more elabo¬ 
rate methods , 12 sometimes involving 
vectors in more than two dimensions, 
have been developed. These methods, 
also, have been criticized on the ground 
that electromotive forces produced by 
most a-c generators are practically sine 
waves; so that these more elaborate 
methods are unnecessary. Again a part 
truth! Both assumptions, sine wave and 
nonsine wave are open to criticism, but 
each has its field of usefulness. What 
allowable limits should be set to the 
departure from a sine wave remains to be 
determined. 

Wave-Form Determination 

H. J. Ryan 1 * in 1889 made ail extensive 
study of wave forms of a closed-magnetic- 
circuit transformer under different operat¬ 
ing conditions, using a synchronous con¬ 
tact maker to obtain instantaneous read¬ 
ings point by point. In this way com¬ 
plete wave forms of currents and voltages 
and their phase relations were obtained, 
showing definitely the behavior of such a 
transformer. By this method studies 
were made of generator wave form by 
Tobey and Walbridge 14 and the wave 

** It is interesting to note that such a close check, 
even though not complete, could be made without 
wattmeter, phase, or power-factor meter and with 
limited instruments for current and voltage meas¬ 
urements. Primary and secondary voltages were 
determined by reading, with telescope and scale, 
the elongation of two fine German-silver wires; 

11 primary and secondary currents, similarly, with 
two coarse wires. Very competent were the three 
observers named in the reference, with later careers 
of note. 
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forms of an open-magnetic-circuit trans¬ 
former by Bedell, Miller, and Wagner, 16 
using a. liquid-jet contact maker, with 
some modifications in methods of meas¬ 
urements and the use of capacitors to 
improve power factor. The open-mag¬ 
netic-circuit transformer with its large 
magnetizing current and low power fac¬ 
tor could not survive. 

The use of a synchronous commutator 18 
in place of a contact maker eliminated 
error caused by duration of contact and 
made possible the direct determination of 
flux. The mechanical plotting of points 
on a synchronous drum was introduced 
by E. B. Rosa 17 to eliminate tedious 
plotting by hand. All methods employing 
synchronously driven mechanism, how¬ 
ever, had their day. Besides being 
cumbersome and inconvenient, they were 
limited to commercial frequencies and 
at best gave only points rather than con¬ 
tinuous curves. 

Meanwhile, a parallel development, 
starting with the optical study of the 
excursions of a telephone diaphragm, had 
led to the oscillograph, 1711 perfected by 
Blondd, Duddell, and others, employing 
a suspended element light enough to 
follow closely the rapid changes in a 
quantity under observation. There is no 
need for expanding on the wide and 
continued usefulness of the oscillograph 
in the determination of wave form; 
Point-by-point methods were thus out¬ 
moded. The moving element of an os¬ 
cillograph, however light it may be, has 
some inertia which, though practically 
negligible for many purposes, limits its 
ability to follow very rapid changes in 
the quantity under observation. A vi¬ 
brator with no weight at all would be 
most desirable. 

It had long been known that a cathode- 
ray beam would be deflected by a mag¬ 
netic or electric field. Ryan 18 grasped at 
this fact and, with a special cathode-ray 
tube made for him by Mueller Uri, con¬ 
structed and used the first cathode-ray 
oscillograph, an oscillograph in which 
the moving “part” had no weight and 
could accurately follow the changes in 
whatever quantity was under observation. 
A new field was thus opened. 

In the cathode-ray oscillograph the 
spot of light caused by the cathode ray 
impinging on a, fluorescent screen became 
a curve* by persistence of vision, when the 
cathode-ray beam was deflected simul¬ 
taneously by two fields at right angles, 
one field being set up by the variable 
under observation* and the other by a 
known variable of reference. Various« 
Eissajous figures were thus produced. In 
studying a-c wave form, Ryan used a 
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known sine wave for reference, the re¬ 
sultant curve being a smooth ellipse in 
case the wave under observation was also 
a true sine wave. Departure from an 
ellipse indicated departure of the un¬ 
known a-c wave from a sine wave. The 
observed curve was then laboriously re¬ 
plotted with time as an axis, as there was 
then no means for obtaining this directly. 

The apparatus used by Ryan was 
cumbersome. The tube required 5,000- 
10,000 volts accelerating potential, ob¬ 
tained from a motor-driven Wimshurst 
machine. Furthermore, it required the 
maintenance of low vacuum, obtained 
from elaborate vacuum apparatus with 
frequent attention. These inconven¬ 
iences were overcome in the low-voltage 
hot-cathode tube of Johnson, 19 with an 
accelerating potential of only 300-500 
volts and greater sensitivity. The tube 
contained a small amount of gas and re¬ 
quired no re-evacuation during its life. 
The general use of the cathode-ray tube 
for determining wave form thus became 
possible. 

To obtain a linear time axis, as now 
commonly used,, required a saw-toothed 
wave for the wave of reference, instead of 
the sine wave used by Ryan. Various 
means for developing such a wave were 
advanced, some mechanical, as from a 
synchronously driven rheostat, and some 
electrical from various types of circuit. 
Mechanical means were cumbersome and 
limited in frequency range and never 
came into general use. Electrical means 
for obtaining a saw-toothed wave, prop¬ 
erly synchronized and stabilized, led 
to the oscilloscope 20 ' 21 with linear time 
axis so widely used today. 22 * 23 To main¬ 
tain curves stationary, a stable linear 
sweep circuit is essential. With the 
oscilloscope practically no energy is 
drawn from the circuit under test. 

With wave form determined, many 
methods and machines have been de¬ 
veloped for its analysis, when plotted 
either in rectangular or polar 24 co-ordi¬ 
nates, into itfe harmonic components. 
Early attempts were made to determine 
the separate harmonic components in 
an a-c wave by direct electrical measure¬ 
ment. Some success was obtained by 
resonance 28 and by other means, as by 
passing currents of various harmonic 
frequency through one coil of a split 
dynamometer, the current to be . ana¬ 
lyzed through the other. The results, 
however, were meager, as the harmonic 
components without amplification, were 
too small to give significant measurement. 
Amplification, however, has made possible 
the development of many successful 
analyzers that give the components of an 
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a-c wave directly by electrical measure¬ 
ment. 2 ®- 29 

Wave-Form Standardization 

With the expanding use of alternating 
currents, the need for the standardization 
of wave form arose, and the adoption of 
some factor or factors that would indicate 
quantitively the degree of departure from 
a sine wave. Form factor, the ratio of 
effective to average value, although useful 
in connection with transformer loss, had 
no general significance, widely different 
wave shapes having the same form 
factor. 30 Other factors were from time 
to time proposed for this purpose, in¬ 
cluding distortion factor, peak factor, 
harmonic factor, curve factor, and devia¬ 
tion, and in some cases, after discussion, 
were sanctioned by the standards com¬ 
mittee. Each factor had its own 31 signifi¬ 
cance as the numerical measure of the 
departure of an irregular wave from a 
pure sine wave, varying each in its own 
way with variation of amplitudes, phase, 
and frequencies of the harmonic com¬ 
ponents of the wave. Each, therefore, 
had special usefulness for special pur¬ 
poses. Whether a single factor could be 
found, sufficiently satisfactory for all 
purposes, was a question. 

It was generally agreed that a sine wave 
of electromotive force at generator ter¬ 
minals or on a transmission line is best 
for most purposes, and that methods for 
prescribing allowable departure therefrom 
should be determined. In 1915 the 
standards committee, through a sub¬ 
committee* on wave form, undertook a 
study of the subject to ascertain what 
standard or standards could be specified 
that would be most suitable in character¬ 
istics and practical in application, avoid¬ 
ing tedious analysis and cut-and-try 
methods as far as possible. 

Admittance Standards 

As the troubles caused by a departure 
from a sine wave depend in many cases 
upon the frequency of the harmonic or 
harmonics present, the assignment of 
penalties to different harmonics according 
to their frequencies appeared to be an 
obvious way to make the penalty fit the 
crime. For doing this, an admittance 
type of wave-form standard 32 appeared 
well suited, with the possibility of assign¬ 
ing different allowable weights or penal¬ 
ties to harmonics of different frequencies 
according to their behavior or misbe¬ 
havior. The admittance of a circuit is 
readily measured, being proportional to 

* Membership of the subcommittee: F. Bedell, 
chairman; L. W. Chubb, F, M. Farmer, H. S. 
Osborne, and L. T. Robinson. 
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current. The admittance of a circuit with 
capacitance (C) increases, and in a circuit 
with inductance (L) decreases, with the 
frequencies of any harmonics in the 
applied electromotive force. With L and 
C both in the circuit, the admittance 
reaches a resonant peak at a particular 
frequency, the broadness of resonance 
being controllable by the resistance (R). 
Values of L and C can, accordingly, be 
selected for resonance at a particular 
resonant frequency, giving maximum 
penalty to a harmonic of that frequency, 
the admittance and penalty tapering off 
on each side, more or less rapidly, accord¬ 
ing to the value of R. 

The shape of the tapering slopes on the 
two sides can be controlled to a certain 
extent by employing a composite, instead 
of a simple circuit, with R, L, and C in the 
admittance standard. Desirable penal¬ 
ties can thus be assigned to different 
harmonic frequencies according to the 
degree of crime. The possibility of better 
weighting thus obtained led to the devel¬ 
opment of a composite circuit, instead of 
a simple circuit as an admittance stand¬ 
ard, despite the advantage that the 
latter could be readily duplicated with 
common laboratory equipment. 

The degree of crime, however, and 
hence the penalty to be assigned, is differ¬ 
ent in different fields of application, as in 
power transmission and machinery, in 
communication or insulation. It soon de¬ 
veloped that penalties could not be uni¬ 
formly prescribed in all fields, and no one 
universal wave-form standard, however 
desirable on account of simplicity, would 
prove generally acceptable. Special stand¬ 
ards thus appeared to be necessary to 
meet practical conditions in each case. 

In Inductive Co-ordination 

The admittance type of wave-form 
standard was found to be particularly 
suitable in the inductive co-ordination 
field. After extensive studies of induction 
problems involving power and telephone 
systems, a telephone interference factor, 
TIF, was proposed 33 in 1919 and a TIF 
meter, of the admittance type, for measur¬ 
ing power-system wave shape in terms of 
its influence on telephone circuit noise. 
Definite weightings were determined, 
based on the interfering effects of different 
frequencies, depending in part on the 
telephonic equipment in use and in part on 
the characteristics of the human ear. In 
1935 changes in telephonic equipment 
and new studies led to new weightings , 34 
and the name telephone interference 
factor was changed to telephone influence 
factor, as more appropriate. In 1941 
weightings 36 were, again revised, with 
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corresponding changes in the admittance 
net work of the TIF meter. Wave-form 
standards as applied to inductive co¬ 
ordination problems are thus being well 
cared for. 

In the Power Field 

In the power field, deviation and dis¬ 
tortion factors are both in use, but not 
extensively. Deviation is included in 
some specifications, and acceptance tests 
are made to see that the specification is 
met. Distortion factor* is more rarely 
encountered, being sometimes used by 
designers for calculating performance of 
machines. Good wave shape is a matter 
of evolution, attained by experience. 
With the increase in size of machines 
good design for wave form becomes less 
difficult. 

By American Standards Association 38 
definition, 1.217-10.95.420: 

"The deviation factor of a wave is the 
ratio of the maximum difference between 
corresponding ordinates of the wave and 
of the equivalent sine wave to the maximum 
ordinate of the equivalent sine wave when 
the waves are superposed in such a way as to 
make this maximum difference as small as 
possible.” 

"The deviation ractor of the open-cir¬ 
cuit terminal voltage wave of synchronous 
machines shall not exceed ten per cent unless 
otherwise specified.” (Rule 3.220) 

By ASA definition, 1.218-10.95.430: 

"The distortion factor of a voltage wave is 
the ratio of the effective value of the residue 
after the elimination of the fundamental to 
the effective value of the original wave.” 

To determine deviation, as defined, 
requires a curve of wave form and the use 
of cut-and-try methods.' Deviation is not 
directly measurable. In contrast with 
the admittance type of standard, it takes 
no account of the frequencies of the 
harmonic components, a characteristic 
which may be an advantage or a disad¬ 
vantage according to the use that is made 
of it. If there were simple means for its 
determination, deviation would serve well 
as a general standard, but no such means 
are available. 

Distortion factor, also, takes no recog¬ 
nition of frequencies, although giving 
total harmonic content. It can, however, 
be determined by analytical processes, 
and indirectly from measurement without 
requiring a curve of wave form, advan¬ 
tages in its favor. 

In Dielectric Tests 

In dielectric tests, by ASA rule 2.122: 

"The wave shape of the test voltage shall 
be of acceptable commercial standards: 

* Distortion factor is frequently used in the com¬ 
munication field in rating high-quality program and 
broadcasting equipment. 
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that is, it shall come within the deviation 
specified as allowable in paragraph 3.220. 
The test shall be made with a voltage having 
a crest equal to \/2 times the test voltage 
specified.” 

More recent AIEE Standards 37 specify 
further in paragraph 3 of appendix: 

"With the test' specimen in circuit, the 
crest factor (ratio of maximum to mean ef¬ 
fective) of the test voltage shall not differ 
by more than five per cent from that of a 
sinusoidal wave over the upper half of the 
voltage range." 

Crest voltages and crest factor may be 
determined by the use of a synchronous 
commutator 38 or rectifying tube, specifi¬ 
cation for a crest voltmeter being given 
in paragraph 4-80, AIEE Standards . 37 

In a Standards subcommittee report , 33 
the use of crest deviation factor (the de¬ 
parture of the crest factor from 1.414 
calculated in percentage) is suggested, 
and it is recommended that, as deviation 
requires a trace of wave form, it be not 
used for specifying wave form in dielectric 
power-factor measurements, and that 
distortion factor be adopted in its stead. 

Summary 

Since 1890, when alternating current 
was considered just plain "freak,” not 
obeying Ohm’s law and "clogging itself 
in its circuits,” our knowledge (with or 
without calculus) has become greatly 
advanced and the importance of wave 
form, “whatever that may be,” so well 
recognized as to require most careful 
standardization. 

A fuller discussion of wave-form 
standardization would here be out of 
place. Standards must always be subject 
to revision with technological develop¬ 
ment, such revision being made only after 
a strong need has developed. This is not 
the occasion to suggest revision. 

The author has outlined the history of 
wave form, without venturing a predic¬ 
tion as to the future. The paper merely 
runs a thread through a maze of material 
•with no pretention to completeness, the 
story being more fully told in the refer¬ 
ences and their extensive bibliographies. 
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Axial Air-Blast Circuit Breakers 
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Synopsis: The air-blast high-voltage circuit 
breaker has been developed and applied on 
high-voltage systems of 160 and 240 kv. 
Both single-phase and three-phase auto¬ 
matic high-speed reclosing can be carried 
out with this new type of circuit breaker. 
The principles of design and operation are 
explained and the construction of two high- 
voltage air-blast circuit breakers rated at 
160 kv and 220 kv, installed in Canadian 
power-distribution plants, is described and 
supplemented by a discussion of perform¬ 
ance tests and oscillograms. The con¬ 
struction of an air-blast circuit breaker with 
axial blast, designed for extremely high 
voltage and high interrupting capacity, is 
explained, and results of various tests dis¬ 
cussed. 

T HE air-blast type of circuit breaker 
was developed very rapidly from the 
indoor low-voltage type to the outdoor 
high-voltage type of circuit breaker, as 
extensive test experience clearly showed 
the many distinct advantages of applying 
■ compressed air for arc interruption. 
Besides the elimination of the oil hazard, 
the application of compressed air assures 
a very fast arc-interrupting ability and 
enables extremely fast tripping and auto¬ 
matic high-speed reclosing, by means of 
which the ideal protection of high-voltage 
power-transmission lines can be achieved. 

The description of the following high- 
voltage air-blast circuit-breaker installa¬ 
tions will show to what extent this type 
of breaker has been developed. 

Construction and Operation of 150- 
Kv Air-Blast Circuit Breaker 

The construction of the 150-kv air- 
blast breaker is illustrated in Figure 1. 
The breaker consists of three individual 
poles which are pneumatically intercon¬ 
nected or controlled by a common closing 
and tripping shaft. Each pole comprises 
a compressed-air tank (1), with a control 
valve and piston assembly (2, 3, 4), and 
a porcelain insulator column (5), on which 
is mounted the arcing chamber (6), which 
contains two arc breaks (7), and an air- 
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saving piston arrangement (8). A mov¬ 
able isolating contact (9) is connected in 
series with the arcing contacts and is 
operated by a rotating insulator (10). 
The stationary isolating contact (11) is 
supported on an insulator (12) which can 
be designed to accommodate, at the same 
time, the current transformers for the 
necessary protective relays and instru¬ 
ments. 

To obtain a maximum arc-interrupting 
effect, an optimum distance between the 
arcing contacts is required and it is, 
therefore, necessary to connect a movable 
isolating contact in series with the arcing 
contacts in order to provide a satisfactory 
isolating distance between the live breaker 
parts in the open breaker position. 
This separation of the arc-interrupting 
and isolating functions allows the arcing 
contacts to be designed relatively small 
and light, and this, in turn, makes it 
possible to obtain a very fast opening as 
well as a high-speed redosing of the 
breaker by means of operating the arcing 
contacts only. 

In cases where automatic high-speed 
reclosing operation is required, a separate 
insulator tube (13) is applied to supply 
compressed air for the automatic high- 
. speed redosing of the ardng contacts. 

Breaker Operation 

In the open position of the breaker, 
the isolating contact (9) is open while 
the ardng contacts (7) are held closed 
by spring pressure. 

When the breaker is closing an auxiliary 
control valve becomes energized and feeds 
air from the breaker tank to the isolating 
contact piston (4), which doses the mov¬ 
able isolating contact (9) by means of a 
bevd gear drive and the rotating insulator 
( 10 ). 

When the breaker is tripped, com¬ 
pressed air is fed through an auxiliary 
control valve from the breaker tank to 
an auxiliary piston (3) in order to open 
the main blast valve (2), by means of 
which air flows with high vdocity through 
the insulator column (5) into the ardng 
chamber (6) and opens the ardng con¬ 
tacts (7) pneumatically and extinguishes 
the arc at an early current zero. After 
the arc is extinguished, the air-saving 


piston (8) doses, and full air pressure is 
maintained between the open ardng con¬ 
tacts to provide a high didectric medium 
which prevents rdgnition of the arc dur¬ 
ing the time when the movable isolating 
contact (9) opens. The pneumatic con¬ 
trol is so arranged that, as soon as the 
isolating contact is fully open, the mai n 
air-blast valve closes again, and only the 
ardng contacts move back into closed 
position because of spring pressure. 

In case automatic high-speed reclosure 
is applied, the ardng contacts open as on 
a normal tripping operation, but without 
operating the movable isolating contact 
(9), and they are held open under air pres¬ 
sure until, by means of an auxiliary air 
supply through the redosing insulator 
tube (13), these contacts reclose again. 

In case of a permanent fault, the 
breaker immediately opens again after 
the first automatic redosure, in a similar 
way as on a normal three-phase tripping, 
by the opening of the arcing and isola tin g 
contacts, and will remain in open position. 

150-Kv Air-Blast Circuit-Breaker 
Installation in Canadian Power 
Plant 


Figure 2 shows the air-blast breaker 
installation of the Aluminum Company at 
Arvida. This breaker, designed for a 
service voltage of 150 kv and an inter¬ 
rupting capadty. of 1,800,000 kva, has 
been in service since 1939. The large in¬ 
sulators in the foreground, upon which 
the stationary isolating contacts are 
mounted, also contain the current trans¬ 
formers which are necessary for the pro¬ 
tective rdays; otherwise the construction 
is the same as described previously. 
Automatic reclosing operation was not 
requested, and, therefore, this breaker 
was not equipped with redosing device. 

Arcing Chamber 

The construction of the arcing chamber 
of this breaker is illustrated in Figure 3. 
Two arc breaks are connected in series 
which operate as follows: 

When the main air-blast valve has opened, 
compressed air flows under high velocity 
through the hollow breaker insulator column 
and ducts into the outside space of the 
lower and upper arcing chambers, by which 
means the ardng contacts (1) move their 
full stroke away from the stationary arcing 
contacts (2), thereby striking the arcs. 
Compressed air rushes through the hollow 
movable arcing contacts and through the 
muffler (3) to the open air and envelopes 
the arcs by a stream of high-velodty air 
which extends the arcs while, by forceful 
cooling due to air expansion, the arc paths 
become ddonized to such an extent that the 
arcs extinguish at an early current zero. 
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Figure 1 (left). Con¬ 
struction of 150-kv 
air- blast circuit 
breaker with double 
arc break 


Figure 2 (right). 
150-kv air - blast 
circuit-breaker in¬ 
stallation of the 
Aluminum Company 
of Canada, Ltd. 


When the arcing contacts move into the 
open position, some ports (4) become un¬ 
covered, through which compressed air can 
flow to the underside of the air-saving 
pistons (6), and, therefore, these pistons 
move against the arcing chamber partition, 
thus preventing a further escape of com¬ 
pressed air from the arcing chamber to 
atmosphere. A pneumatic time lag retards 
the closing of the air-saving pistons long 
enough to ensure positive extinction of the 
arcs. At the same time, when compressed 
air is fed into the arcing chamber, it is also 
admitted to an auxiliary piston which opens, 
with a time delay of a few cycles, the mov¬ 
able isolating contact. After the latter is 
fully open the main blast valve closes, and 
the air-saving piston returns to open 
position. 

Operation 

The operation of this type of air-blast 
circuit breaker is illustrated in oscillo¬ 
gram Figure 4, where a make-break opera¬ 
tion is recorded, On a single-phase short- 
circuit at a voltage of 142 kv, a current 
equal to a three-phase interrupting ca¬ 
pacity of 638 megavolt amperes was 
interrupted. As indicated on this oscillo¬ 
gram, the short-circuit was initiated at 
(1), at (2) the breaker tripping coil was 
energized, at (3) the arcing contacts were 
separated, and at (4) the arc interruption 
was completed. Including the arcing 
time of 0.007 second, the short-circuit 
interrupting time of the breaker proper 
(protectipn relay time.excluded) amounted 
to 0.046 second. 

The first high-voltage-type air-blast 
breaker in Canada was installed at the 
power distribution plant at Aryida in 
1939 and has operated up to the present 
time very satisfactorily without any 
failure. A second 150-kv air-blast circuit 


breaker was installed at the same power 
distribution plant in 1941. This second 
breaker has also given excellent service. 
Experience has shown that no appre¬ 
ciable arcing-contact deterioration is 
caused even after several short-circuit 
interruptions. The inspection of the arc¬ 
ing contacts can be carried out in a few 
minutes, and the maintenance work on 
these breakers is very little compared to 
that on an oil circuit breaker. 

» 

150-Kv Air-Blast Circuit Breaker 

With Automatic Reclosing Device 

Figure 5 illustrates the same type of air- 
blast breaker rated 150 kv but equipped 
with additional devices for automatic 
reclosing. Several breakers of this type 
are installed outdoors in European power 
distribution plants and have given very 
successful operating results on applying 
automatic high-speed single and three- 
phase reclosing. 

Oscillogram Figured illustrates a short- 
circuit interruption with high-speed re¬ 
closing which was carried out with this 
type of breaker on an overhead line of 
150 kv. On the upper oscillogram the 
interruption of an arcing short circuit 
is shown with automatic reclosing. Ex¬ 
perience has shown. that restriking of 
transient system faults could be pre¬ 
vented in most cases if the breaker stayed 
open approximately 10 to 15 cycles. 
Therefore, the breaker reclosing time was 
set in such a way that the breaker was 
delayed in reclosing approximately 0.19 
second. With this time delay in regard to 
the automatic reclosing, very satisfactory 
operating results were obtained. At a 


voltage of 150 kv, a current of 2,200 
amperes was interrupted. The total 
short-circuit interrupting time of the 
breaker proper (protective relay time ex- 
■ eluded) was 0.043 second. 

The lower oscillogram of Figure 6 shows 
the interruption of a metallic permanent 
short circuit. After the first arc inter¬ 
ruption is finished at (2), the breaker 
recloses automatically only once at (3), 
and then immediately opens a second 
time by a final trip and stays open. 

Breaker Operation at Low Tempera¬ 
ture and Under Heavy Ice Forma¬ 
tion 

In order to check that the movable 
breaker parts and piston mechanism oper¬ 
ate reliably even under heavy snow and 



Figure 3. Arcing chamber of 150-kv air- 
blast circuit breaker 
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Figure 4. Make-break operation on a single¬ 
phase short-circuit by 150-kv air-blast, circuit 
breaker 


e 0 *—Line voltage (142 kv) 
e - Recovery voltage (130 kv) 

/ —fault current (2,450 rms amperes) 
/ —Tripping-coil current 


ice formation, extensive tests under 
similar conditions as shown in Figure 7 
have been carried out with various high- 
voltage air-blast breakers, and it was 
found that, even under extremely heavy 
snow and ice formation, all the movable 
breaker parts operated very satisfactorily, 
both as to tripping and closing of the 
breaker. 

In order to prevent condensation and 
ice formation inside the outdoor air-pipe 
system and breaker parts, special air¬ 
drying equipment was applied through 



Figure 5. 150-kv outdoor air-blast circuit 
breaker with automatic high-speed reclosing 
devices 


Figure 6. Short-circuit inter¬ 
ruption with automatic reclos- 
ing by 150-kv air-blast circuit 
breaker 

e—Line voltage (150 kv) 
/—Fault current (2,200 rms 
amperes) 



which the compressed air is filtered and ing insulator and bevel gear drive from a 

dried. Furthermore, an additional out- separate piston on closing and normal 

door-erected air-storage tank was used in tripping. Otherwise, the design of each 

order to refill the breaker air tank, at each insulator column is similar to that de¬ 
breaker operation, with air at approxi- scribed on the 150-kv air-blast circuit 

mately the same temperature as the breaker, 

breaker parts. 

Arcing Chamber 

220-Kv Air-Blast Circuit Breaker The arcing chamber, mounted on top 

Installed Outdoors on a Canadian of the foot insulator, is illustrated in Fig- 

High-Voltage Power Line ure 9. Two movable arcing contacts (1) 

and two stationary contacts (2) are 

Figure 8 shows a 220-kv air-blast high- mounted inside two porcelain insulators 

speed circuit breaker installed in the out- (3), which are surrounded by capacitance 

door switching station of the La Tuque tubes (0) which control the potential 

power plant of the Shawinigan Water and 
Power Company. This breaker is rated for 
an arc-interrupting capacity of 2,600,000 
kva at 220 kv and is equipped with 
additional devices for carrying out single¬ 
phase or three-phase automatic high¬ 
speed reclosing. 

Construction 

Each breaker phase has a separate 
undercarriage upon which two large in¬ 
sulator columns axe mounted; to each 
breaker undercarriage are attached four 
air receivers and a complete control valve 
and piston assembly as required for the 
operation of each individual breaker pole. 

Each insulator column consists of a large 
foot insulator upon which a double arc¬ 
ing-contact chamber is mounted, thus 
forming four arc brfeaks in series for each 
breaker phase. Inside the foot insulator 
are located two porcelain pressure tubes 
for supplying compressed air for the arc 
iijferruption and for the high-speed re¬ 
closing. Furthermore, to each insulator 

column is attached a movable isolating Figure 7. Air-blast circuit-breaker tests under 
arm which is operated by means of rotat- heavy snow and ice formation 
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Figure 8. 220-kv air-blast circuit-breaker 
installation of The Shawinigan Water and 
Power Company 


distribution between the individual arc 
breaks. The movable arcing contacts 

(I) are operated by means of a differential 
piston (7) and a lever arrangement (5); 
the latter assures simultaneous opening of 
the arcing contacts in series. In the 
intermediate piece (4) and also in the 
cast-iron piece (8) located at the top and 
at the bottom of the fixed arcing contacts, 
are the air-saving pistons (9), through 
which the compressed air in the arcing 
chamber escapes to atmosphere. 

Operation 

When the breaker is tripped by the 
opening of the main blast valve, com¬ 
pressed air is supplied through the large 
porcelain pressure tube (10) and ducts 
into the outside space of the lower and 
the upper arcing chambers and also 
through a duct into the intermediate piece 
(4) behind the differential piston (7). As 
soon as the air pressure is built up, this 
differential piston opens the arcing con¬ 
tacts by compressing the contact spring 

(II) , and a stream of air flows with high 
velocity through the hollow arcing con¬ 
tacts and the air-saving pistons to atmos¬ 
phere, which creates a rapid deionization 
of the arcing path and extinguishes the 
arc at next zero passing. At the same 
time part of the compressed air also flows 
through a special duct into the air-filling 
volume (12), which closes the air-saving 
pistons with a certain time delay, thus 
preventing a further escape of compressed 
air to the outside after the arc is extin¬ 
guished. Closing the air-saving pistons,’ 
the compressed air re-establishes a high 
dielectric strength between the arcing con¬ 
tacts and, therefore, prevents reignition 
by the recovery voltage. At the aatn» 
time, when compressed air is supplied to 
the arcing chambers, air is admitted also 
to the isolating contact piston which 
opens, with a short time delay, the mov¬ 
able isolating contact under no-load con¬ 


dition. After the complete opening of the 
isolating contacts, the main blast valve 
closes again, the arcing contacts dose, 
and the air-saving pistons open again by 
spring pressure. 

On tripping with automatic high-speed 
redosing, only the arcing contacts open 
as previously described—but without 
opening the movable isolating contact. 
The arcing contacts are hdd open under 
air pressure until, by means of an auxiliary 
redosing piston, air is admitted through 
the porcelain pressure tubes (13,14) to the 
differential piston (7) and air-saving pis¬ 
tons (9), which simultaneously reclose the 
arcing contacts and open the air-saving 
pistons. 

The following operations are carried 
out by the breaker protective and control 
devices: 

By means of control relays, the breaker 
opens at the first tripping impulse, either 
single or three-phase, by the arcing contacts 
only, and recloses automatically upon an 
auxiliary redosing rday impulse with a 
definite time-delay which can be adjusted 
to any value most suitable for. the particular 
network. In case of a single-phase tripping 
by a permanent single-phase short-circuit, 
the breaker automatically redoses only once 
on the faulty phase, and immediately opens 
again by a final three-phase trip with the 
ardng and isolating contacts and stays open. 

By means of a control and minimum air- 
pressure valve, it is assured that the breaker 
operates only if the available pressure of the 
compressed air, stored in the breaker tanks, 
is in the range of the admissible operation 
pressure. If on any redosing the air pres¬ 
sure drops lower than normal, the reclosing 
function will not be carried through, and 
the breaker opens immediatdy by a three- 
phase final tripping, which will be initiated 
by means of a contact pressure gauge. 

If while closing the breaker, an urgent 
trip is required, the air to the dosing piston 
will be shut off immediatdy by means of an 
anti-pumping valve, which allows the trip¬ 
ping operation to be carried out without 
dday. By these various protective and 
control devices, it is assured that the breaker 
will always carry out the best suitable 
breaker function in connection with the 
particular operating condition. 

Test Results 

Field tests have been carried out with 
this installation where the principle func¬ 
tions were recorded simultaneously on all 
three breaker poles. Furthermore, by 
high-voltage short-circuit tests, the arc 
interrupting ability of the breaker was 
checked. 

The upper oscillogram of Figure 10 
illustrates the operation of this breaker in 
case Of a permanent single-phase fault. 
Only the faulted phase opens initially, 
followed by automatic redosure after a 
short time delay. Thereupon, the breaker 
immediately opens again, this time on all 


three phases, both arcing and isolating 
contacts, and remains opened. As shown 
on the lower oscillogram of Figure 10, a 
similar sequence is carried out for a per¬ 
manent three-phase fault, except that in 
this case all three phases are opened on the 
first as well as on the second opening. 
The recorded potential of the travel in¬ 
dicator, which was attached to the rotat¬ 
ing insulator of the movable isolating con¬ 
tact, shows that at the first interruption 
the movable isolating contact did not 
move, while at the second, final interrup¬ 
tion this contact opened a few cycles after 
the arcing contacts parted. 

From these oscillograms, Figure 10, the 
following breaker speeds were obtained: 
The breaker opening time until the arcing 
contacts part is 2 3 /< to 3 cycles. The auto¬ 
matic reclosing is delayed 23 cycles on 
single-phase and 16 cycles on three-phase 
circuit interruption, but this delay can be 
set to any desired value by means of a re¬ 
lay with an adjustable time-delay device. 
The movable isolating contact parts ap¬ 
proximately four cycles after the opening 
of the arcing contacts. 

For testing the arc-interrupting ability 
of this breaker, special short-circuit tests 
were carried out after the installation of 
this breaker was completed. At first, sev- 



Figure 9. Arcing chamber of 220-kv air- 
blast circuit breaker 
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eral short-circuit tests (single-phase-to- 
ground) were carried out during which the 
line voltage was gradually raised from 220 
kv to 260 kv. A fault current of approxi¬ 
mately 280 to 330 amperes was inter¬ 
rupted without any difficulty, with an 
arcing time of less than one cycle. 

In addition, similar short-circuit tests 
were carried out on the network with the 
power plants connected in parallel so as 
to obtain the maximum possible short- 
circuit capacity. With all these networks 
in parallel, the breaker interrupted a short 
circuit which was equal to a three-phase 
interrupting capacity of approximately 
1,000,000 kva as illustrated in oscillogram 
Figure 11. The time required for the 
protective relay and the auxiliary con¬ 
tacts of the control circuit of the particu¬ 
lar test arrangement was 3 l / 2 cycles, the 
breaker opening time proper, including 
arcing tune, was only 4Vs cycles, and the 
arcing time was less than one cycle. 

Tests also were carried out with all net¬ 


works in parallel where the breaker was 
switched twice into a short circuit by auto¬ 
matic high-speed redosing with a time 
delay of only 17 cydes between the first 
and the second arc interruption, and twice 
a short-circuit current of 2,740/2,330 
amperes at approximatdy 220 kv was 
interrupted satisfactorily with an ardng 
time at both interruptions of approxi¬ 
mately one-half cycle. At the first inter¬ 
ruption (which was equal to a three-phase 
interrupting capadty of approximatdy 
1,000,000 kva) the ardng contacts opened 
without opening of the isolating contacts 
and, therefore, the full recovery voltage 
of approximatdy 220 kv had to be hdd 
between the small distance of the four arc 
breaks in series until the breaker auto¬ 
matically redosed again. 

All these tests, including the test with 
automatic redosing, had so little influence 
on the large network system that these 
short drcuits could hardly be noticed at 
the different power stations. Full sta¬ 


bility of the networks was maintained 
through all these various short-circuit 
tests. 

After several weeks of satisfactory 
operation with this breaker, a flashover 
took place inside the small porcelain pres¬ 
sure tube for automatic reclosing, and this 
put the breaker out of operation until the 
replacement of the damaged parts. It is 
assumed that probably condensation on 
the surface of this porcdain tube led to 
this flashover. 

From the various tests and operating 
results we may conclude that these high- 
voltage air-blast breakers of 150 and 220 
kv have shown the advantage of interrupt¬ 
ing large short-circuit capadties with an 
air stream of high vdocity and the fadlity 
of carrying out automatic high-speed 
single and three-phase redosing. 

Latest Design of an Air-Blast Circuit 
Breaker for Extremely Hi gh 
Voltage and High Interrupting 



Figure 10 (left). 
Automatic single- 
phase and three- 
phase reclosing with 
final three - phase 
tripping by 220-kv 
air-blast breaker 

/'i—Breaker control 
impulses 

Ibi Iai Ic —Current 
of breaker phases 
j'j —Tripping relay 

impulse 

ei—Travel indicator 
potential 

e*—Timing wave 

(60 cycles) 


Capacity 

» 

Based on experience from the high- 
voltage air-blast circuit breakers installed 
in various power plants and on extensive 
high-voltage arc-interrupting tests car¬ 
ried out in their large breaker test room, 

Figure 11 (below). Interruption of a single¬ 
phase short-circuit to ground at 220 kv by air- 
blast breaker (interruption equal to three-phase 
interrupting capacity of 1,000,000 kva) 

i —Breaker control impulses 
£—Compensated voltage across fault 
I -—Fault current phase B 
. e—Travel indicator potential 
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Figure 1S. Air-blast circuit breaker for ex¬ 
tremely high voltage and high interrupting 
capacity with eight arc breaks in series 


Brown, Boveti and Company have de¬ 
veloped, in addition to the previously de¬ 
scribed air-blast breakers of 150 and 220 
kv, an air-blast breaker for extremely 
high voltage and high interrupting capac¬ 
ity as illustrated in Figure 12. 

Construction 

On this breaker eight potential-con¬ 
trolled arc breaks are connected in series, 
which open simultaneously by means of 
compressed air, and which provide an 
extremely short arc interruption. In re¬ 
gard to the various pistons and other 
breaker parts, the design in principle is 



Figure 13. Potential distribution across four 
: arc breaks in series 


1. Without potential control 

2. With potential control 

3. Ideal distribution of potential 



Figure 14. Increase in interrupting capacity 
and interrupting voltage in function of the 
control capacitance (C) across the four arc 
breaks in series 

similar to the previously mentioned de¬ 
sign but simplified to a large extent. The 
inspection of the individual axdng con¬ 
tacts can be carried out in a few minutes, 
since it only requires loosening the spindle 
of a press damp for taking off the con¬ 
tacts for inspection. 

This breaker is also equipped with high¬ 
speed redosing devices, by means of 
which single and three-phase high-speed 
reclosing can be carried out as previously 
described. 

Breaker Tests 

The design of this breaker has resulted 
from the following tests, which give proof 
of the interrupting ability of this breaker. 
Extensive investigations have shown that 
the application of arcing chambers with 
potential-controlled multiple arc breaks 
presents the best solution for an air-blast 
breaker of extremdy high voltage and 
high interrupting capadty, because it 
allows re-establishment of the didectric 
strength across the ardng path at several 
breaks simultaneously, which extinguishes 
the arc very effectively. With the rise of 
the recovery voltage after arc interrup¬ 
tion, the distribution of the voltage across 
the arc breads is influenced by the charg¬ 
ing currents of the capadtances across the 
breaks and to earth and, therefore, it is 
of paramount importance to assure an 
equal distribution of the voltage across the 
different arc breaks by means of connect¬ 
ing small capadties across the individual 
breaks. 

The test results, as illustrated in Figure 
13, show dearly that the highest voltage 
across one break (with four uncontrolled 
arc breaks in series) can rise as high as 71 
per cent of the total voltage (as shown by 
curve 1) while, if all four arc breaks are 
potential-controlled by means of small 
capadtances, very equal potential dis¬ 
tribution between the four arc breaks is 
attained (as shown by curve 2). 



Figure 15. Oscillations of the recovery volt¬ 
age across potential-controlled arc breaks 
during the breaker opening, recorded by 
cathode-ray oscillograph 

e —Distribution of the potential during the 
oscillation 

KO —Cathode-ray oscillograph 

The test data, illustrated in Figure 14, 
show that the admissible interrupting 
capadty can be considerably increased 
with increasing values of the small capaci¬ 
tances which are connected between the 
individual arc breaks. 

Furthermore, it has been proved by 
potential measurements carried out with 
a cathode-ray oscillograph (as illustrated 
in Figure 15) that during the opening of 
potential-controlled arcing contacts, the 
equal distribution of the potential is fully 
maintained and, therefore, the stresses on 



n 


Figure 16. increase in interrupting capacity 
in function of the number of potential-con- 
trolled arc breaks 
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Method for A-C Network Analysis 
Using Resistance Networks 

WALDO E. ENNS 

ASSOCIATE AIEE 


T HE mathematical solution of a-c net¬ 
work problems, of the type known as 
load distribution and voltage studies, is 
difficult and tedious for complex networks. 

Where available, the a-c network ana¬ 
lyzer or calculator affords the means of 
solving this type of problem, as well as 
many other problems, with good speed 
and accuracy. 

It is the purpose of this paper to de¬ 
scribe a new method of calculating a-c 
network problems and to illustrate with 
a practical example how a conventional 
d-c board, comprised of resistance cir¬ 
cuit elements, may be used to solve load 
distribution and voltage studies. The 
writer has developed a new type of d-c 
board* which would facilitate the use of 
the method described in this paper, but 
for the purpose of the present papa: the 
application is limited to the existing 
types of d-c boards. 

The scope of the present paper is re¬ 
stricted to the analysis of three-phase 
networks with balanced loading on the 

Paper 42-149, recommended by the AIEE com¬ 
mittee on power transmission and distribution for 
presentation at the AIEE Pacific Coast convention, 
Vancouver, British Columbia, Canada, September 
9-11, 1942. Manuscript submitted June 1, 1942; 
made available for printing July 17, 1942. 

Waldo E. Enns is electrical engineer with Portland 
General Electric Company, Portland, Oreg. ■ 


three phases. If the application to load 
distribution studies is understood, it is 
believed the use of the method for short- 
circuit studies will be evident. For short- 
circuit work this method can be used to 
advantage if the resistance of the net¬ 
work circuits is appreciable, so that a net¬ 
work setup representing reactance does 
not give sufficiently accurate results, 
and where a setup representing impedance 
is inaccurate because of differences in 
ratio of X to R for the circuits fo rmi ng 
the network. 

In contrast with the a-c network ana¬ 
lyzer, inherently this method is not ex¬ 
act, but by successive approximations an 
exact solution may be obtained. For¬ 
tunately the first approximation is close 
enough for most practical probl ems , and 
rarely is it necessary to go further than 
the second approximation to obtain the 
desired accuracy. As the illustration 
shows, the method is simple and is quicker 
than other methods in analyzing complex 
networks with the exception of the a-c 
analyzer. Therefore the writer believes 
that the method of this paper as applied 
to a d-c board can be a useful tool for en¬ 
gineers in system planning work. 

Simple computations are involved to 
obtain the voltage drop in a radial cir¬ 


cuit with known line constants and load¬ 
ing, particularly when the circuit may be 
treated as a lumped impedance. 

When a current with inphase compo¬ 
nent (+/ P ) and quadrature component 
(+/ ? ) flows through a circuit of resist¬ 
ance R and reactance X , the inphase 
component of voltage drop is V p =IpR— 
IqX, and the quadrature component is 
V g =I t R-\-I p X. The components of cur¬ 
rent and voltage drop refer to the same 
reference axis. 

If a current equal to I v is passed 
through a resistance equal to R, the volt¬ 
age drop I P R can be measured. If a cur¬ 
rent equal to I Q is passed through a re¬ 
sistance equal to X, the voltage drop 
IqX can be measured. Likewise passing 
I p through X and I q through R, IpX and 
IqR can be measured,, and, by using the 
equation for V p and V t , the values of the 
components of voltage drop are obtained. 
These simple equations are the basis for 
the method of this paper. 

When these equations are applied to 
network analysis, it is necessary to choose 
a reference voltage at one point in the 
network to which all voltage and current 
components refer for phase position. 
For simplicity, a network with balanced 
loading, is analyzed on a single-phase- 
to-neutral basis. To obtain a correct 
solution, it is necessary to satisfy Kirch- 
hoff’s laws for a-c network, which may be 
expressed as follows: 

(a) . The algebraic sum of the components 
of current toward any junction point is 
zero. 

(b) . The algebraic sum of the components 
of voltage around any closed path in the 
network is zero. 


each individual arc break are in propor¬ 
tional relation to the total interrupting 
capacity. * 

. As a result of these tests, a definite con¬ 
clusion can be drawn regarding the per¬ 
formance of the breaker under its rated 
interrupting capacity by applying the pro¬ 
portional interrupting capacity on one 
break only. This contention has been 
proved by the test data shown in Figure 16 


arc breaks can be tested accurately by 
interrupting the partial load with one 
break only, which enables one to judge 
what the performance of this breaker 
would be under full rated interrupting 
capacity. 

Therefore, judging from these test re¬ 
sults, it should be possible today to design, 
for example,, an air-blast circuit breaker 
for a voltage as high as 600 kv without 


conclude that, besides lowering the main¬ 
tenance cost, the stability of the trans¬ 
mission systems can further be increased 
because of the breaker interrupting speed 
and the possibility of carrying out high¬ 
speed reclosing. 
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where it is shown that the maximum ad- requiring a test plant of such a high volt- 

missible interrupting capacity increases age. 

practically in proportion to the number of 

potential-controlled arc breaks. Forhigh- Conclusion 

voltage circuit breakers, relatively high 

interrupting capacities are required which; The construction of the various high- 
far exceed the maximum short-circuit voltage air-blast breakers and the operat- 

capaqity available at the present test ing and test data show that today this 

plants. It is, therefore, of great impor- type of breaker is developed to such an ex- 

tance to note from these tests that a tent that very valuable operating results 

breaker with potential-controlled multiple can be obtained. In summarizing, we can 
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In the practical network problem which 
follows, the compliance with Kirchhoff’s 
laws is illustrated; however, it should be 
noted that in this particular problem, the 
transformers involved have the same 
ratio, so that there is no boost or buck in 
the voltage in any closed path in the net¬ 
work. The method of treating boost or 
buck in a closed path will be discussed 
later in the paper. 

Application of Method to Network 
Problem 

Following is an outline of procedure for 
making a load distribution and voltage 
study for a complex network with the aid 
of a conventional d-c calculating board 
and illustrated with a practical problem. 
The network shown on Figure 1 consists 
of 116 miles of 115-kv and 395 miles of 
57-kv three-phase transmission circuits. 
The actual systems involved have more 
circuit mileage which is radial with re¬ 
spect to the network shown and so is not 
included in the problem. The estimated 
loads and generation for the December 
1942 peak are used in the study with a 
total megawatt input in excess of 200 
megawatts; however due to simplifica¬ 


tion by subtracting local load from gen¬ 
eration, the net total input is reduced to 
157 megawatts for the purpose of the net¬ 
work problem. 

1. One-Line Diagram of Network 

Figure 1 is the one-line diagram of the 
network simplified somewhat from the 
actual system to eliminate radial lines 
which are set up as loads at the network 
busses. 

The method of lettering busses and 
numbering circuits as shown on Figure 1 
is a satisfactory means of simplifying the 
recording of data and lessening the chance 
of making errors in the direction of cur¬ 
rent flow or voltage drop in the network 
circuits. 

2. Circuit Constants 

The circuit constants R, X, B, and G 
are required as shown in Table I. The 
constants are on a co mm on phase voltage 
base of 57 kv in the problem but may be 
on any suitable common voltage or 
kilovolt-ampere base, if the currents are 
on the same base. (Where parallel cir¬ 
cuits interconnect busses, the constants 
of the equivalent circuit will simplify the 
board setup, and if the parallel circuits 



have ratios of X/R which are substan¬ 
tially different, it is essential that the 
equivalent circuit be used, otherwise 
additional successive approximations may 
be necessary to obtain the desired accu¬ 
racy in the study.) 

3. Loads and Estimated Generation 

As shown in Table II and on Figure 1, 
the real and reactive power should be 
tabulated at all load busses. Wherever 
generator or synchronous condenser in¬ 
puts to the network occur at load busses, 
the input and load real and reactive power 
should be combined to give the net load 
or generation at that point. It should be 
noted that in Table II the leading reac¬ 
tive power at load busses is moved into 
the generation column, so that all reac¬ 
tive will be at the same algebraic sign, 
negative. 

In the problem the voltage at the elec¬ 
trical load center of the system is 57.7 
kv, so that the reference voltage to neu¬ 
tral is chosen as 33 . 33+70 kv. Bus P 
on Figure 1 is the main receiving station 
for the generating plants and would be 
expected to have a voltage phase angle 
approximately that of the major loads, 
so that it is chosen as the reference bus. 
Therefore all voltage and current com¬ 
ponents for the network will refer to this 
same reference voltage, £„'=33.33+j0 
kv. Since the components of voltage to 
neutrals E P and E a are unknown at the 
other load busses of the network, E n r 
is assumed to exist at all load busses, so 
that the current components I P and I Q 
can be computed as shown in Table II. 
At generator busses remote from the load 
ceqter, the values of I v and I q are com¬ 
puted on the basis of estimated inputs to 
the network and estimated voltages, but, 
as shown in Table II, these input cur¬ 
rents in total must equal the sum of the 
load currents. 

4. Setup on D-C Board to Deter¬ 
mine Voltage Drops 

The resistance units of the d-c. board 
are now set up to simulate the resistance 
or R network on the basis of the R values 
of Table I. The positive bus of the 
board is connected through a rheostat to 
a common bus from which all I v input 
busses are fed through individual rheo¬ 
stats. The negative bus of the board is 
connected to a common bus to which all 
output I p currents flow from their re¬ 
spective load busses of the network 
through rheostats. The board is then 
ready for adjustment to set up I„ input 
‘and output currents in some convenient 
proportion to the actual I p currents 
shown in Table II. It is important to es- 

Elegtrical Engineering 



Table I. Network Problem-Circuit Constants Table II. Network Problem—Loads and Generation for Setup on D-C Calculating Board 
on 57-Kv Base •- _ 



Resist¬ 
ance, R 

React¬ 
ance, X 

Con¬ 

duct- 

Suscept- 

ance 


Loads 

Generation 

(Estimated) 




Circuit 

Ohms 

Ohms 

ance 


Mega- 

Mega¬ 

vars 

Mega- Mega¬ 
watts vars 

JUIHM 

i current 

vj enterai ea current 

Desig¬ 

nation 

to 

Neutral 

to 

Neutral 

G-R + 
(R*+X») 

B=X + 
(R*+X») 

Bus 

watts 

Ip 

Iq 

ip 

Iq 






A .. 



- 8.0_- 5.0.. 

.... 38.0-— 9.0.. 

» • • • » • • • - • • i 



.. .. 80 
... 380 

--i4l 

... -i74 

1 AB .. 

.. 0.5... 

. 2.0... 

.0.1175... 

,.0.4710 

B .. 



• 

• • . 

2 BC .. 
3 ID ... 

.. 1.0... 
.. 2.5... 

. 3.5... 
. 4.0... 

.0.0755... 

.0.1125... 

.0.2640 

.0.1798 

C . 

D . 

12 . o’. 
12.0 

...- 1.8 
...- 6.0 
...- 4.0, 

120 

... ~jl8 
... —j 60 
. .. —j'40 

4DE ... 

..12.0... 

.12.5... 

.0.0400... 

.0.0417 

E . 

9 0 

1 • • • • » • • • • i 


> > • • 

i . . ■ ' 

5 EF ... 

.. 3.5... 

. 4.0... 

.0.1240... 

.0.1420 

F . 


• • • • • • • • _ « • i 


• • * 

• • • 

5 FK... 

.. 3.5... 

. 4.5... 

.0.1077... 

.0.1384 

G . 

7 0 

.*.- 4.o! 

* 

•••• 


... —j40 

• • • 


5FG ... 

.15.0... 

.23.0... 

.0.0199... 

.0.0305 

H . 

21.0. 

• •• •••• • ■ , 
• • • ♦•••*" 16 ■ 0 • •« 
—« 1 A 

oin 

... 

.’ .* .* —il35 

12 

6 GH .... 

. 9.0... 

.14.5... 

.0.0309... 

.0.0498 

/. . 

6.2. 

* 

AO 


• * • 

7 HR... 

.12.0... 

.15.5... 

.0.0313... 

.0.0405 

/. . . . . 

.14.0. 

— 30 

' • • • , , 

lid 

• • • 

... — 

8 RU... 
9 Ul... 

10 LQ ... 
11QP ... 
12PS ... 
135 N.... 

.17.0... 
. 9.0... 

. 5.0... 

. 1.5... 
.11.0... 
8.5... 

.24.0... 

.13.6... 

. 7.0... 

. 4.0... 
.14.6... 
.10.5... 

.0.0197... 

.0.0342... 

.0.0676... 

.0.0822... 

.0.0332... 

.0.0467... 

.0.0278 

.0.0513 

.0.0946 
.0.2190 
n r\AQa 

r . 

L . 

M . 

N . 

0 . 

17. O'. 
12.0. 
3.0., 
16.0. 

*.’.*.-10.0. 
...- 5.0. 
...- 2.0. 
...- 6.0. 

. — 3 0 

• • » •••• 

... 24.5_- 6.5... 

1 • • < 1 _1 • • • • ~ • 

• • • • • • • • • • 

• • • • • • » 1 • • • 

170 

120 

30 

i an 

* i • oil 

-jlOO 
...—j50 
... -i20 
... -J6Q 

. .. 245 

. .. -jS4 

.0.0577 

p. 

7.0. 

• •• * * * • 

70 

90 

50 


... 

14 NM... 
15 MI ... 

. 8.0... 

. 3.5... 

. 9.6... 

. 5.0... 

.0.0520... 

.0.0940... 

.0.0617 

.0.1340 

Q . 

R . 

9.0. 

5.0. 

...- 3.0. 
... — 2 0 

• ••• 

• • • • • • • 1 1 » « • 

• • . —JoU 

... —j‘30 
... —i20 

... — 

. .. — 

16// ... 
17/0 ... 
180P ... 
19 PK... 

20 PT ... 
21 PU ... 
22 TU ... 

. 4.5... 

i k 

. 7.0... 
o n 

.0.0650... 
n o>inA 

.0.1010 

5. 

T . 



•*• •••• • • a 

... 20.5....— 6.5... 

... 33.0_- 9.0... 

... 33.0 _ - 7.0... 

.’.*.* 193 

.' .* .’ —j'52 
... —j’73 
... —j'57 

. 1.0... 

. 2.5... 

.11.5.... 
. 4.6... 

. 6.0... 

. 1.6... 

. 7.0.... 

.34.0...; 
. 9.0.... 
.15.0.... 

.0.3080... 

,0.0453... 

,0.0089... 

,0.0450... 

.0.0200... 

.0.4620 

.0.1267 

.0.0264 

.0.0890 

.0.0600 

u . :. . 

— 

... — . 

— 

... — 

. . . OUU 

. .. 304 

Totals. . .. . 

Estimated loss = 
Estimated input =* 

.150.2., 

6.8.. 

157.0.. 

...-49.8. 

..-10.6 

..-60.4 

...157.0....-60.4... 

.1,502. 

... — j498. 

...1,502. 

... — j’498 

23 AI ... 
24 CR ... 

. 0.5.... 
. 1.0..., 

. 4.5.... 
. 8.0.... 

0.0244... 

0.0154... 

.0.2192 

.0.1231 

♦Leading or + megavars at loads is shown as — megavars generation. 





At loads Ip — 1,000 X mw/57.7 V«5 ** 10 X mw. 


At loads T ff —1,000Xmvar/67.7V5" 10 Xmvar. 

tablish a small current through the board For input or generation to network, estimated bus voltages are used to compute I p and I 9 from the esti- 
at the start by adjusting the rheostat mated megawatts and megavars input, but it is essential for the d-c board setup that the totals of l v and 
« . ,, ... , , ,, Iq input are equal to the totals supplied to loads. 

between the positive bus and the co mm on 


input bus to have a high value of resist¬ 
ance as compared to the network resist¬ 
ances, so that it will act as a current 
limiter or, in effect, help maintain an al¬ 
most constant total current to the net¬ 
work. Actually it would be better if a 
constant current supply could be used, 
but the current limiting rheostat referred 
to is satisfactory for the purpose. After 
the I p currents into the network at genera¬ 
tor busses and out of the network at 
load busses have been adjusted, by means 
of their respective generator and load 
rheostats, to be proportional to the de¬ 
sired values of. Table II, the resistance of 
the current-limiting rheostat may be re- 
. duced to the point where a substantial 
current flows through the network. With 
more current it is then possible to adjust 
generator and load rheostats slightly to 
give the values of currents, still propor¬ 
tional to those of Table II, which are to 
be the basis for the readings of I W R 
voltage differences between bus P and 
all other busses of the network. For 
example (IprR) measured from bus A 
to bus P multiplied by the constant for 
the d-c board for this set of readings is 
equal to —635 volts and is recorded in 
Table III. The board constant depends 
on the proportionality factors between 
board resistances and actual network 
resistances, between board currents and 
actual network currents, and also on the 
type of scale calibration on the voltmeter, 


so that the data for this study are simpli¬ 
fied by the elimination of the board 
constants from the tabulations. 

In a similar manner the circuit resist¬ 
ance units are adjusted to simulate the re¬ 
actance or X network on the basis of the 
X values of Table I. Again by use of the 
current-limiting rheostat the board cur¬ 
rent is reduced, and some minor adjust¬ 
ments in generator I v and load I P cur¬ 


rents will make them proportional to 
those of Table II, and the same procedure 
as described for obtaining I W R voltage 
readings is followed to obtain I vx X volt¬ 
age differences between all busses and 
reference bus P. These readings are in 
Table III. 

In like manner (—I gx X) readings can 
be obtained. However it will be noted in 
this problem, and in most problems of 


Table III. Network Problem—Measured Components of Voltage Drop Between All Busses 
> and Reference Bus P 



(+IprR) 

' <~Iq*X) 

Vp=IprR—IqxX C+Ip-xX) 

(-IqrR) 

Vq- 

IpxX+IqrR 

AP.... 

... -635_ 

... +865. 

... +230- 

... +125... 

...+335.... 

... -210 

BP.... 

... —595. ... 

... + 1,055- 

... +460_ 

... +340... 

... +380.... 

... -40 

CP.... 

... —895_ 

... + 1,135- 

... +240- 

... -605... 

...+435.... 

...-1,040 

DP.... 

... —960.... 

.,. +40.... 

... -920_ 

...-1,130... 

... +80.... 

...-1,210 

EP . 

... -760_ 

... +70- 

... -690.... 

... -820... 

... -70.... 

... -750 

FP . 

... —405 • • • • 

... +235.... 

... -170- 

... -315... 

... +25.... 

... -340 

GP . 

...-1,200_ 

... +620.... 

... —580. ... 

...-1,840... 

...+110.... 

...-1,950 

HP.... 

...-1,075- 

...+1,435- 

... +360- 

...-1,825. .. 

... +505.... 

... -2,330 

IP . 

... -710.... 

... +260_ 

... -450_ 

... -735... 

...+255.... 

... -990 

/P. 

... —550.... 

... -60_ 

... -610- 

... -730... 

... -10.... 

... -720 

KP. ... 

... +195_ 

... +345. 

... +540- 

... +445... 

... +85..... 

... +360 

LP . 

... -275_ 

... -455_ 

... -730_ 

... -395... 

• •« —305. • • * 

... -90 

MP.... 

•• • • —820«« • i 

... +40. 

• • • —780# • •« 

... -900... 

... +90.... 

... -990 

NP.... 

... -120_ 

... +90. 

... -30.... 

... -100... 

... +120.... 

... -220 

OP . 

... —280_ 

... -90_ 

... -370_ 

... -440... 

... -50.... 

... -390 

QP..... 

... -170.... 

... -240_ 

... -410_ 

... -375... 

...—105.... 

... -270 

RP... .. 

... -575_ 

... +865_ 

... +290.... 

... -880... 

...'+230.... 

...-1,110 

SP . 

... +890- 

... +360. 

...+1,250.... 

...+1,120... 

.. . + 320.... 

... +800 

TP. 

...+1,730_ 

...+1,050. 

...+2,780.... 

...+4,410... 

.. .+380.... 

... +4,030 

UP.... 

...+1,020_ 

.... +450..... 

...+1,470_ 

...+1,785... 

. ..+175..,. 

...+1,610 


* (,+IprR) is measured with +Ij> currents flowing through R network. 
(—IqjgX) is measured with +I q current flowing through X network. 
(+/p*/0 is measured with + Ip current flowing through X network. 
(—IqrR) is measured with +/q current flowing through R network. 
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Table IV. Network Problem—Computation of Components of Current Flowing in Each Circuit 


Circuit 

Designation 

Voltage 

Difference 

Ip- 

GVp+BVq 

Iq-GVq-BV r 

1 

Vp V, 

GV P 

BV, I P 

GVq BVp 

Iq 

1 BA . 

.. +230.. +170.. 

... +27.0.. 

+80.0.. +107.0... 

.. +20.0..+108.0.. 

-88.0 

2BC ..... 

.. +220. .+1,000.. 

... +16.8.. 

+264.0.. +280.8... 

.. +75.5.. +58.1.. 

+ 17.4 

3 ID . 

.. +470.. +220.. 

... +52.9.. 

+39.6.. +92.5... 

. . +24.7.. +84.4.. 

-59.7 

4 ED.;... 

.. +230.. +460., 

... +9.2.. 

+ 19.2.. +28.4... 

. . +18.4.. +9.6.. 

+8.8 

5 FE . 

.. +520.. +410.. 

... +64.5.. 

+ 58.2..+122.7... 

.. +50.8.. +73.9.. 

-23.1 

5 KF . 

.. +710.. +700.. 

... +76.4.. 

+97.0..+173.4... 

.. +75.4.. +98.5.. 

-23.1 

5 FG __ 

.. +440. .+1,610.. 

... +8.8.. 

+49.1.. +57.9... 

.. +32.0.. +13.4.. 

+ 18.6 

6 HG . 

.. +970.. -380.. 

... +30.0.. 

-18.9.. +11.1... 

.. -11.1.. +4?.4.. 

-60.2 

7 HR... . 

/. +70..-1.220.. 

... +2.2.. 

-49.5.. -47.3... 

.. -38.3.. +2.8.. 

-41.1 

8 UR ... . 

. .+1,180. .+2,720. 

... +23.2.. 

+75.8.. +99.0... 

.. +53.6.. +32.9.. 

+20.7 

9 UL . 

. .+2,200. .+1,700.. 

... +75.3.. 

+87.2..+162.5... 

.. +58.1. . + 113.0.. 

-54.9 

IOQjL . 

.. +320.. -180. 

... +21.6.. 

-17.0.. +4.6... 

.. -12.2.. +30.2.. 

-42.4 

11 PQ . 

.. +410.. +270. 

. .. +33.7.. 

+59.1.. +92.8... 

.. +22.2.. +90.0.. 

-67.8 

12SP. 

..+1,250.. +800. 

... +41.6.. 

+ 35.0.. +76.6... 

.. +26.6.. +54.8.. 

-28.2 

135 N . 

..+1,280. .+1,020. 

... +52.0.. 

+ 59.0..+111.0... 

.. +47.6.. +74.0.. 

-26.4 

14 NM.... 

.. +780.. +770. 

... +40.6.. 

+47.5.. +88.1... 

.. +40.0.. +48.2.. 

-8.2 

151M . 

.. +360.. 0., 

. .. +33.9.. 

0.0.. +33.9... 

0.. +48.2.. 

-48.2 

16IJ . 

.. +160.. -270. 

... +10.4.. 

-27.3.. -16.9... 

... -17.6.. +16,2.. 

-33.8 

17 OJ . 

.. +240.. +330. 

... +57.6.. 

+ 105.8..+163.4... 

,.. +79.1.. +76.9.. 

+2.2 

18PO . 

.. +370.. +390. 

. ..+114.1.. 

+ 180.2..+294.3... 

..+120.4. - + 170.8.. 

-50.4 

19 KP . 

.. +540.. +360. 

... +24.5.. 

+45.6.. +70.1... 

.. +16.3.. +68.5.. 

-52.2 

20 TP . 

..+2,780..+4,030. 

... +24.9.. 

+ 106.5..+131.4... 

.. +36.0.. +73.4.. 

-37.4 

21 UP . 

..+1,470. .+1,610. 

... +66.1.. 

+ 143.4. .+209,5... 

... +72.5.. + 131.0.. 

-58.5 

22 TU . 

..+1,310.. +2,420. 

... +26.2.. 

+ 146.0..+171.2... 

+48.4.. +78.6.. 

-30.2 

23AI . 

.. +680.. +780. 

... +16.6.. 

+ 171.0..+187. 6 ... 

.. +19.0. . + 149.0.. 

-130.0 

24HC . 

.. +120..-1.290. 

... ‘ +1.8.. 

-159.0..-157.2... 

.. -19.9.. +14.8.. 

-34.7 


kv. From Table III the voltage differ¬ 
ences to neutral of components V v and 
V g were obtained between all busses and 
bus P. To determine the voltage to 
neutral at every other bus, these voltage 
differences are added algebraically to the 
reference voltage. This is done, and the 
results are tabulated as E p and E s in 
Table V. 

The current components I p and I g 
in Table V are* not exactly the same as 
the current components given in Table 
II which were the basis of the d-c board 
setup, but instead are the algebraic sum 
of the components of current away from 
each generator bus and toward each load 
bus, so that Kirchhoff’s law will be satis¬ 
fied. For example at generator bus A the 
actual input current is equal to the sum of 
currents 1 AB and 23 AI expressed in their 
components. From Table IV, I p for 
1 AB is —107.0 amperes,' and I v for 23.41 
is +187.6 amperes, and the algebraic 
sum is +80.6 amperes as shown in Table 
V. All I P and I q current components 
given in Table V are obtained in this man¬ 


this type, there is some modification of the 
connections between the network and the 
input and output busses for the I q cur¬ 
rent setup due to the fact that loads with 
leading or positive reactive power are 
set up as generators of negative reactive 
power. In this problem this change is 
necessary for the connections to busses H 
and I. The reason why the voltage dif¬ 
ferences between all busses and reference 
bus P are designated as —I ax X voltages 
is that +/ tf currents are made to flow in 
at the input bus and out at the output 
bus, whereas actually they should be set 
up as —Ig currents to conform to the signs 
of Table II. 

Similarly by using the R network and 
+I a currents the —IgrR voltage differ¬ 
ences are obtained. 

Referring again to Table III, the in- 
phase voltage difference between all 
busses and the reference bus P is V v — 
I pr R—IgxX for each case, and the quadra¬ 
ture component of voltage difference is 
Vg^TgnX+IgrR. ' 

5. Computation of Components of 
Current Flowing in Each Circuit 
of the Network 

Referring to Table IV, the voltage dif¬ 
ferences between the bus terminals of 
each circuit are derived from the V p and 
Vg values of Table III. For example, V P 
for circuit 1P4 is obtained by subtract¬ 
ing V P for AP from F„ for BP in Table 
III which gives +460—230=+230 volts. 
In like manner, V P and V t for all circuits 
of the network are derived. 

Next, as shpwn in Table IV, the equa¬ 


tions I p —GV P ~\-BVg and I Q =GV a -BV p 
are used to determine the inphase and 
quadrature components of current which 
must flow in each of the circuits of the 
actual a-c network to give the V P and V 9 
voltage differences derived from the d-c 
board setups. The values of conductance 
G and susceptance B are those shown in 
Table I for each circuit of the network. 

6. Computation of Bus Voltages and 
Real and Reactive Power 

As noted at the start of the solution, 
the reference bus P was established as 
having a voltage to neutral of 33.33+;0 


ner. 

The computations of real and reactive 
power in megawatts and megavars are 
obtained by using equations megawatts** 
0.003 (Epl p +Eglg) and megavars=0.003 
(Eplg—Eglp) as shown in Table V. 

Table VI is added to show the compu¬ 
tation of the phase voltages at all busses 
and to give a direct comparison of the 
derived values of real and reactive power, 
which completely satisfy the current dis¬ 
tribution of Tables IV and V and the 
voltages of Tables V and VI, with the 
problem setup values of Table II, 

The comparison shows that for all 


Table V. Network Problem—Computation of Real and Reactive Power 


Bus 

Ep 

Kv 

Eq 

Kv 

Ip 

Amperes 

Iq 

Amperes 

Real Power in 
Megawatts - 
0.003 (Eplp+Eqlq) 

Reactive Power in 
Megavars— 

0.003(Eplq—Eqlp) 

4 

S3 

—0 21 

80 fi .. 

.. -42.0.. 

. 8-. 16_ 

. -4.18 

B 

33 79 

— 0 04 

. 387 8 . 

.. —70.6 .. 

. 39.31 _ 

. -7.09 

K 

33 87 

+0 36 

243 fi. 

.. -75.3.. 

. *28.33.... 

.*-9.06 

s 

34 58 

+0 80 

187 6 . 

.. —54.6.. 

..... 19.37_ 

. -6.12 

T 

36 11 

+4 03 

302 fi . 

.. -67.6.. 

_ 31.97 .... 

. -10.98 

u... 

...34.80.. 

_+1.61,.. 

...299.8. 

.. —02.5., 

.... 30.99...; 

. -7.97 

c.... 

...33.57.. 

_-1.04.. . 

. . .123.6.. 

.. -17.3.. 

. 12.53 . ... 

. -1.36 

p 

32 41 

— 1 21 

120 9 . 

.. -50.9.. 

..... 11.95 .... 

. -4.50 

E 

32 64 

—0 75. . 

... 94.3,...... 

.. -31.9.. 

..... *9.33 .... 

__*-2.92 

F 

33 16 

— 0 34 

... -7.2...... 

.. -18.6.. 

.*(-0.70)_ 

.*(-1.86) 

G. .. 

...32.72.. 

....-1.95... 

... 69.0...... 

.. —41.6; . 

...... *7.02.... 

.*-3.68 

H... 

...33.69.. 

.,..-2.33. .. 

...193.4.. 

...+136.0.. 

...... 18.58.... 

..... +15.12 

I.... 

...32.88.. 

....-0.99... 

... 78.1...... 

.. +11.7.. 

. 7,.67 .... 

. +1.39 

/.... 

...32.72.. 

....-0.72... 

...146.5...... 

.. -31.0.. 

. 14.47_ 

_ -2.80 

£>.... 

...32.60.. 

....-0.09... 

...167.1...... 

.. -97.3.. 

.. ... 16.35- 

...;. -9.40 

M ... 

...32.52.. 

....-0.99... 

...122.0. 

.. -56.4.. 

. 12.09 _ 

..... -5.16 

N 

33 30 

—0.22... 

... 22.9.. 

.. —18.2.. 

..... 2,30 - 

. -1.81 

0 

32 96 . 

.... —0.39... 

...130.9...... 

... -52.6.. 

. 13.02 - 

.. -5.05 

P... 

...33.33.. 

.... 0,0 ... 

...100.5. 

.. -58.9.: 

...... 10.05 _ 

. -5.88 


...32.92.. 

....-0.27... 

... 88.2...... 

.. -25.4.. 

...... 8.75.... 

. -2.44 

R. .. 

...33.62.. 

...,-1.11... 

... 51.7...... 

.. -20.4;. 

...... 5.28 .... 

. -1,89 


* Bus F was not set up as a load so that the real and reactive power at F may be moved to busses K, B, 
and G in amounts proportional to the admittance of the circuits between F and its adjoining busses. This 
is done in Table VI. 
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practical purposes the first solution is 
adequate for the analysis of this network 
problem. The greatest difference be¬ 
tween derived and setup values of real 
and reactive power occurs at load buses 0 
and P which are connected by a very low 
impedance circuit of (l+jl.5) ohms. If 
the two loads are added together, the de¬ 
rived total is 23.07— 7 10.93 megavolt- 
amperes as compared to a setup total of 
23.0—79.0 so that the effect of the dif¬ 
ferences of the two loads would be negligi¬ 
ble in the network. However, in case 
greater accuracy is desired, it is possible 
to repeat the solution with corrected 
values of I P and I Q to obtain derived 
values of real and reactive power which 
check almost exactly with the setup 
values. The method of correcting the I p 
and I Q currents is described in the section 
which follows, but the solution is not re¬ 
peated, because it would add nothing of 
value to the paper. 

Procedure for Second Solution 

Unless a particularly accurate second 
solution were desired, the values of real 
and reactive power tabulated in Table 
VI would be compared, and the difference 
in the derived and setup values would 
form the basis for estimating, the changes 
in I 9 and I q which would result in im¬ 
proved accuracy. However, a more exact 
procedure is given in the following ex¬ 
ample. 

At bus 0 from Table II the load setup 
was I 6 .O- 76 .O megavolt-amperes instead 
of the derived value of 13.02—7*5.05 
megavolt-amperes, which satisfied the 
current distribution and voltages of the 
first solution. The voltage components 
for bus O from Table V are E v =-\- 32.96 
and E t = —0.39, and since these voltage 
components will not change appreciably 
in the second solution, the values of I v 
and I a can be computed with the equa¬ 
tions: 

I p - {EpP —E q Q) l,000/(JV+ £ «*) 3 

I ^ iE ' P + EpQ ) l,000/(jy+JV)3 

In these equations P and Q are in 
megawatts and megavars and E p and E a 
are in kilovolts to neutral. 

Whence I„= 160.6 amperes and I q =* 
—62.5 amperes. 

In Table II the current components to 
the load at bus O were set up 160 
and Iq—- 60; however in Table V the de¬ 
rived values were Ip=130.9 and 1*= 
—52.6. This difference is due to varia¬ 
tions in X/R ratios in the circuits of the 
network, and about the same difference 
would occur in the second solution. 
Therefore, a corrected value of /„= 160.6 
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+(160—130.9) = 189.7 would be used for 
the second solution. The corrected value 
of I t => -62.5 + (-60 + 52.6) = -69.9 
would also be used for the second solution. 
This same procedure could be followed at 
all other busses of the network to obtain 
corrected values for a second and more 
accurate solution to the problem. 

Application of Superposed Method 
of Setup to the D-C Board 

In cases where the d-c board does not 
have a sufficient number of rheostats to 
set up all of the generators and loads, it is 
possible to set up any proportion of the 
generators and loads at one time, so long 
as the total input current of the several 
generators adds up to the total output 
current to the several loads. The same 
voltage measurements from all busses to 
the reference bus would be required for 
each such setup, and the sum of the volt¬ 
ages thus obtained would give the same 
result as though all generators and loads 
had been included in one setup. This 


method requires additional readings, but 
because of the smaller number of genera¬ 
tor * and load rheostats which must be 
adjusted to obtain correct input and load 
currents, the current adjustment is 
simplified. 

Use of Method With D-G Board 
With Fixed Resistors 

If a d-c board is of the fixed resistor 
type, it may be possible to adapt it for 
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use with this method, provided it has 
enough rheostats to use for generator and 
load-current adjustment. 

Most networks have many circuits with 
X/R ratio almost equal. If the board is 
set up to simulate X only, this network is 
already available. Assume that 75 per 
cent of the circuits of a particular net¬ 
work have an X/R ratio of 2/1 or approxi¬ 
mately so, and that only 25 per cent vary 
much from this ratio. If a means is pro¬ 
vided for changing this 25 per cent to 
have the 2/1 ratio for setups requiring 
the R network, then the method may be 
used. The board constant for the R net¬ 
work would then be one-half that of the X 
network. 

Use of Method Where Line 
Capacitance Must Be Considered 

In the network problem of this paper, 
the effect of shunt capacitance of the 
lines was neglected, because the amount of 
leading megavars of the circuits would not 
change the solution appreciably. How¬ 


ever, if it is necessary to consider line ca¬ 
pacitance, it is suggested that the capaci¬ 
tance + megavars for each line be com¬ 
puted on the basis of estimated voltages 
at the start of the problem. In the usual 
manner one half of the megavars of all 
lines terminating at a bus would be allo¬ 
cated at that bUs, and an adjustment in 
net load or generator megavars at that 
bus would be made to obtain the cor¬ 
rected megavars from which the I fl com¬ 
ponent of current would be computed. 
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Table VI. Network Problem—Computation of Phase Voltage at Busses/ Comparison of Result 

of Table V With Values Set Up in Table II 


Loads* 


Generation* 


Bus 

-1.732VEp*+E q * 

Megawatts 

Megavars 

Megawatts 

Megavars 

A .... 

....**109.3. 

" n • • • 


a e a a 

8.16 ( 8.0).. 

—4.18 ( 

-5.0) 

B . 

....**110.0. 

" • • • 

— 

- . . . . 

39.31(38.0).. 

-7.09 { 

-9.0) 

C . 

_**109.4. 

12.53(12.0)... 

—1.36 ( 

-1.8) .... 

— - . • 

— 

— 

D . 

_ 50.3. 

11.95 (12.0)... 

-4.50 ( 

-6.0) . 

- — . a 

— 

— 

E . 

.... 50.0. 

8.99 ( 9.0)... 

-8.82 ( 

-4.0) .... 

- - • • 

‘ 


F . 

.... 57.5. 

- - . . . 

— 

— .... 

— — .. 

— 

— 

G . 

.... 50.8. 

6.96 ( 7.0)... 

-3.84 ( 

-4.0) .... 

- - a • 

—— 


B .... 

_ 58.6. 

18.58(21.0)... 

— 

- . . . . 

- — . a 

-15.12 (- 

-16.0) 

I . 

_ 57.0 . 

7.67( 6.2)... 

— 

- .... 

— — . a 

-1.39 ( 

-1.4) 

J . 

_ 56.8 . 

14.47(14.0)... 

-2.80 ( 

-3.0) . 

— — 



K _ 

..„ 58.7 . 

— — . • • 

— 

- . . . . 

28.63(24.5).. 

-8.25 ( 

-6.5) 

L . 

.... 60.6 . 

16.35(17.0)... 

-9.46 (- 

-10.0) . 

— —• • a 

— 

— 

M .... 

.... 50.4 . 

12.09 (11.8)... 

-5.16 ( 

-5.0) . 

-- — a a 

— 


N .... 

.... 67.7... 

2.30 ( 3.0)... 

-1.81 ( 

-2.0). 

- — a a 

— 

“- 

O . 

.... 67.2. 

13.02(13.0)... 

-5.05 ( 

-6,0). 

- —— • . 


1 1 

P. ... 

.... 57.7........ 

10.05( 7.0)... 

— 5.88 ( 

-3.0).... 

— — . . 

— 

— 

Q . 

.... 57.1. 

8.75 ( 9.0)... 

-2.44 ( 

-3.0).... 

- . , 

— 


R . . .. 

.... 58.4. 

5.28 ( 5.0).. 

— 1.89 ( 

-2.0).... 

— — a a 


-6.5) 

S . 

_ 60.1. 


— 

. . 

19.37(20.5).. 

-6.12 ( 

T. ... 

.... 62.9_ ,... 

— — , . . 

— 

. . 

31.97(33.0).. 

-10.98 ( 

-9.0) 

U .... 

.... 60.3. 

— — .. 

— 

. . 

30.99 (33.0).. 

-7.97 ( 

-7,0) 


Totals. 


.148.99 


-48.01 


.158.43 


-61.10 


* Problem values set up In Table II are given in brackets. 
** Turns ratio of 115/57-kv transformers— 1.88/1. 



























































Setup of Transformers With 
Different Ratios in a Loop Circuit 

In a paper presented before the Port¬ 
land section of the AIEE, the writer in¬ 
cluded an example to show how a series 
boost or buck may be provided from a 
separate source of direct current inserted 
at the point of boost or buck in the loop 
circuit, but rather than lengthen this 
paper, the method will be indicated only. 

In most networks the quadrature com¬ 
ponent of voltage with respect to the ref¬ 
erence voltage is small as compared to the 
inphase component, so that the effect 
of any normal boost or buck on the E t 
component is negligible. However, if one 
transformer has a ten per cent boost or 
buck with respect to other transformers 
operating in closed paths with this trans¬ 
former of different ratio, then a separate 
d-c source should be inserted at the point 
of boost or buck in the X network setup 
with I q current flowing. This gives the 
desired effect to the inphase voltage read¬ 
ings for V P . In the problem of this paper 
the voltage to neutral is approximately 
33 kv at bus 7, so if a boost of ten per cent 
were required in transformers 23.47, the 
series potential required would be 3,300 
divided by the board constant. It would 
be inserted between bus 4 and the re¬ 
sistance unit representing X of the trans¬ 
formers 2347. If the potential source had 
appreciable internal resistance, the 2347 
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unit setting would be reduced by this 
amount. As noted before, it would be 
used only in the setup for reading I QX X 
voltage differences. 

Setup Using Ammeter Instead of 
Voltmeter on D-C Board 

Although the measurement of the 
IprR, lp%X, IqrR, and I^X voltages be¬ 
tween all busses and the reference bus is 
recommended, it is possible to read cur¬ 
rent distribution in each of the four 
network setups on the d-c board and 
compute the voltage differences for all 
circuits in each setup, and obtain the 
same results. 

Conclusions 

The scope of this paper has been quite 
limited with respect to the broad field 
of a-c network analysis, but it is believed 
that the network problem and the discus¬ 
sion show how this new method can be ap¬ 
plied with the aid of a conventional d-c 
board to solve complex problems of load 
distribution and voltage conditions for 
a-c networks in a relatively simple man¬ 
ner and with good speed. 

In the application of the method to the 
conventional d-c board, it probably will 
become apparent that various combina¬ 
tions of resistance networks could be set 


up simultaneously, which, together with 
proper metering arrangements could be 
used to reduce the analysis from four 
board setups to one—thus eliminating 
the greater part of the computation work. 
Patent application has been made for the 
method as applied to such simplifying re¬ 
sistance network combinations. 

As an indication of the time required 
for a study of this type, the writer un¬ 
aided set up the board and took the four 
sets of readings required in eight hours. 
An additional six hours was required to 
make all of the computations and tabu¬ 
late the results. If the outline of pro¬ 
cedure given in the paper is followed, it 
is believed that other engineers will find 
the method to be a useful tool in their sys¬ 
tem planning work. 
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Design, Manufacture, and Installation of 
120-Kv Oil-Filled Cables in Canada 

D. M. FARNHAM 0. W. TITUS 


MEMBER AIEE 

Synopsis: This paper describes the 120-kv 
oil-filled cable system of the Montreal 
Light, Heat, and Power Consolidated, in¬ 
stalled during 1941 and in present opera¬ 
tion as a link in a large interconnection 
scheme. 

The paper describes the functions of the 
various sections of the system and the rea¬ 
sons for the choice of this method of effect¬ 
ing the interconnection. The steps re¬ 
quired in designing the cable system are 
outlined and the general principles govern¬ 
ing each such step discussed. 

A short section deals with manufacture 
followed by a section covering the or¬ 
ganization required for installation and the 
methods followed. The final section deals 
with operating practice, especially the basis 
of loading. 

System 

T HE 120-kv oil-filled cable system of 
tlie ’Montreal Light, Heat, and Power 
Consolidated as at present installed may 
properly be divided into the following 
sections: (Figure 1): 

1. Station A to station B —two circuits 

2. Station B transformer cables—two cir¬ 
cuits 

3. Station B to station C—one circuit 

The first and third parts are much the 
most important in size, but the second 
part, while relatively small, presents a use 
of high-voltage cable of particular interest 
to transformer station engineers. 

In sequence of installation one circuit 
plus a spare phase of section 1 were pur¬ 
chased and installed initially on one con¬ 
tract, the remaining two phases of that 
section and all of sections 3 on a second 
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the general substation scheme of the utility, 
in that it is not part of their 60-kv ring 
system, but is fed practically direct from 
the generating source, station A acting as a 
switching station. The present availability 
of underground cable suitable for 110-kv 
operation permitted locating the new station 
at its proper load center without double 
transformation or further loading or rein¬ 
forcement of the already busy 60-kv ring. 
It relieves the ring as well and permits 
further load growth with existing facilities. 

Section 2 takes power from the 110-kv 
bus of station B to the transformers, at 
present two, with provision for an ultimate 
of four. Underground feed was chosen as 
providing a substantial saving in steel 
structure, greater compactness and better 
appearance and much less exposed high- 
voltage circuit. Also when combined! with 
underground cable on the low-voltage side, 
it permits a virtually "dead-front” station, 
excepting under the easily isolated and rela¬ 
tively small high-voltage bus section which 
lies in one 25-foot-wide strip along the south 
side of the station property. 

Section 3 (known as circuit (7), takes 
power from the 110-kv bus of station B to 
station C and acts in combination with cir¬ 
cuits A and B as a direct tie between the 
Beauhamois system of the Montreal.Light, 
Heat, and Power Consolidated supplying 
station A and the system of the Shawinigan 
Water and Power Company, and through it 
to the Saguenay Power Company system. 
It also will serve as an additional circuit to 
station B. 

This direct tie between the first two 
systems was made in order to place the 
entire generating capacities of these three 
large companies on one interconnection, 
from which power for wartime industrial 
requirements could be drawn by the in¬ 
dustry most vitally needing it. 


The Shawinigan and Saguenay systems 
were already connected together by high- 
voltage transmission lines with ample 
capacity to carry any loads expected. 
Between the Beauhamois and Shawinigan 
systems the connection consisted of a 60- 
kv double ring tied through transformers 
to the 110-kv system of the Shawinigan 
Company and through other transformers 
to the 110-kv Beauhamois system (Figure 
2). Thus the power that could be trans¬ 
ferred from the Beauhamois system to the 
interconnection of the Shawinigan and 
Saguenay systems was limited by. the 
Montreal Light, Heat, and Power Con¬ 
solidated 60-kv ring and transformer 
capacity which was partially used by the 
primary power requirements of the 
Montreal Light, Heat, and Power Con¬ 
solidated system. 

The original suggestion was to con¬ 
struct an overhead 110-kv tie around the 
metropolitan area of Montreal between 
the Beauhamois system and the Shawini¬ 
gan system. This would have involved 
the building of about 15 miles of steel 
tower transmission line over territory 
where the right-of-way problems were 
difficult and uncertain, especially as to the 
cost and time required to negotiate. 

The second suggestion was to extend 
the 120-kv oil-filled cable system then 
nearing completion under the first con¬ 
tract mentioned above (circuit A of sec¬ 
tion 1) to tie with the 110-kv transmis¬ 
sion system of the Shawinigan Company. 
This required the adding of two phases 
between stations A and B, which com¬ 
bined with the spare phase already in¬ 
stalled for circuit A to become circuit B 
plus about five miles of additional cable 
circuit across the metropolitan area. 

The cable tie was selected on the basis 
of several factors, most important among 
which ware: 

Initial cost 
Time required 
Stability 

Freedom from lightning troubles 
Present and future public reaction 


contract. Section 2 was on a third con¬ 
tract but was installed during the same 
period as section 3. 

Section 1 (known as circuits A and B), 
takes power from the 110-kv bus of station 
A dir ectly to the new station B for service 
to an important business and industrial 
section of the city. Station B departs from 

Paper 42-148, recommended by the AIEE com¬ 
mittee on power transmission and distribution for 
presentation at the AIEE Pacific Coast convention, 
Vancouver, British Columbia, Canada, September 
9-11, 1942. Manuscript submitted June 1, 1942;. 
made available for printing July 8, 1942. 

D. M. Farnham is assistant distribution engineer, 
Montreal Light, Heat, and Power Consolidated, 
Montreal, Quebec, Canada. 0. W. Titos is chief 
engineer, Canada Wire and Cable Company, Ltd., 
Leaside, Ontario, Canada. 


Figure 1. Single- 
line diagram of 
system 
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6. Thickness of Sheath 

After consultation with several authori¬ 
ties on stresses permissible in lead cable 
sheaths (a lead sheath containing ap¬ 
proximately 0.06 per cent of copper was 
used), it was decided not to exceed a fiber 
stress in the sheath under static condi¬ 
tions of 125 pound per square inch. 

The elevation of the oil reservoirs hav¬ 
ing been determined by considerations 
dealt with in the next part of this paper, 
the actual cable profile showed that in¬ 
ternal oil pressures would be such tha t in 
some sections the cable sheaths would 
require to be increased. Sheath thick¬ 
nesses for the 300,000-tircular-mil cable 
varied from 0.125 inch to 0.156 inch and 
for the 650,000-drcular-mil cable from 
0.133 inch to 0.164 inch. 

Figure 3 illustrates the cable construc¬ 
tion. 

7. Spacing Between Oil-Feed Points 

The making of this decision involved 
some of the most extensive and interes tin g 
calculations of the entire design. The 
governing consideration is that on drop¬ 
ping load the cable cools and demands oil. 
During this cooling period a “transient” 
drop in oil pressure occurs at all points 
away from the oil supply and is greatest 
at the point most remote from supply, 
that is, halfway between feed points. 

It is a standard of oil-filled cable sys¬ 
tem design that no point in the system 
shall fall below one pound per square inch 
above atmospheric pressure (in order to 
prevent ingress of air or moisture if the 
cable sheath be punctured). When the 
transient drop for unit distance under 


( b ) . Determination of the thermal resist¬ 
ances of the cable elements. 

(c) . Determination of the rate of cooling of 
each element from representative initial 
conditions such as full load, 75 percent, 
50 per cent, and 25 per cent loads at mini¬ 
mum earth ambients (assumed 0 degrees 
centigrade). 

(d) . Determination of oil-volume demand 
(proportional to first power of c above). 

(e) . Determination of oil temperatures at 
each instant and the viscosities of the oil 
at these temperatures. 

(/). Determination from d, e, and fluid 
friction coefficient of oil channel, of the 
transient drop for a unit length at successive 
intervals for each initial loading condition. 

Curves of pressure drop against time 
for dropping from various loads are shown 
in Figure 4. It will be observed that 
maximum drop occurs as late as three 
minutes after zero time. 

Figure 5 of maximum pressure drop 
versus initial loads is then drawn from the 
maximum values obtained from the 
curves of Figure 4. It will be seen that 
worst conditions obtain in dropping 
about one-half to two-thirds full load 
during winter conditions. 

As pressure heads in the order of 15 
pounds per square inch are quite safe for 
normal lead sheaths of these diameters, it 
was felt that there were ample margins 
of safety in using feeding distance of up 
to 5,000 feet, that is, spacing between feed 
points of 10,000 feet. This proved suit¬ 
able for conditions in the field, as station 
B is 8,800 circuit feet from section A, and 
there were suitable locations for oil-reser¬ 
voir structures at approximately 9,000 


feet and 18,000 feet from station B, and 
station C lies about 27,000 feet from 
station B. 

8. Type of Oil Feed 

Two general types of oil reservoirs are 
available to the design engineer. 

(a) . Gravity type in which the requisite 
pressure to reach all the system is obtained 
by locating the reservoir at an elevation 
determined by the cable profile and the 
feeding distance, as the oil in the reservoir 
is at atmospheric pressure (plus the slight 
back pressure of the cell walls). In prac¬ 
tically all cases, excepting for unusual pro¬ 
files, gravity reservoirs must be mounted 
above the ground surface and cannot be 
used unless above-surface space is available 
at the feed points. 

(b) . Balanced Pressure type in which the 
requisite pressure is obtained by gas con¬ 
fined within the reservoir shell (plus auxil¬ 
iary gas tanks if necessary) and external to 
the oil cells. The use of such reservoirs re¬ 
quires careful gas volume calculations and 
adjustments and introduces certain extra 
operating and maintenance items. How¬ 
ever, they can be mouutcd in manholes 
and must be used when above-surface reser¬ 
voir space is not available. 

In the systems covered by this paper 
above-surface space fortunately was avail¬ 
able adjacent to desired feeding points. 
The gravity type of oil feed was chosen. 

Figure 6 illustrates one type of gravity- 
type reservoir employed. This reservoir 
is a new development not previously used. 
It was designed and manufactured in 
Canada and has particularly low dead oil 
volume and cell back pressure. It is of 
36 gallons (U. S.) capacity between plus 
0.5 pound per square inch and minus 0.1 
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worst conditions is known and correlated 
with the pressure head permissible with¬ 
out overstressing the sheath (which sets 
the reservoir elevation or pressure), the 
maximum feeding distance is determined. 

Steps in determining the “transient” 
are, in brief: 8 

(a). Determination of the thermal capaci¬ 
tances of the cable elements. 


Figure 7 (left). 
Gang-treating nor¬ 
mal joints 
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Figure 8 (right). 
Station B potheads, 
oil reservoirs, and 
oil pipe lines 
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Figure 9 (I eft). Stop 
joints, cradles, and 
piping (manhole 
1040) 


Figure 10 (right). 
Evacuation and im¬ 
pregnation curves 
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of solid-type cables, chiefly in that drying 
and impregnating of the paper insulation 


pound per square inch cell pressures. 
The smaller tank acts as a riser for the 
gauge oil to permit keeping the oil cells of 
the main reservoir completely immersed 
at all times and out of contact with the 
air. 

The low dead oil capacity is due to both 
sides of each cell nesting together. Tests 
of numerous individual cells gave a life of 
l,i)Q0 cycles not to failure. Each cycle 
was the full yearly travel of the cell. The 
daily working would not be 25 per cent of 
this amount. 

9. Normal Joint 

Normal joint design is similar to that 
for liigh-voltagc solid-type cable with 
provision by means of hollow cores, three 
way valves, and oil ports for flushing out 
of any cable oil overheated during the 
soldering operations and establishing a 
permanent oil channel through the con¬ 
nector for servicing cable sections lying 
beyond the joint. Sharp depressions in 
the connector body which might set up 
high electric stresses were filled in by 
lead discs cast on the job and dressed . 
carefully to the contour of the adjacent 
surface. 

The initial joints were imported from 
the United States. The later ones were 


were manufactured in United States, but 
the later and larger quantities were made 
in Canada (see Figure 8). 

11. Stop Joints 

Stop joints serve two purposes. One is 
to segregate the oil systems where con¬ 
tours require that one section, having for 
example a higher elevation than an adjoin¬ 
ing section, needs its reservoirs mounted 
at a higher elevation. At the same time 
troubles in one section are not communi¬ 
cated to adjacent sections. The second 
main function is that these joints act as 
a feed point and provide means of ingress 
and egress for the oil in the cable core. 
In the design utilized the stop joint essen¬ 
tially is a pair of cable terminals placed 
end to end, joined by a suitable connector 
block, and enclosed within a copper 
sleeve. Reinforcement insulation and en¬ 
closure within oil permits these terminals 
to be quite compact and readily mounted 
within a manhole. These were imported 
from United States. 

Oil entry fittings axe provided at each 
end of the joint to provide independent 
oil feeds to the cable sections on both sides 
of the joint. Impregnated wooden cradles 
support these long joints (see Figure 9). 


was done after the core was lead-sheathed. 
This is possible because of the presence of 
the oil channel within the conductor. 

As may be seen from Figure 3 the con¬ 
ductor is of a novel make-up. Ins t ead of 
the usual round wires, in single or multiple 
layers, 12 segments, carefully designed to 
fit snugly around the steel channel and 
present a smooth outer periphery, were 
stranded with a ten-inch right-hand lay. 

An advantage for this conductor is that 
it inherently reduces the electrostatic 
stresses-formed unless remedial measures 
are used at the crests of wires in conven¬ 
tional stranding. 

After insulating, the core was heated at 
atmospheric pressure for five to six hours, 
sufficiently long to dry the insulation 
slightly and loosen the paper tapes so that 
the possibility of tearing the tapes during 
leading would be reduced. Leading 
followed immediately after the prelimi¬ 
nary heating. The cable dimensions were 
as listed in Table II. 

Evacuation and impregnation is ef¬ 
fected through pipes wiped by fittings to 
the ends of the cable length, the sheath 
acting as the vacuum container. A typi¬ 
cal impregnation curve with electrical and 
absolute pressure values is given in Figure 
10 . 


made in Canada (see Figure 7). Both 
were of designs in common use in the 
United States. 

10. Pothead Design 

Pothead design requires provision for 
relieving end stresses such as by combina¬ 
tion of stress cones and barrier tubes, 
access to the cable core for oil to enter and 
leave the cable, and means of shutting off 
the core of the cable from the pothead 
body while erecting, evacuating, and 
filling the pothead. Two designs in 
common use in the United States were 
employed. On account of the low tem¬ 
peratures to be anticipated in the dis¬ 
trict, extra large oil ports were provided 
in the connector fittings. Here again part 


12. Size of Oil-Feed Pipe Lines 

Due to the very low temperatures likely 
to be encountered in the locality, and 
acting on the recommendation of Herman 
Halperin, it was decided to make ex¬ 
posed oil-feed lines from the reservoirs 
1.5-inch copper pipe (Figure 8). Those 
parts of the oil-feed lines to the stop 
joints between the valve panel (where it is 
close to the foot of the structure) (Figure 
9) and the stop joints were of one-inch 
soft copper pipe pulled into fiber ducts. 

Manufacture 

The - manufacture of these oil-filled 
cables, although only slightly more com¬ 
plex, was different from the manufaetttre 






Figure 11. Portable degasser, operating side 
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Table III. Typical Test Values of Cable 



300,000 

Circular 

650,000 

Circular 


Mils 

Mils 

Insulation resistance, meg- 



ohm miles at 15.5 de¬ 
grees centigrade. 

. 6,000 . 

...5,000 

Conductor resistance, ohms 



per 1,000 feet at 25 de¬ 
grees centigrade. 

.0.0355. 

...0.0163 

Power factor of insulation at 



25 degrees centigrade: 

20 volts per mil. 

.0.0038. 

...0.0031 

Working pressure. 

.0.0043. 

...0.0036 

190 volts per mil. 

.0.0046. 

...0.0039 

Ionization... 

Power factor of insulation at 

.0.0008. 

...0.0008 

working pressure: 

22 degrees centigrade. 

.0.0045. 

..0.0040 

80 degrees centigrade. 

.0.0055. 

..0.0048 

60 degrees centigrade. 

.0.0040. 

..0.0043 

40 degrees centigrade.. . . . . 

.0.0043. 

..0.0038 

Room temperature. 

Dielectric watts loss per foot, 

.0.0044. 

..0.0040 

three-phase, 20 degrees 
centigrade... 

.0.70 . 

...0.70 

Dielectric constant at 85 de- 



grees centigrade. 

.3.94 . 

,..3.94 


After cooling, the cables were tested 
based on Association of Edison Illumi¬ 
nating Companies specifications. 4 Typical 
results are given in Table III. 

Following the tests, the inside end of 
the cable length was connected through 
a flexible pipe to degassed oil storage res¬ 
ervoirs housed in the cable drum (Figure 
13); then a pulling eye was fitted to the 
outside end of the length. The pulling 
eyes were provided with a threaded open¬ 
ing through which oil connections can be 
made. ' 

With the pulling eye wiped on, the cable 
was ready for its final washing. A suffi¬ 
cient quantity of oil was washed through 
the cable core to remove any trace of 
burnt oil present in the cable because of 
the wiping operations incidental to fitting 
the pulling eye. When the power factor 
of the oil readied a value similar to that of 
the degasser storage tank oil, and the 
volume of oil the cable would expel from 
ten pounds pressure was under the sped- 
fied limit showing the almost total ab¬ 
sence of dissolved gas, the cable was made 
ready for shipment. 

Installation 

As this system was sold on an installed 
basis, the manufacturer was responsible 
for the cable and accessories until the 
cable went into operation. Under the 
manufacturer’s engineer in charge, an 
organization was set up in which a cable- 
installation company contracted to do the 
handling, trucking, pulling, and such 
similar items, to supply top-grade skilled 
splicers, helpers, and laborers, and to 
supervise that phase of operation. Great 
credit is due to this company, as the 
success and speed with which the work 
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Figure 12. Treating bottle, valves, and con¬ 
nections 

Treating panel packless diaphragm valves 

A. Jumper vacuum 

B. Bottle manometer 

C. Bottle vacuum 

D. Cable manometer 

£. Oil return A 

F. Oil return B 

G. Cable oil 

H. Oil line 

/. Bottle oil 

J. CO, 

K. Bottle bottom 

L Joint drain 

M. Drain 

Inlets and outlets 

N. Drain outlet 

O. Oil-test bottle 

P . CO, inlet 

Q. Oil inlet 

R. Vacuum inlet 

S. Compound gauge 30 inches-0-30 

pounds 

T. Absolute manometer 

U. Oil return A 

V. Oil return B 

W. Vacuum oil outlet 

X. Joint drain 

was done was in no small measure due to 
their lengthy experience and to the high 
quality of workmanship of their skilled 
staff. 

Again under the engineer in charge was 
a staff of inspectors and engineers. The 
former checked each operation and di¬ 
mension as performed. The latter were 
responsible for “treating” that is, evacu¬ 
ating and filling) all accessories, checking 
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accessories as received, keeping reservoirs 
filled, and operation of the degasser. 
They were assisted by truck drivers who 
became skilled in handling the degasser 
and in many other duties. In addition, 
the utility maintained their own staff of 
inspectors checking and co-operating with 
the foregoing. 

The installation of an oil-filled system 
involves planning for, training f6r, or 
executing the following: 

1. Provision of suitable stock room, field 
office, tools, supplies and equipment, 
especially portable degassing equipment. 

2. Provision for temporary source of de¬ 
gassed oil for feeding cable after pulling 
into ducts and before jointing. 

3. Training of personnel, technical, semi- 
technical, and skilled tradesmen, in han¬ 
dling of cable and accessories, joint making 
and accessory installation. 

4. Transport of cable and accessories from 
delivery point to point of installation. 

6. Test check of cable or accessory for any 
leaks or imperfections before starting instal¬ 
lation. 

6. Actually installing, jointing, and so 
forth. 

7. Continuous inspection and supervision 
of all operations. 

8. Keeping of detail records of each indi¬ 
vidual- operation, progress records, charts, 
and a daily log. 

9. Making field check tests. 

The basic considerations are that no air 
or other gas shall remain in, or in contact 
with, the cable oil, nor shall any over¬ 
heated oil remain in the system. All 
training and inspection keep these prime 
necessities in view at all times. As detail 
procedure and instruction sheets are 
quite lengthy, this article can give only 
the general principles and procedure 
followed. 

1. Tools and Equipment 

(a). A portable degasser, a vital piece 
of equipment, (Figure 11) serves as a 
source of high vacuum (less than one- 
millimeter absolute pressure) and as a 
source of warm degassed oil. The same 
special oil used in impregnating the cable 
is taken to the field in 50-gallon sealed 
drums. Here it is tested for breakdown 
strength and color, drawn, into the port¬ 
able degasser, filtered, and sprayed under 
high vacuum into the main tank of the 
degasser. It is then recirculated, through 
a rigidly controlled heat exchanger, and 
again sprayed into the high vacuum until 
it reaches approximately 60 to 65 degrees 
centigrade and is thoroughly degassed. 
A viewing window in the dome of the 
degasser permits ready inspection of the 
oil condition. Vacuum and pressure 
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gauges. thermometers ami thermostatic 
controls, automatic cut oil's, awl similar 
safety devices make this degasser a highly 
reliable ami dVtcient instrument. During; 
the larger contract two degassers were 
employed, one mounted in a trailer, the 
second in a truck. 

ibi A “treating bottle” autl its asso¬ 
ciated valve panel (Figure It*) are em¬ 
ployed at the joint or accessory being 
treated. These embody a system of 
valves and vacuum and pressure gauges 
by which the oil or vacuum from the. de¬ 
gasser can be applied to the accessory 
being treated, the degree of treatment 
cheeked, and ‘til from the degasser 
cheeked tor quality before being ad¬ 
mitted to the cable system. 

(r), Kxtru-1 wavv walled one half-inch 
(inside diameter) special rubber hose is 
used as vacuum line from the degasser to 
the. work. Soft copper tubing three- 
eighths inch (outside diameter) is used as 
the oil Hue. 

(d). A plentiful supply of three eighths 
inch (outside diameter) soft eopjter tub¬ 
ing and flare fittings such as nuts, tees, 
crosses, unions, ami so forth was main¬ 
tained in the field stock room with the 
degasser and with the inspection crews. 

Spare manometers, both atmospheric 
and absolute types, pressure-vacuum 
gauges, mercury, a small luuul operated 
high grade vacuum pump, appropriate 
wrenches, spanners, and miscellaneous 
tools were found essential. 

(<•). Report forms were set up* in great 
detail, individual forms covering the 
following: 

Pulling. 

Manhole and reservoir inspection. 

Normal joints. 

Stop joints. 

Terminals. 

Degasser log. 

Truck log. 

Progress churls. 

2. Tkmpokarv Source op Degassed 

Oil 

As the permanent reservoirs were avail¬ 
able at the time cable started arriving at 
the site, these reservoirs were mounted 
at or close to their permanent locations. 
Cable deliveries were scheduled so that 
lengths adjacent to the reservoirs were 
first pulled in and connected to the res¬ 
ervoirs, the next lengths connected to 
the first by temporary oil lines, and so on. 
This eliminated the use of numerous 
temporary reservoirs and introduced 
many economies such as less frequent 
recharging, handling of reservoirs into 
and out of manholes, besides the invest¬ 
ment cost in such temporary reservoirs. 
No troubles were encountered, nor was it 


felt that there was added risk with this 
technique as compared with practice 
common in United States. 

3. Training op Personnel 

Ileforc jointing started, a school was 
instituted in which actual joints were 
made under simulated manhole condi¬ 
tions. Jointers and inspectors were re¬ 
quired to do each operation of their 
respective duties in this school. All per¬ 
sonnel handling the degasser were re¬ 
quired to practice its operation until 
thoroughly conversant with it. 

1. Test Checks 

Each cable length at the site was 
checked by means of an "expulsion” 



Figure 13. Expulsion test on reel length. 


test (Figure 13) to ensure that it was 
properly impregnated in tlic factory and 
that no gas had entered the cable there¬ 
after. 

Each reservoir, potliead, feed pipe, and 
valve panel, before installing and after 
installing but before filling with oil, was 
checked for leaks by evacuating and 
watching carefully for loss of vacuum 
when blanked off from the source of 
vacuum. 

5, Installation 

(a) Cable, Cable pulling was done 
by standard methods with careful rec¬ 
ords of pulling tensions and atmospheric 
conditions (some of this was done at tem¬ 
perature in the order of 0 degrees Fahren¬ 
heit) . As the pulling eye enters the man- 


Table A. Coefficient* of Pulling Friction 



At Average Temperature* of 

Cold Weather 
Minus 7 C 

Warm Weather 

23 C 


......0.820...... 



.... .0.120.. ..., 


Average.... 

......0.312. 

..0.268 
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hole toward which the cable length was 
being pulled, it was connected through a 
fitting screwed into the pulling eye to a 
source of degassed oil. The other end of 
the cable was then disconnected from the 
reel oil reservoir and pulling completed. 

Coefficients of friction computed from 
recorded pulling tensions are shown in 
Table A. 

(6) Reservoirs. After erection and 
with valves installed, reservoirs were 
checked again by blank off. In the case 
of tlie Canadian-built reservoir of new 
design, calibration was effected as follows: 

The cells were completely collapsed and 
degassed by being placed under vacuum. 
Gauge oil was then poured in through tlie 
riser tank until at the normal zero on the 
gauge glass. The volume of oil contained 
by the cells, when at operating zero, 
(minus 0.1 pound per square inch) is five 
gallons for these 3G-gallon reservoirs. 
Accordingly, five gallons plus or minus an 
amount to allow for tlie contraction or 
expansion of tlie gauge oil between ten 
degrees centigrade (assumed normal tem¬ 
perature) and its temperature at the time 
of charging were drained from the gauge 
oil. The reservoir thus calibrated was 
then charged with degassed oil to what¬ 
ever volume was required for the system 
at the time. 

(c) Oil Lines. The permanent oil 
lines were of copper pipe with joints of 
the soldered capillary type. Each oil 
line was heated to remove moisture, 
tested by blank off for vacuum tightness, 
flushed with clean oil at 110 degrees 
centigrade and, if not for immediate use, 
was backfilled with dry carbon dioxide 
gas. When about to be placed in service 
the pipe was flushed with- degassed oil, 
reevacuated, filled with degassed oil, and 
connected to a source of degassed oil fed 
from a reservoir. 

(d) Joints and Potheads. As these 
were points at which the cable insulation 
and newly applied insulation were neces¬ 
sarily exposed to the atmosphere, special 
means were employed to remove such 
contamination. This paper, because of 
lack of space, does not go into details of 
splicing and erection, but outlines the 
added requirements above ordinary solid- 
type cable joints consequent on the type 
of cable and the principles followed in 
ensuring'that the quality of the cable was 
not impaired. 

1. All oil overheated by soldering opera¬ 
tions must be flushed out. 

2. There must not be a stoppage of oil 
channels when work is completed. 

3. No sharp stress points may be left. 

4. Proper contours must be maintained. 
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Figure 14. System 
profile of 120-kv 
duct line 


5. There must be no leaks, even the most 
minute. 

6. Dissolved and occluded gas must be re¬ 
moved. 

7. The accessory must be left filled with 
good degassed oil. 

These last two requirements are accom¬ 
plished by the so-called “treatment.” 
The joint or pothead was connected 
through the treating bottle to the port¬ 
able degasser. Vacuum was applied until 
the accessory had reached a high degree 
of vacuum and so maintained until, on 
being blanked off, the completeness of the 
treating process was indicated by the 
lack of rise in absolute pressure. Drain¬ 
age of oil coming out of the insulation 
during this operation was effected through 
a drain connection at the lowest point in 
the accessory. Such drainage, of course, 
must be into a vacuum. 

The accessory was then filled with de¬ 
gassed oil from the portable degasser and 
connected to the system excepting in the 
instance of joints when this first fillin g 
was drained out, the bottom joint fitting 
permanently sealed, and the joint re¬ 
treated and refilled with degassed oi l. 
The top fittings of normal joints were 
then permanently sealed, as they have no 
source of oil other thanfromthecable itself. 

In the 300,000-circular-mil section 
joints were treated immediately after the 
splicer finished. In the 650,000-drcular 
mil section the splicers completed the 
three joints in each manhole. The three 
joints were then “gang” treated (that is, 
all treated at the same time). (See 
Figure 7.) This routine permits most 
effective use of all personnel and equip¬ 
ment and results in substantial time sav¬ 
ing provided the skilled mechanics do 
first-class work. During this phase of 
operations the gangs were organized for 
continuous work from 8 a.m. Monday to 
8 a.m. Saturday, using three eight-hour 
shifts. 

On account of the small number of 
stop joints and of other limiting circum¬ 
stances in the case of potheads this rou¬ 
tine was not followed in these cases. 
Each such accessory was treated as soon 
as the splicers were finished. 

7. Inspection and Supervision 

The keeping of detailed and continuous 
inspection of all operations and constant 
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backchecking was a highly important 
element in the success of the work. It was 
found that the skilled mechanics wel¬ 
comed this inspection and co-operated 
thoroughly with the inspectors. Besides 
entering it in the proper report, all un¬ 
usual results or circumstances were re¬ 
quired to be reported directly to the en¬ 
gineer in charge. 

8. Keeping of Records and Log 

Detail reports of personnel doing the 
work, time in and out, time each subdivi¬ 
sion of the operation was completed, 
values of pulling tension, vacua, weather 
conditions, and so forth were turned in by 
the inspectors or engineers at the comple¬ 
tion of the operation. These reports were 
then typed by the office man, and from 
them and other data, the “daily log” and 
progress charts were entered. From 
these data it can be determined what man 
did any one operation and under what 
conditions. Progress charts and records 
served their usual function of assisting in 
seeing that no operation was neglected 
and in correlating progress on all parts of 
the work and on preparation of progress 
invoices. 

9. Field Check Tests 

As work progressed, expulsion, impreg¬ 
nation, and oil-flow tests were made 
frequently. The former two tests checked 
that no air or other gas had become dis¬ 
solved or locked in the system. The last 
named ensured that there was no stoppage 
or constriction in the oil channels, such as 
from a wrongly positioned connector 
valve in a joint, or from solder working 
into an oil channel. 

Operation 

Contracts for the first and second sec¬ 
tions of this work were placed in May 
1940. As they were approaching com¬ 
pletion in May 1941, the contract for the 
third and much larger section was placed. 
The whole system received voltage tests 
and was placed in initial service on De¬ 
cember 14, 1941, two weeks ahead of the 
original schedule. 

In order to transmit as much power as 
possible when available, that is, during 
the off-peak hours, it was decided to rate 
the cables as follows: Since the original 
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calculations were based on a 62 y 2 per 
cent daily loss factor, it seemed satis¬ 
factory to allow a total daily watts loss 
from all sources equal to that established 
by using the standard formula for current- 
carrying capacity and to use as maximum 
current that established by using the 
factory measured resistance of the con¬ 
ductor as indicating the copper area 
rather than the‘circular-mil area. Since 
more power was available between mid¬ 
night and 8 a.m., curves were made to 
show the maximum current that could 
be carried during these hours, depending 
on the current carried during the previous 
16 hours, and to give a loss factor of 62 l / 2 
per cent with no current higher than the 
maximum allowable by calculation. 

Records of ground temperature, idle 
duct temperatures, sheath temperatures 
in manholes, duct-mouth movements, and 
oil demands are being taken, and it is 
hoped that in the future these will pro¬ 
vide some valuable information. 

Sheath-bonding transformers of the 
Halperin and Miller design are being in¬ 
stalled on circuit C which will increase 
the present load-carrying ability of the 
cables a considerable amount and at the 
same time allow for the saving and trans¬ 
mission of the load that is presently taken 
by the sheath losses. Because of the time 
element these were not in the main con¬ 
tracts, but provision was made for these 
transformers by including solder-seal 
sheath insulators in the joint casings. 

The oil level in reservoirs is supervised 
by a simple alarm system operated by 
high- and low-level switches at each res¬ 
ervoir. The high or low oil level, as soon 
as it exists, is known by a station operator 
who is able to report the section in trouble 
to the proper persons. 

A further precaution is being taken with 
reservoirs in the form of a dehydrator 
attached to the reservoir breather. This 
consists of a cylinder filled with activated 
alumina through which the air in contact 





















A New Single-Pole Service Restorer 

E. E TUGBY 

ASSOCIATE AIEE 


Synopsis: The widespread and general use 
of three-phase automatic service-restoring 
equipment on low-cost low-revenue distri¬ 
bution lines has created a field for a single¬ 
pole service-restoring device having con¬ 
tinuously adjustable characteristics for trip 
current and time delay, and powered by a 
prestored source of energy. The device 
described in this paper utilizes a new and 
unique application for the prestoring of the 
operating energy and the restoration of the 
utilized operating energy after transient 
fault conditions. 


A STUDY of the requirements for a 
source of operating energy for this 
new single-pole service-restoring device 
indicated a need for a source that would be 
independent of fault current and have 
available a dependable source of pre¬ 
stored energy when a fault occurs. 

The successful operation of a very 
large number of service restorers powered 
by manually wound or motor-wound 
torsional springs logically led to the in¬ 
vestigation of a similar source. 

From this investigation was developed 
a new and unique application of previ¬ 
ously tried and proved principals. In a 
paper presented by A. E. Brock at the 
Pacific Coast convention in August 1941, 
an improved service restorer using a motor 
of an entirely new type for rewinding the 
operating spring was described. 

Paper 42-147, recommended by the AIEE com¬ 
mittee on protective devices for presentation at the 
AIEE Pacific Coast convention, Vancouver, 
British Columbia, Canada, September 0—11, 1942 . 
Manuscript submitted June 1, 1942; made avail¬ 
able for printing July 3, 1942. 

E. E. Tugby is sales engineer, Pacific Electric 
Manufacturing Corporation, San Francisco, Calif. 


with the gauge oil (that is, the oil outside 
the reservoir cells) must pass before enter¬ 
ing the reservoir. It is felt that by re¬ 
moving the moisture in the air, less sludg¬ 
ing will take place around the reservoir 
dells. The size of these cylinders is such 
that, with expected load cycles, the 
alumina should not have to be reactivated 
more often than once a year. 

Load has been carried continuously 
since January 2, 1942. Operating data 
are being collected, such as duct tem¬ 
peratures, oil demands, cable movement 
at duct mouths, shifting of joints, and so 
forth. Sufficient iioformation of this 
nature to draw conclusions will require 
considerable time to collect. 


This Vibratorque motor is adapted to 
this new application, but, instead of the 
customary secondary source of energy 
being provided, the motor is arranged to 
be directly in series with the primary line, 
thus making the new unit a completely 
self-contained device. 

The operating energy of the service 
restorer is contained in a motor-rewound 
flat spiral spring where enough energy is 
stored to provide four opening operations 
and three reclosing operations on a sus¬ 
tained fault without rewinding, and an 
infinite number of operations on transient 
faults, as the Vibratorque motor restores 
the expended energy upon reclosing the 

circuit after each transient fault 

Figure 3 shows a schematic diagram of 
the entire mechanism. 

Rating 

This single-pole service restorer is 
rated at 15 kv 50 amperes continuous cur¬ 
rent-carrying capacity, with a maximum 
interrupting rating of 1,000 amperes when 
using the 25-50-ampere trip coils. When 
the lower current-rating trip coils are 
used, the interrupting rating is reduced 
to 40 times the rating of the trip coils 
installed. 

The interrupting ability of this new 
service restorer has been amply proven by 
a comprehensive test program where cur¬ 
rents of 1,490 amperes at 15 kv were 
interrupted on a full cycle of three re¬ 
closures and four openings. 

A complete oscillographic record was 
made of the tests for record and study. 
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Two thousand operations were per¬ 
formed at moderate short-circuit currents 
considerably in excess of continuous cur¬ 
rent rating, on a 15-kv system, and, on 
being inspected, the service restorer was 
found in condition to perform many more 
operations. 

A complete series of impulse tests was 
performed, and the results recorded on a 
cathode-ray oscillograph, to verify opera¬ 
tion under lightning conditions, and in 
every case the restorer flashed over from 
bushing to ground outside the case. 


Arc-Extinguishing Devices 

The successful and co-ordinated per¬ 
formance of rural lightly loaded low-cost 
distribution lines under fault conditions 
depends primarily upon the rapid ex¬ 
tinguishment of thie arc and the high speed 
of the interrupting device protecting the 
circuit. 

As the prestored spring operating 
energy is restrained by a roller-type latch, 
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Figure 1. Diagram of Vibratorque motor 
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Table I. Typical Interrupting-Capacity Tests 


Average 

Test Number Arcing Time 

Item of Tests Amperes (Cycles) Duty 


1 :. 10 .. 104 . 1.0 

2 _... 6.... 640.1.1 

3 . 6.1,469 .0.99 


* OCO—Open, close, open. 


and the fault current affects only the 
latching mechanism, the operating speed 
of the arc-interrupting device is independ¬ 
ent of fault current. The moving blade 
travels with a high rate of speed to assure 
quick extinguishing of the arc in the 
expulsion chamber, and an actual test 
performed has shown arc time from 0.65 
to 1.2 cycles of arc while interrupting 
approximately 1,500 amperes at 12.5 kv 
to ground. The blade tips of arc-resisting 
Elkonite also assure a minimum of ma¬ 
terial vaporization, thereby minimizing 
oil carbonization and consequently re¬ 
ducing maintenance and inspection. 

A test run of in excess'of 2,000 opera¬ 
tions at a moderate short-circuit current 
and full voltage failed to reveal serious 
burning of contacts which gave complete 
proof of the adequacy of the design. 


Rewinding Motor 

The rewinding motor is of a unique de¬ 
sign and has a number of novel features 
not available heretofore. 

A cross section of this Vibratorque 
motor (shown in Figure 1 ) illustrates the 
principle involved. 

In referring to this drawing, it will be 
seen that an armature is mounted on a 
spring that is rigidly supported at one 
end and has an adjustment to limit the 
travel of the spring at the other end. At 
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Figure 3. Diagram of mechanism 


RESTORER open 


O—5 sec—*OCO—5 sec—OCO—9 see—OCO 
O—7 secr-OCO—7 sec—OCO—7 sec—OCO 
O—7 sec—OCO—7 sec—OCO—7 sec—OCO 


right angles to the armature is an ex¬ 
tension carrying a clutch that engages 
both faces of a flat hard steel disc. The 
clutch consists of two hardened steel- 
bearing rollers engaging in a tapered slot, 
so co-ordinated as to provide the most 
efficient transfer of energy from the 
vibrator to the steel disc, with the least 
friction on the return stroke. The arma¬ 
ture is alternately attracted by an a-c 
magnet coil assembly consisting of two 
identical coils mounted on a laminated 
solenoid core, and returned by a spring. 
The reciprocal motion of the vibrator 
alternately causes the clutch to engage 
on the disc which travels forward a small 
increment, then to disengage and move 
back to its original position. The disc 
rotates in a rapid series of small incre¬ 
ments which are transmitted through 
gears to the main spiral operating spring, 
where the energy is stored for use in 
operating the service restorer. 

The speed of the output shaft is a func¬ 
tion of the weight and size of the arma¬ 
ture, ampere turns of the coil, and char¬ 
acteristics of the spring which supports 
the armature. 

The Vibratorque motor develops com¬ 
pound characteristics and with a change 
in load assumes a moderate output speed 
change. The magnet coils which also act 
as trip coils are, as previously stated, 
connected in series with the line and ar¬ 
ranged in two halves to give flexibility. 
Since they are in series with the line, no 
external source of operating energy is 
necessary, and, as the rewinding energy 



Figure 4. Cutaway section of complete unit 


is provided during normal operating con¬ 
ditions, the stored energy is instantly 
available to operate the device during 
fault conditions. 

The motor will operate successfully 
with the smallest coils when a current as 
low as one-half ampere flows through the 
line. 

The magnet coils also perform a dual 
duty as trip coils and are available in 
ratings from 3-6 amperes to 25-50 am¬ 
peres. It is to be noted that pairs of 
coils have a dual value; as, when the 
coils are connected in series, they have 
their lowest rating, that is, 3-6 ampere 
coils would carry three amperes, but if 
they were connected in parallel, they 
would have their higher rating of six 
amperes as a unit, with each coil carrying 
three amperes only. 

When the Vibratorque motor has fully 
wound the operating spring to its required 
tension, the vibrator spring is automati¬ 
cally locked up against the pole pieces. 
This is controlled through a differential 
arrangement on the outer case surround¬ 
ing the operating spring. A scroll is cut 
in this outer case, in which rides a stud 
projecting from a bar which thus travels 
across the face of the case and assumes a 
position with direct relation to the amount 
of spring operating energy available. 
With the spring fully wound, the projec¬ 
tion is in a position near the outer periph¬ 
ery of the spring house, and the bar 
projects beyond the case. When this 
point is reached, a catch that is normally 
held under tension is released, and suffi¬ 
cient pressure is applied to the armature 
support spring to force it up against 
magnet coils and prevent further vibra¬ 
tion. When the spring energy is ex¬ 
pended, the differential bar moves down, 
under the action of the projection in 
scroll and re-engages the catch, which 



Figure 5. Typical sectionalized system 
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releases the spring to vibrate and again 
supply power to the operating spring. 

The center of the coil spring is con¬ 
nected to a shaft which carries on its 
outer end an operating lever, which in 
turn is connected to the moving contact 
blade through a connecting rod. 

This blade is normally held in the closed 
position by the operating spring, re¬ 
strained by a roller latch mechanism. 
This type of latch mechanism has been 
found to give positive latching while re¬ 
quiring a minimum of current for tripping 
without any diminution of the tripping 
speed. 

The latch may be released by one of the 
three following methods: 

1. By the trip coils actuating the time-de¬ 
lay mechanism. 

2. By the trip coils actuating the instanta¬ 
neous high-current trip mechanism. 

3. By the operation of the manual trip 
mechanism. 

All three of these schemes act upon a 
single common toggle independently and, 
in the case of the first two, are independ¬ 
ently adjustable over a wide range. 

Escapement-Type Belay 
Mechanism 

As the complete service restorer was 
designed for low-cost protection, it was 
imperative that all working parts be 
utilized to the fullest degree. Since both 
tripping and reclosing involved time de¬ 
lay, it was decided that one unit serving 
both operations could perform these duties 
admirably, and a mechanism was ac¬ 
cordingly built with a rugged design that 
would handle both duties successfully and 
reliably. 

This time-delay mechanism consists 
essentially of a gear train with an escape¬ 
ment pawl, which provides a time delay 
that is independent of temperature con¬ 
ditions. 

The time-delay driving gear has a 
ratchet on either side, and each ratchet 
is connected to a smaller gear on a shaft. 
On one side this ratchet gear is driven by 
the opening gear which is connected to 
the opening toggle, and the other ratchet 
gear is actuated by the main blade through 
a suitable mechanism to control the re¬ 
closing time delay. 

The correct initial starting position is 
always assured by a cam return spring 
that brings the gear train back to normal 
starting position. If the fault clears be¬ 
fore the restorer opens, the time delay 
will immediately return to its initial posi¬ 
tion ready for a second fault, thus pro¬ 
viding a high degree of accuracy of pro¬ 
tection. The reclosing time delay is 
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actuated by a projection on the main- 
blade operating lever. This projection 
initially engages the flat spring mounted 
on a cam which initiates the movement of 
the gear train. After a short travel, the 
main-blade operating lever engages the 
cam, and the driving effort of the main 
operating spring, transmitted through the 
main-blade operating lever, tends to 
rotate the cam, but rotation is restrained 
by the time-delay escapement. 

The reclosing time schedule is fixed at 
seven seconds, but the tripping tim<> delay 
may be varied. The tripping time is 
dependent upon the amount of travel of 
the escapement, which in turn may be 
limited by a time-adjustment lever. This 
lever adjusts the position of the trip arms 
relative to the trip-coil pole faces and is 
in its turn controlled through a linkage 
to the manual rewinding leva-. This lever 
is adjustable to its final position by a set 
screw mounted external to the housing. 
Calibration points are provided to indi¬ 
cate the maximum and minimu m adjust¬ 
ments, which may be easily adjusted in 
the field with a screw driver. 

Manual Rewinding Me chanis m 

A manual rewinding mechanism is pro¬ 
vided and so arranged that the restorer 
will not reclose until sufficient spring 
energy is stored for one closing and one 
opening operation, thus providing a valu¬ 
able safety factor when closing in against 
a fault 

If there is no fault on the line, the re¬ 
winding motor then takes up its duties 
and completes the rewinding of the spring 
to its proper operating tension. 

Time-Current Characteristics 

Typical time-current characteristics are 
shown on Figure 2 where it may be noted 
that minimum trip is arranged for 160 
per cent of rated coil current. That is, 
in the dual ratings with the coils of a 
3-6-ampere combination connected in 
series for a three-ampere maximum cur¬ 
rent, the restorer would trip at 4.5 am¬ 
peres, or if the trip coils were connected 
in parallel for six amperes continuous cur¬ 
rent, then the restorer would trip at nine 
amperes. The two sets of curves for 
minimum and maximum time delay rep¬ 
resent the limits of the leva: setting pre¬ 
viously described, and each family of 
curves represents the current adjustment 
obtainable. 

It should also be noted that at 500 
per cent of rated coil current, an instan¬ 
taneous trip mechanism comes into play, 
and the restorer may be tripped in¬ 
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stantaneously. This minimum trip may 
be easily adjusted from 500 per cent to 
1,000 per cent if a higher instantaneous 
trip value is desired. The current ad¬ 
justments are both internal to the re¬ 
storer and may be made with a screw 
driver as calibration marks are provided, 
and an indicator may be set for each 
adjustment. 

Mounting 

This new restorer is designed for either 
single-arm or direct-pole mounting and 
may be readily arranged for either type 
mounting as required. 

Construction 

Referring to Figure 4, it will be seen 
that this new single-pole service restorer 
consists essentially of a pivoted blade 
actuated by a small coil spring, mounted 
on the lower end of the one bushing and 
an expulsion contact mounted on the 
lower end of the other bushing. Both 
bushings are mounted, diverging out¬ 
wardly in the cover, and are of the stand¬ 
ard stud type. A slow-speed motor 
rewinds the operating spring after each re- 
dosure, and this makes available an 
infinite number of redosures on transient 
faults. On a sustained fault, the pre¬ 
stored spring energy is dissipated at such 
a rate that, after the fourth spring opera¬ 
tion following three redosures, the re¬ 
storer will not redose and is “locked out.” 
To redose the restorer after lockout, it is 
necessary to manually rewind with the 
manual rewinding handle for four or five 
strokes, to store enough energy for one 
closing and one opening operation before 
the restorer closes and the motor begins 
its rewinding cycle. 

Application 

The problem of providing high-quality 
protection against faults, and the main¬ 
tenance of a reasonable continuity of 
service at a cost comparable with the 
revenue obtainable with long lightly 
loaded low-revenue lines have been 
brought to the fore more rapidly and 
forcefully with the shift of population 
from the dties to the country. 

The availability of modern low-cost 
electric appliances in these rural areas has 
further heightened the pressure to main¬ 
tain high-quality service, and, inasmuch 
as the average rural circuit is of the radial 
feeder type, it is of utmost importance 
that faults be localized as much as pos¬ 
sible and confined to the least number of 
customers. 
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Due to the nature of the territory in 
which these rural lines are located and 
the types of low-cost construction used, 
the prevalence of faults due to lightning 
disturbances and to trees swinging lines 
together in wind storms and whipping 
under sleet conditions is very high. 

Studies made in many parts of the 
country show that an average of 80 per 
cent of faults may be cleared, and service 
restored on a first reclosure, which thus 
justifies the use of reclosing devices on a 
rural system. 

The development of the three-pole 
service restorer described at the AIEE 
1941 Pacific Coast convention was one 
answer to the problem of high-quality 
protection for the main feeder, and the 
development of the single-pole unit de¬ 
scribed in this paper complements the 
three-pole unit to relieve the three- 
phase service restorers of a large 
number of operations, and to localize 
a sustained fault to any one particu¬ 
lar feeder. 

An interesting application is illustrated 
in Figure 5 based on a co-operative system 
with widely scattered individual custo¬ 
mers and on a moderately heavy load. 
A and B are two interconnected generat¬ 
ing stations with three-pole motor-re- 
wound service restorers at C, D, and E 
in the three-phase interconnecting power 
lines, and at F to protect a large load. 
At restorer E potential and current trans¬ 
formers were installed in the main line, 
and power directional relays were pro¬ 
vided to prevent generating station B 
from carrying the entire load if generating 
station A were out of service. Single-pole 
restorer G protects one branch line that 
is in a reasonably dear area and would 
not be subject to serious faults. Single¬ 
pole restorers J and K protect long lines 
radiating through heavily wooded area 
and are in cascade with a single-pole re¬ 
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storer at H. Similarly, angle-pole re¬ 
storer M also is in cascade with restorers 
N and 0 to protect another area in 
trees. Restorers P, Q, and R protect 
feeders in the vicinity of generating sta¬ 
tion B. As no fuses are to be used for 
sectionalizing protection on this system, 
the problem of co-ordination was simply 
one of superimposing the time-current 
characteristic curves of single-pole serv¬ 
ice restorers on those of the three-pole 
service restorer and arranging tripping 
time and current settings so as to provide 
a high degree of selectivity. 

At each distribution transformer in¬ 
stallation, individual fuse protection was 
provided; therefore, the problem resolved 
itself into a group of individual , circuit 
calculations to balance all factors to ob¬ 
tain the greatest flexibility, at the same 
time restricting outages to the smallest 
area. 

A check was made of the connected 
capacity on each branch feeder, and it 
was found that, in any individual leg to 
be protected, the connected transformer 
capacity did not exceed 20 kva. On the 
basis of a load factor of 50 per cent 
the load current would not exceed 
1.5 amperes per circuit, which was 
well under the continuous current- 
carrying capacity of the smallest trip 
coil available. 

Therefore all single-pole service re¬ 
storers used were to be equipped with the 
same size trip coil, namely 3-6 amperes, 
and were arranged where there were two 
in cascade so that the unit nearest the 
source had the trip coils connected in 
multiple, for six amperes continuous cur¬ 
rent-carrying capacity, and those furthest 
out were arranged with the coils in series 
for three amperes continuous current- 
carrying capacity. It was then necessary 
to make field adjustments as to the time 
delay and instantaneous trip at various 
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points to properly co-ordinate the entire 
system. 

The three-pole service restorers C and 
D at the generating station were each 
equipped with a first instantaneous trip¬ 
ping action, followed by time-delay trip¬ 
ping on subsequent tripping operations. 

It is thus to be seen that each branch 
line is fully protected by a single-pole 
restorer which will trip after a time delay. 
The main-line protective restorer at the 
generating stations, being equipped with 
instantaneous initial trip and instantane¬ 
ous first reclosure, will operate to protect 
the entire system against heavy transient 
faults in the main feeders. 

The single-pole restorers would be ar¬ 
ranged so that the tripping time delay is 
less than that of the main-line restorer on 
the second trip out; thus under sustained 
fault conditions the single-pole restorer 
will take over the duty of isolating the 
fault, and the remainder of the system 
continues with uninterrupted service. 
Under transient fault conditions the 
single-phase restorers will clear a fault 
on the branch lines, of lesser magnitude 
than that required to operate the main¬ 
line restorer at either C or D and will 
automatically restore the expended oper¬ 
ating energy upon the line circuit being 
re-energized. 

In the case of the system under dis¬ 
cussion, after three transient faults had 
been cleared, each subsequent operation 
of the single-pole service restorer may be 
considered as saving the expense of a 
service man with his transportation to 
and from the maintenance base to patrol 
the line and restore service. This saving 
of labor and transportation offers a con¬ 
siderable reduction in maintenance ex¬ 
pense and at the same time provides a 
very high quality of service in rural 
areas, comparable to that obtainable in 
suburban areas, at a very low initial cost. 
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Parti 

F OR the operation of power-trans¬ 
mission systems of medium and long 
length, the problem of stability is becom¬ 
ing increasingly important. This is true 
in the steady state of the system as well 
as in the transient state, during and after 
the occurrence of a fault on the system. 
Since the design of the transmission sys¬ 
tem is primarily responsible for its proper 
operation, and since the a-c network 
analyzer offers the best means for system 
analysis, the present study was under¬ 
taken for the purpose of correlating the 
design and operational data by means of 
the a-c network analyzer. For this pur¬ 
pose several power-transmission systems 
were selected, and their steady-state- and 
transient-stability characteristics studied. 
Thus the steady-state- and transient- 
stability limits of the system were ob¬ 
tained on the analyzer. 

As a result of the study, curves were 
constructed from which it is possible to 
determine, at various voltages, the sta¬ 
bility limits of transmission systems of 
various lengths, to select the proper volt¬ 
age for a certain transmission project, 
and to determine the kilovolt-ampere 
capacity of generators to be installed, in 
order that certain steady-state- or tran¬ 
sient-stability limits might be attained. 
Curves were suggested for rapid estimat¬ 
ing of system steady-state- and transient- 
stability limits. Certain means for in¬ 
creasing the stability limits were studied, 
such as the intermediate synchronous 
condenser, the resistance in the neutral of 
the sending transformer, and the reactor 
on the generator bus. The necessity of 
the application of these means to the 
various systems, and the need for gen¬ 
erators of special design with lower-than- 
normal transient reactance and higher 
inertia constant are shown. 

General Principles of System 
Design 


receiving end) over distances of 50, 75, 
150, 250, and 500 miles, at sending-end 
voltages of 69,138,230, and 345 kv, at 60- 
cycle frequency. The power is trans¬ 
mitted from hydroelectric power plants 
to distant metropolitan load centers, and 
the transmission lines were designed so as 
to transmit the predetermined block of 
power. In line with the trend toward high 
standards of reliability and security of 
operation, the systems Were required to 
deliver a 100 per cent block of power under 
a double line-to-ground fault at the send- 
ing-end bus, cleared in 10.5 cycles with a 
consequent loss of a circuit, or a section 
of it if the circuits are sectionalized. Each 
system thus has a minimum of two cir¬ 
cuits. The block of power transmitted 
under these conditions and delivered at a 
corona power loss as small as is economi¬ 
cally justified, is taken as the rating of 
the system. 

The long-line theory of line design was 
used throughout, and the general circuit 
constants were calculated for the line 
alone, for a circuit, or for a section of it. 
In several cases the transmission of a 
certain block of power over a certain dis¬ 
tance was made at two different voltages 
in order that the effect of the voltage on 
system stability could be shown. 

Transmission-Line Data 

All systems were designed to operate at 
standard voltages at both ends of the 
system. The voltage drop of approxi¬ 
mately five per cent in the line was main¬ 
tained by means of synchronous conden¬ 
sers at the receiving end of the system. 

On all systems under study, only copper 
conductors were used—both the standard 
concentric stranded conductor and the 
hollow copper conductor of the IiH type 
manufactured by the General Cable 

Paper 42-117, recommended by the AIEE com¬ 
mittee on power transmission and distribution for 
presentation at the AIEE summer convention, 
Cnicago, Ill., June 22-26, 1042. Manuscript sub¬ 
mitted November 21, 1942; made available for 
printing May 19, 1942. 


Corporation. The corona power loss was 
calculated by the Carroll-Rockwell 
method. 1-3 In view of the great differ¬ 
ence in the corona power loss of the two 
types of conductors, it became necessary 
to establish conditions for the use of 
either of the two conductors. A rather 
conservative criterion was established by 
which the hollow-type conductor was used 
whenever the cross section of the con¬ 
centric stranded copper conductor, of the 
diameter necessary to secure the desired 
corona power loss, was about 50 per cent 
greater than the cross section required of 
this type of conductor to carry the emer¬ 
gency current of the line. 

In every other respect the lines are of 
conventional design. 4-6 In view, how¬ 
ever, of the effect that certain design fac¬ 
tors have on system stability limits, it is 
pointed out that all systems have high- 
voltage busses at both ends, and all are 
equipped with a single continuous-type 
tower-to-tower counterpoise. The list of 
the systems designed, the types and sizes 
of conductors, and the corona power losses 
are given in Table I. Normal and emer¬ 
gency circuit conditions of the transmis¬ 
sion lines are represented in Figure 1. 

System Characteristics and 
Representation on the A-C 

Network Analyzer 

The basic study of systems on the net¬ 
work analyzer was made for those with 
generators of standard design, and not 
equipped with devices for stability im¬ 
provement, in order that the stability 
limits might be obtained for systems with 
standard equipment. Subsequently the 
various means for improvement of sta¬ 
bility were investigated (see part II) and 
applied where needed. 

The generators were not equipped with 
damper windings for this study, and their 
saturated synchronous reactance was 
taken at 80 per cent of the unsaturated 
direct-axis synchronous reactance as¬ 
sumed to be 100 per cent. The transient 
and negative-sequence reactances were 
taken at 35 and 45 per cent, respectively. 
The transformer reactances were taken 
at standard values, with 12.5 per cent for 
the 345-kv units. For the basic study, 
the high-voltage neutral of transformers 
was solidly grounded in all systems. The 
saturated synchronous reactance of the 
receiving-end synchronous condensers was 
taken at 128 per cent, and the transient 
and negative-sequence reactances were 
taken at 40 and 24 per cent, respectively.- 

The transmission systems feed into a 
metropolitan-system load. The magni¬ 
tude of this load is assumed to vary in- 


Thirty-one power-transmission systems 
were designed for the purpose of purely 
academic study. The systems transmit 
blocks of power of 50,000, 100,000, 
250,000, 500,000, and 800,000 kw (at the 
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versdy with the block of power trans¬ 
mitted, ranging from 400,000 kw for the 
50,000-kw systems to 1,600,000 kw for 
the 800,000-kw systems. The power fac¬ 
tor of the load is 0.85 lagging. In the 
circuit representation for the network- 
analyzer study, the metropolitan load 
was represented by an equivalent syn¬ 
chronous motor with proper constants 
and excitation voltage. Such a represen¬ 
tation follows from the study of the input 
characteristics to the metropolitan-load 
system which, when plotted in the form 
of synchronous motor charts, resemble 
the characteristics of the synchronous- 
motor charts. 7 The reactance of the 
equivalent synchronous-motor load was 
taken at the same value for both the 
steady-state- and the transient-stability 
studies. Similarly the positive- and the 
negative-sequence reactances of the load 
were taken equal. 

The inertia constant Of generators and 
synchronous condensers was taken at 
standard values for the sizes of machines 
assumed. 8 The inertia constant of the 


load was calculated for the proportion of 
turbogenerators and synchronous motors 
known to be representative of large 
metropolitan-load centers, and ranged 
from about 5.15 to 5.60 kw-sec per kva. 

System reactances, as represented on 
the a-c network analyzer, are given in 
Table II. 

Synchronous Condensers at the 
Receiving End of Systems 

Synchronous condensers were placed at 
the receiving end of every system, of suffi¬ 
cient capacity to maintain rated voltage 
under all conditions from full load to no 
load, at an approximate ratio of 1.05 of 
the voltages at the system ends. The 
leading kilovolt-amperes were determined 
for the 100 per cent load under emergency 
conditions. At the 1.0 to 0.5 lead-to-lag 
ratio of this condenser, the lagging kilor 
volt-amperes measured at no load and 
under normal circuit conditions, were al¬ 
ways below the maximum allowed by this 
ratio. 


The kilovolt-amperes of the receiving- 
end condensers, as obtained from meas¬ 
urements on the a-c network analyzer, 
are given in Table III. The average 
leading kilovolt-amperes per kilowatt of 
the line rating is 1.05 kva in the 50- to 
150-mile lines. In the 250- and 500-mile 
systems, equipped with intermediate 
synchronous condensers, the average is 
0.85 kva per kilowatt of system rating. 

The analysis of the figures obtained 
substantiates the common experience, to 
the effect that the receiving-end con¬ 
denser kilovolt-amperes required per 
transmitted kilowatt increase as the 
transmission distance or the block of 
transmitted power increases, and decrease 
with an increase of the transmission 
voltage, the other parameters remaining 
unchanged. The data which have been 
obtained for a large variety of systems 
make it possible to estimate the required 
kilovolt-amperes of receiving-end syn¬ 
chronous condensers for numerous sys¬ 
tems, either by direct use of the figures 
given or by their judicious interpolation. 

It should be borne in mind, however, 
that the systems designed do not make 
use of the rotating equipment within the 
metropolitan-load area into which they 
feed, and are thus made independent of it. 
Should such use be made, the condenser 
kilovolt-amperes may be reduced. 

The receiving-end condenser unques¬ 
tionably contributes somewhat toward the 
steady-state- and transient-stability limits 
of the system, and hence toward the sys¬ 
tem rating. The degree of this contribu¬ 
tion, however, is difficult to determine 
rigorously (if, indeed, it can be deter¬ 
mined at all), in view of the difficulty in 
maintaining the same voltages at the ends 
of the system in the two cases where the 
system has, and where it does not have, a 
condenser at its receiving end. 

Procedure and Approximations in 
the Stability Study 

The determination of the steady-state- 
and transient-stability limits was made 
according to the standard accepted pro¬ 
cedure. 9 The steady-state-stability study 
was made for normal circuit conditions 
of the system. From the stability limit 
obtained on the network analyzer, the 
steady-state-stability limit is calculated 
for emergency circuit conditions. This 
calculation is made on the basis that the 
steady-state limit changes inversely with 
the total system reactance. The tran¬ 
sient-stability limit was determined by the 
point-by-point method for the condition 
of a double line-to-ground fault near the 
sending-end bus. The negative-sequence- 
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Tabic I. List of Systems Designed—Type and Size of Conductors—Corona Power Loss 
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0-la . 

.. 50,000. 

. . 50.. 

.. 69.. 
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0-2 a . 

.. 60,000. 

.. 60.. 

.138.. 

... 2 ... 

0-3 a . 

.. 50,000. 

.. 76.. 

.. 69.. 

... 2 ... 

0-4o . 

.. 50,000. 

. . 75.. 
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0-6 a . 

.. 50,000. 
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0-7« . 
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. .600,000. 

..150.. 

-.230.. 

..3... 

0-23o. 

. .500,000. 

. .160.. 

..345.. 

.. 2 ... 

0-24o. 

. .500,000. 

. .250.. 

..345.. 

.. 2 ... 

0-25o. 

. .500,000. 

. .500.. 

..345.. 

..3... 

0-26 a. 

. .800.000. 

.. 50.. 

..230... 

..3... 

0-27o. 

. .800,000. 

.. 50.. 

..345.. 

..3... 

0-28o. 

. .800,000. 

.. 76,. 

..230... 

..3... 

0-29o. 

. .800,000. 

..76.. 

..345... 

..3... 

0-30o. 

. .800,000. 

. .150.. 

. .345... 

..3... 

0-3lo. 

. .800,000. 

. .250.. 

..345... 

.3... 

0-32a.. 

. .800,000. 

..500.. 

..345... 

..4... 


Concentric stranded copper. .250,000. . .0.574. 
. .Hollow, HH- type ( UM) .. 138,000.. .0.600. 

.. Concentric stranded copper.. 350,000 0.879, 

..Hollow, E ff-type ( UM) .. 138,000.. .0.600. 
. .Concentric stranded copper. .250,000.. .0.574. 

. Concentric stranded copper. .300,000. 

. Hollow E E- type .. 212,000. 

. Concentric stranded copper.. 250,000. 

. Concentric stranded copper., 400,000. 

.Hollow, HR-type ( UM) ..265,000. 

. Hoilow, H E- type ( UM) .. 265,000. 

.Concentric stranded copper..850,000. 

. Hollow, E ff-type ( NM) .. 316,000. 

. Hollow, E H-ty pe ( NM) ..316,000. 

.Hollow, HE-typt ..400,000. 

.Concentric stranded copper. .660,000. 

.Hollow, E E- type ( UM) .. 505,000. 

. Hollow, E E- type (NM ) .. 587,000. 

. Hollow, E H-type ( NM) .. 316,000. 

. Hollow, E E- type ( NM) . .316,000. 

. Concentric stranded copper.. 700,000. 

.Hollow, E F-type (UM) ..505,000. 

.Hollow, E F-type (UM) ..505,000. 

, Hollow, E E- type ., 650,000. 

Concentric stranded copper. .750,000. 

. Hollow, E E-t ype ( UM) .. 505,000. 
Concentric stranded copper. .800,000. 

, Hollowi, E E- type ( UM) .. 505,000. 

, Hollow, E E- type (UM) .. 505,000. 

Hollow, E E- type ( UM) ,. 505,000. 

Hollow, E F-type ,. 900,000. 


.0.628., 

.0.600.. 

.0.574.. 

.0.726.. 

.0.950.. 

.0.950.. 
.1.062.. 
.0.950.. 
.0.950.. 
.0.950.. 

.0.929,. 

.1.400.. 

.1.400.. 

.0.950.. 

.0.950.. 

.0.964.. 

.1.400.. 

.1.400.. 

.1.400.. 

.0.998.. 

.1.400.. 
.1.031.. 
.1.400.. 
.1.400.. 
.1.400.. 
.1.400.. 


..0.52 

..0.89 

..0.40 

..0.89 

..1.63 

.1.30 

.0.89 

.1.63 

.0.865 

.0.75 

.0.75 

.0.36 

.0.75 

.0.75 

.0.75 

.2.07 

.0.61 

.0.61 

.0.75 

.0.76 

.1.72 

.0.61 

.0.61 

.0.61 

.1.44 

.0.61 

.1.22 

.0.61 

.0.61 

.0.61 

.0.61 


The system identification number is kept throughout the entire study. 

Hollow. EE -type copper conductor, General Cable Corporation patents/ 

Hollow, H .0-type—standard size. 

Hollow, E H -type ( NM )—normal minimum size. 

Hollow, F F-type ( UM )—undercut minimum size. 

^"Fahrlhir 2£ ulat « 1 fjevation of 3,300 feet above sea level and a temperature of 50 de- 

aTlI ^ feetf *r 69-kv hues, 16.67 feet for 138-kv lines, 
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SYSTEM 

IDENTIFICATION 

NUMBER^ 

NORMAL 

CIRCUIT CONDITION 

EMERGENCY 
CIRCUIT CONDITION 

NOTE 

ON RIGHT 
OF WAY 

0-Id, 0*20. ( 0* 3d, 

0-4a,0-7a.0-8a, 

0-l2a 




1 

Common 


1--—1 

0-Sa,0-9a,0-IOa 


-- ■ 


1- 

Common 



0-6a,0-Ma 


1-1-1 


1 1-1 

Common 

■ i n 

dT ~ 1 

0-l3a.0-14a, 

0-15a,0-23a 







Two Separate 

0-i6a.0-na, 

0-24a 


db 





Two Separate 

© 

db 

0-i8a 


db 0 





Two Separate 

db db 

db db 

0-19a,0-20a, 

0-26a.0-27a. 

0-28a.0-29a 







‘ Two Separate. 
Two circuits on 
one right of way, 
third circuit on a 
separate r. ofw.$ 



0-22a,0*30 a. 


-1- 





Two Separate 
same as $ 


- 1 

0-25a 


db db 





Two Separate 
same as & 

1 i 

— I —I— 

db db 

© © 

0-3la 


db 

-1- 





Two Separate 
same as $ 


df> 



0*32 a 







Two Separate 
Iwo circuits on 
each right of 
wag 

"1 1 

r— t— 

db db 

db db 

1 1 

1 | 

db db 

db db 


Figure 1. Normal 
and emergency cir¬ 
cuit conditions of 
transmission lines 
(single-line dia¬ 
grams) 

1C indicates an in¬ 
termediate synchro¬ 
nous condenser. Re¬ 
ceiving-end synchro¬ 
nous condensers not 
shown. For com¬ 
mentary of identifi¬ 
cation numbers of 
systems, see Table I 


system of a certain length operating at a 
certain voltage, if a certain steady-state- 
stability limit is desired.. Also to determine 
the maximum transmission distance when 
the generator kilovolt-ampere capacity and 
the system voltage are known. 

4. To give an indication of conditions 
where the steady-state-stability limit may 
be within the economical region, and hence 
an indication of the order of magnitude of 
the kilovolt-ampere generator capacity 
which can be economically installed. 

Figures on the steady-state stability 
obtained on the network analyzer on a 
wide variety of systems clearly demon¬ 
strate the relative effect on the stability 
limit of the system reactance and the 
transmission voltage. In the heavy lines 
the large kilovolt-ampere generator ca¬ 
pacity has an effect on the steady-state- 
stability limit which is greater than that 
exerted by the transmission voltage. 
Since the systems designed represent 
fairly economical combinations of the 
block of power transmitted and the trans¬ 
mission distance, it can be seen that in the 
longest systems the steady-state-stability 
limit is more affected by changes in the 
mileage than by changes in the system 
voltage. This again has a bearing on the 
economics of the system. 

Curves for Estimating the 

Steady-State-Stability Limit 


and zero-sequence-impedance networks of 
the system were formed as seen from the 
place of fault. 

Regular simplifications were introduced 
for the system study on the network ana¬ 
lyzer. Of these the following are the most 
important: The saliency of machines was 
not accounted for, exciter action was not 
introduced, and only the first swing of 
machines was considered. In this part of 
the paper the stability limits of the 50- to 
150-mile systems are reported as obtained 
in the basic study on the network analyzer, 
that is, for systems of standard equipment 
with no devices for stability improvement. 
The basic study of the 250-mile and 500- 
mile systems shows that it is absolutely 
impractical to operate lines of this length 
with standard equipment, when no de¬ 
vices of any kind are employed for the 
increase of stability limits. In the present 
study the intermediate synchronous con¬ 
denser (see part II) was adopted as the 
basic device necessary for the satisfac¬ 
tory operation of the 250-mile and 500- 
mile systems. Therefore, the stability 
limits of these systems are reported in this 
part of the paper as obtained for systems 
equipped with intermediate synchronous 
condensers, with machines of standard 


design, and otherwise with standard 
equipment. The additional means which 
might be necessary to bring the transient- 
stability limit of the system to the de¬ 
sired level are discussed in part II. 

Discussion of the Steady-State- 
Stability Limit 

The steady-state-stability limit under 
both normal and emergency circuit condi¬ 
tions is given in Table IV and for normal 
circuit conditions is represented in Figure 
2 as a function of the length of the trans¬ 
mission line. Similarly the stability 
limit may be represented as a function of 
the sending-end voltage or of the kilovolt¬ 
ampere capacity of installed generators. 

The family of curves obtained is sus¬ 
ceptible to interpolation and may be used 
for the following purposes: 

1. To determine the steady-state-stability 
limit of the system when the line length, the 
system voltage, and the installed generator 
capacity are known. 

2. To select an appropriate transmission 
voltage for a certain project when the design 
is to be based on the magnitude of the 
steady-state-stability limit. 

3. To determine the kilovolt-ampere gen¬ 
erator capacity which must be installed in a 


Further correlation of data obtained 
on the a-c network analyzer makes it 
possible to express the steady-state-sta¬ 
bility limit as afunction of a quantity which 
for convenience is denoted as 0, thus 
providing a family of curves for quick 
estimation of the stability limit of the 
system. The interpretation is simple and 
provides a sufficient degree of accuracy 
in estimating the stability limit of a great 
variety of trunk-line systems differing 
in details from those investigated. 

The stability limit is plotted as a func¬ 
tion of the quantity 


where E s and E r are, respectively, the 
sending- and receiving-end line-to-line 
voltages in kilovolts, and X is the total 
system reactance as taken for the steady- 
state calculations and expressed in ohms 
on the system generator base. More 
specifically, X is the sum of the generator 
saturated synchronous reactance, the 
reactances of the sending-end transformer, 
the transmission line under either normal 
or emergency conditions as the case might 
be, the receiving-end transformer, and 
the load reactance as taken for the steady- 
state study. 
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Table II. System Reactances 

(As Represented on the A-C Network Analyzer for System-Stability Study) 


System 

Identifi¬ 

cation 

Number 

Generators (Waterwheel) 

Sending-End Trans¬ 
formers Delta- 
Grounded-Wye 

Transmission Line 

Total Line Total Line 
Reactance Reactance 
of All Cir- of All Cir¬ 
cuits Under cults Under 
Normal Cir- Emergency 
cuit Con- Circuit Con¬ 
ditions ditions 

(Ohms) (Ohms) 

Receiving-End Trans¬ 
formers Gtounded- 
Wye-Delta- 
Grounded-Wye 

Metropolitan-System Load 

Total 

System 

Eva 

Syn¬ 
chronous 
React¬ 
ance Xg'— 
Saturated 
(Ohms) 

Transient 
React¬ 
ance Xd' 
(Ohms) 


Load Representation 
as Equivalent . 
Synchronous Motor 

Total 

System 

Eva 

React¬ 

ance 

(Ohms) 

Total 

System 

Eva 

' React¬ 
ance 
(Ohms) 

Assumed 

(Kva) 

Resistance Reactance 
(Ohms) (Ohms) 

0-la .. 

.. 55,200. . 

.. 69.0... 

.. 30.2 .. 

... 55,200. . 

.. 6.05.. 

... 19.3 .. 

... 38.0 .. 

.. 53,500.. 

.. 5.7 .. 

. 471,000.. 

.. 3.1 . 

.4.65 

0-2a .. 

.. 52,400'’. . 

..291.0... 

..127.0 .. 

... 52,400. . 

..30.9 .. 

... 19.85.. 

... 39.7 .. 

... 50,800.. 

..29.1 .. 

. 471,000.. 

..12.35. 

.18.5 

0-3a .. 

.. 57,700. . 

.. 66.1... 

.. 28.9 .. 

... 67,700. . 

.. 5.8 .. 

... 27.85.. 

... 55.7 .. 

.. 57,200. . 

.. 5.35.. 

. 471,000.. 

.. 3.1 . 


0-4a .. 

.. 53,300. . 

..286.0... 

..125.0 .. 

... 53,300. . 

..30.4 .. 

... 29.8 .. 

... 59.0 .. 

.. 51,900.. 

..28.5 .. 

. 471,000.. 

..12.35. 

.18.5 

0-5a .. 

.. 53,500.. 

..285.0... 

..124.6 .. 

... 53,500. . 

..30.3 .. 

... 61.8 .. 

... 91.5 .. 

... 50,800. . 

..29.1 .. 

. 471,000.. 

..12.35. 

.18.5 

0-6 a .. 

.. 54,700.. 

..279.0... 

..122.0 .. 

... 54,700. . 

..29.6 .. 

...100.8 .. 

...151.0 .. 

... 51,300.. 

..28.85.. 

. 471,060.. 

..12.35. 

.18.5 

0-7a .. 

.. 105,800. . 

..144.2... 

.. 63.0 .. 

... 105,800. . 

..15.3 .. 

... 19.9 .. 

... 39.8 .. 

..102,600. . 

..14.4 .. 

. 047,000.. 

.. 8.95. 


0-8a .. 

..107,400. . 

..142.0... 

.. 02.0 .. 

... 107,400 . . 

..15.1 .. 

... 31.0 .. 

... 02.0 .: 

..104,900.. 

..14.2 .. 

. 647,000.. 

.. 8.95. 

.13.45 

0-9a .. 

..110,100. . 

..138.5... 

.. 60.6 .. 

...110,100. . 

..14.7 .. 

... 59.7 .. 

,, • 88.5 • • 

..103,800.. 

..14,4 .. 

. 047,000.. 

.. 8.95. 

. 13.45 

0-10a. . 

. .106,100. . 

..400.0. .. 

..175.0 .. 

...100,100. . 

..54.9 .. 

... 61.6 .. 

... 91.25.. 

...103,800. . 

..51.3 .. 

. 647,000.. 

..24.9 . 

. 37.4 . 

0-lla. . 

..110,000. . 

..380.0... 

..168.7 .. 

...110,000. . 

..53.0 .. 

... 99.1 .. 

.. .148.65.. 

...103,800. . 

..51.3 .. 

. 047,000.. 

..24.9 . 

. 37.4 

0-12a. . 

..270,000. . 

.. 56.4... 

.. 24.7 .. 

.. .270,000 . . 

.. 6.0 .. 

... 18.7 .. 

... 37.4 .. 

...264,000.. 

.. 5.6 .. 

.1,030,000.. 

.. 5.65. 

. 8.45 

0-13a.. 

..260,200. . 

..162.5... 

.. 71.0 .: 

.. .260,200. . 

..22.3 .. 

... 20.6 .. 

... 41.2 .. 

...254,000.. 

..20.9 .. 

.1,030,000. . 

..15.05, 

. 23.45 

0-14a. . 

..266,000. . 

..169.4... 

.. 69.6 .. 

...206,000. . 

..21.9 .. 

... 30.6 .. 

... 01.2 .. 

...256,500.. 

..20.8 .. 

.1,030,000. . 

..15.65. 

. 23.45 

0-15fl. . 

. .287,000. . 

..147.8. .. 

.. 04.5 .. 

...287,000. . 

..20.3 .. 

... 60.5 .. 

...121.0 .. 

..279,000. . 

..19.1 .. 

.1,030,000.. 

..15.65. 

. 23.45 

0-16a. . 

..274,000. . 

..154.5... 

.. 67.5 .. 

. . .274,000 . . 

..21.2 .. 

...104.5... 

...209.0 .. 

..264,600. . 

..20.1 .. 

.1,030,000. . 

..16.65. 

. 23.45 

0-17a. . 

. .267,200. . 

..356.0... 

..156.0 .. 

...267,200. . 

..55.6 .. 

... 101.1 .. 

.. 202.2 ... 

..256,500. . 

..53.0 .. 

.1,030,000.. 

..35.25. 

.53.0 

0-18a.. 

. .277,000. . 

..345.0... 

..151.0 .. 

.. .277,000 . . 

..53.8 .. 

...200.5 .. 

...401.0 .. 

...256,500. . 

..53.0 .. 

.1,030,000.. 

..35.25. 

. 53.0 

0-19a. . 

..532,000. . 

.. 79.3... 

.. 34.7 .. 

...532,000. , 

..10.9 .. 

... 13.75.. 

... 20.0 .. 

...508,000. . 

..10.5 .. 

.1,470,000,. 

..10.95. 

.....16.45 

0-20a. . 

..641,500. . 

.. 78.0... 

.. 34.1 .. 

...541,600. . 

..10.7 .. 

... 20.45.. 

... 30.6 •.. 

...513,000.. 

..10.35.. 

.1,470,000.. 

..10.95. 

. 10.45 

0-22a. . 

. .570,500. . 

.. 74.0... 

.. 32.4 .. 

...570,600. . 

..10.2 .. 

... 41.5 .. 

... 02.3 .. 

...553,000. . 

.. 9.6 .. 

.1,470,000.. 

..10.95. 

. 16.45 

0-23a.. 

..541,000. . 

..170.5... 

.. 77.2 .. 

...641,000. . 

..27.55.. 

... 60.5 .. 

...121.0 .. 

...529,000. . 

..25.7 .. 

.1,470,000.. 

..24.7 . 


0-24a.. 

. .657,500. . 

..171.0... 

.. 74.7 .. 

. . .557,500. . 

..20.65.. 

...101.3 .. 

...202.6 .. 

...529,000.. 

..25.7 .. 

.1,470,000.. 

..24.7 . 

. 37.1 

0-25a .. 

..547.500. . 

..174.0... 

.. 76.1 .. 

.. .547,500 . . 

..27.2 .. 

...133.2 .. 

...200.0 .. 

...518,500.. 

..26.2 .. 

.1,470,000.. 

..24.7 . 

. 37.1 

0-26a .. 

..842,000. . 

.. 50.4... 

.. 22.1 .. 

...842,000. . 

.. 6.9 .. 

... 13.9 .. 

... 20.9 .. 

...821,000. . 

.. 0.5 .. 

.1,882,000.. 

.. 8.55. 

. 12.85 

0-27a .. 

. .833,000. . 

..114.5.. 

.. 30.0 .. 

.. .833,000 . . 

..17.85.. 

... 13.8 .. 

... 20.75.. 

...812,500.. 

..16.75.. 

.1,882,000.. 

..19.3 . 

.28.95 

0-28a.. 

. .889,000.. 

.. 47.6... 

.. 20.85.. 

.. .889,000. . 

.. 0.55.. 

... 20.9 .. 

... 3i;3 .. 

...838,000. . 

.. 6.35.. 

.1,882,000.. 

.. 8.55. 

. 12.85 

0-29a. . 

-.840,000. . 

..113.4... 

.. 49.5 .. 

...840,000. . 

..17.7 .. 

... 20.4 .. 

... 30.0 .. 

...812,500. . 

..16.75.. 

.1,882,000. . 

..19.3 . 

. 28.95 

0-30a .. 

. .868,000. . 

..110.0.,.. 

.. 48.0 .. 

...868,000. . 

..17.16.. 

... 40.3 .. 

... 60.5 .. 

...821,000. . 

..16.55.. 

.1,882,000.. 

..19.3 . 

. 28.95 

0-3la, • 

..870,000. . 

..110.0... 

.. 47.9 .. 

...870,000. . 

..17.1 .. 

... 07.4 .. 

...101.2 .. 

...829,000. . 

..16.4 .. 

.1,882,000.. 

..19.3 . 


0-32a.. 

..885,000. . 

..107.6... 

.. 47.0 .. 

.. .885,000. . 

..10.8... 

...100.65 .. 

...134.2 .. 

...829,000.. 

..16.4 ... 

.1,882,000.. 

..19.3 . 



Reactances are calculated on the system base and are represented on the high-voltage side. 


The curves are represented in Figure 3 
for normal circuit conditions of the trans¬ 
mission line. Separate lines are drawn 
for the systems equipped with inter¬ 
mediate synchronous condensers. 

While it is true that the kilovolt¬ 
ampere generator capacity has an effect 
on the system stability limit, this does 
not preclude the possibility of using the 
curves for transmission systems whose 
relative generator and line reactances are 
different from those which served as a 
basis for the 0 curves. The curves are 
applicable to any fairly economical com¬ 
binations of kilowatts, mileages, and 
voltages, and may be used with a degree 
of accuracy well within normal engineering 
estimates. They cannot be expected to 
give reliable figures (if, indeed, any can be 
given) in obviously uneconomical and 
mpractical cases such as the transmission 
of 50,000 kw over a distance of 500 miles 
at a voltage of 345 kv, or the transmission 
of 800,000 kw over 250 miles at 138 kv. 

The metropolitan-system load of the 
transmission line for which the 0 curves 
are used has unquestionably an effect on. 
the system-stability limit, but* .as may be 
seen from; the systems investigated, the 
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load reactance constitutes a relatively 
small percentage of the total reactance X 
in the equation 1. Considering that the 
load on the systems designed was care¬ 
fully determined with a view to repre¬ 
senting actual cases as nearly as possible, 
it may be said that the method of pro¬ 
posed 0 curves may be used with the cus¬ 
tomary degree of engineering accuracy for 
systems having loads such as are en¬ 
countered in actual practice. The gaps 
between the separate 0 curves, could have 
been filled, had a greater variety of cases 
been investigated, or had other voltages 
been used. In the expression for 0, excita¬ 
tion voltages could have been made use 
of instead of the sending- and receiving- 
end voltages. This, however, would intro¬ 
duce a great many additional calcula¬ 
tions which are not justified by the ulti¬ 
mate accuracy possible of attainment. 

Discussion of the 
Transient-Stability Limit 

In the process of determining the tran-, 
sientistability limit on the a-c network 
analyzer, it was fotmd that the transient- 
stability limit of a system B may be cal¬ 
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culated to a high degree of accuracy from 
the known transient-stability limit of a 
system A similar to it in configuration, 
by using the following expression: 

(Transient-stability limit) B • [" -~T 

Pb Xb 

(transient-stability limit) x (2) 

where P is the system rating determined 
solely from consideration of the conductor 
size and installed transformer capacity, X 
is the total system transient reactance of 
the emergency circuit, and E is the nomi¬ 
nal system voltage. The subscripts 
refer to system A or B. More specifically, 
X is the sum of the generator transient 
reactance, the reactances of the sending- 
end transformers, the transmission line 
under emergency circuit conditions; the 
receiving-end transformers, and the load. 
Equation 2 gives a goqd check with the 
data obtained by actual measurement on 
the analyzer, the error not exceeding five 
per cent., In applying it, the intermediate 
condensers, if any, may be disregarded. 
This is explained by the comparatively 
small increase in the transient-stability, 
limit caused by these condensers (see 
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Table III. Kva of Synchronous Condensers at 
the Receives End of Systems as Determined 
on the A-C Network Analyzer 


u 

4) 

43 

s 

9 

a 

a 

2 

W 

C 

01 

h 

u 

ft ,5 

er Kilowatt of i 
bility Limit 3 
ircuit Condi- 9 
of SSSL-N 8 


O 

1 

In 

a> 

d 

4» 

2 $ 
«t 

ft 30 t 

*2322 


M 

g 

is A 

oo K 


CO 
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4) 

w 

o 

-3 

Is 

S3 

S u g 

•o'® “ S 

0 S ■g .2 

•2 

os 

a 

Si 

O 

O 

0 3 a £ 
ocoP-3 

4) 


0-la . 

.. 68,700. 

..1.17...0.61 

0-2« . 

.. 42,750. 

..0.86...0.39 

0-3 a . 

.. 07,000. 

..1.36...0.83 

0-4 0 . 

.. 50,000. 

..1.02...0.01 

0-6 0 . 

.. 37,750. 

..0.76...0.49 

0-fia . 

.. 32,100. 

.. 0.64 ...0.44... One IC at mid¬ 
point 

0-7 a . 

.. 95,600. 

..0.90...0.49 

0-8 a . 

..110.000. 

..1.10...0.60 

0-0 a . 

..105,900. 

..1.06...0.79 

0-10a. 

.. 54,000. 

..0.55...0.34 

0-lla. 

.. 61,100. 

. .0.61., ,0.37.. .One IC at mid¬ 
point 

0-12 0. 

..208,000. 

,.1.18...0.71 

0-13o. 

. .235,000. 

..0,04...0.51 

0-14a. 

. .253,000. 

..1.01...0.61 

0-15o. 

. .352,000. 

..1.41...1.00 

0-lfifl., 

.285,000. 

. . 1.14... 0.97... One IC at mid¬ 
point 

0-17a., 

,.203,000. 

,. 0.81.. .0.00... One IC at mid¬ 
point 

0-18a.. 

.214,000. 

.. 0.86... 0.70... Two IC equally 
spaced 

0-lWa., 

.485,000. 

..0.07...0.58 

0-20 a.. 

.526,000. 

. .1.05...0.70 

0-22a., 

.088,000. 

..1.38...1.17 

0-23a.. 

.639,000. 

..1.28...1.00 

0-24a.. 

.637,000., 

,.1.07...0.91...One IC at mid¬ 
point 

0*25a.. 

.410,000.. 

.0.82.. .0.84,..Two IC equally 
spaced 

0-26 0.. 

.817,000., 

, .1.02...0.08 

0-27o.. 

.688,000., 

,.0.80...0.52 

0-28a., 

.900,000., 
.735,000.. 

,.1.20...0.82 

0-20o.. 

.0.02...0.63 

0-30o.. 

.870,000.. 

.1.09...0.01 


0-31o.. .772,000.. .0.00.. .0.88.. One IC at mid- 


0-32o... 002,600... 0.76... 0.84... Two IC equally 

spaced 


For commentary on system identification numbers, 
see Table I. 



Figure 2. Steady-state-stability limit 


Normal circuit conditions 


A— 800,000—345 
B— 800,000—230 
C—500,000—345 
D— 500,000—230 
£—250,000—345 
F— 250,000—230 


G—250,000—138 
H— 100,000—230 
AT—100,000—138 
L— 50,000—138 
M— 50,000— 69 


(First figure represents kilowatts transmitted/ 
the second, kilovolts of sending-end voltage) 

The 250-mile lines are equipped with one 
intermediate synchronous condenser; the 
500-mile lines, with two intermediate con¬ 
densers, in capacity sufficient for 100 per cent 
load 


long and heavy line, and it has been 
checked on the writer’s systems, resulting 
in data confirming it. 

In Figure 4 the transient-stability 
limit is represented as a function of the 
length of the transmission line. In like 
fashion it may be shown as a function of 
the sending-end voltage, or of the kilovolt¬ 
ampere capacity of installed generators. 
The representation is similar to that of 



Figure 3. Estimating curves for the steady- 
state-stability limit 


Normal circuit conditions 

Curves for systems with installed generator 
capacity of 55,000 to 950,000 kva, transmit¬ 
ting power to a metropolitan-load center 50 
to 500 miles distant, at sending-end voltages 
of 69, 138, 230, and 345 kv. All systems 
with receiving-end synchronous condensers in 
sufficient kilovolt-ampere capacity to main¬ 
tain a five per cent voltage drop in the line. 
The 250-mile lines are equipped with one 
intermediate synchronous condenser; the 
500-mile lines, with two intermediate con¬ 
densers, in capacity sufficient for 100 per cent 
load. Curve sections denoted A are for sys¬ 
tems with intermediate condensers. No other 
means are used for the increase of system 
stability limits. For explanation of quantity 
- "/S,” see text of paper 

tions. As an indirect result, the trans¬ 
mission voltage is a considerably more 
powerful factor in fixing the magnitude 
of the transient-stability limit than in 
fixing that of the steady-state limit. 

Curves for Estimating the 
Transient-Stability Limit 


Approximate .sending- and receiving-end voltage 
ratio 1.06. 

Condenser kilovolt-amperes given leading. 

IC denotes intermediate synchronous condenser 
placed for 100 per cent load. 

part II of paper), the increase itself be¬ 
ing counterbalanced by the error inherent 
in equation 2. Thus, by a judicious use of 
this expression, a saying of time may be 
effected in estimating the transient-sta¬ 
bility limit of one system through the 
known stability limit of another similar 
system. 

The transient-stability limit of the de¬ 
signed systems is given in Table IV. The 
table also gives the stability limit for 
zero-duration time of a double line-to- 
ground fault. This calculation is made 
by using the appropriate curve of Figure 
11 of the First Report of Power-System 
Stability. 8 The latter curve represents a 


the steady-state-stability limit (see Figure 
2). The curves are also susceptible to 
interpolation and may be used for s imi lar 
objectives (see discussion of the steady- 
state-stability limit). 

The relative effect, however, of the 
system reactance and the -transmission 
voltage is different in the case of the 
transient-stability limit from that of the 
steady-state limit. In the transient state 
the generator reactance is much smaller 
and the line reactance greater than in the 
steady state. Therefore, while in the 
steady state the generator reactance pre¬ 
dominates even in the longer lines, in the 
transient state the reverse is true; here 
the line reactance •: is of greater signifi¬ 
cance, the line length assuming the con¬ 
trolling influence! In the greater majority 
of cases the total system reactance in the 
transient state is smaller than in the 
steady state under normal circuit condi- 


As a result of further analysis, the 
transient-stability limit is represented as a 
function of the quantity p similar to that 
used for the representation of the steady- 
state limit, Thus a curve is obtained for 
the rapid estimation of the transient- 
stability limit. 

In this case the quantity /3 has a differ¬ 
ent meaning from that of the denominator 
in equation 1, in that X is the total sys¬ 
tem reactance as taken for the transient- 
stability calculations, expressed in ohms 
on the system generator base. The tran- 
sientreactanceof generators and the trans¬ 
mission-line reactance under emergency 
circuit conditions must now be taken. 

The curve thus obtained (Figure 5) 
permits the estimation, within engineering 
accuracy, of the transient-stability limit 
for a system with a double line-to-ground 
fault cleared in 10.5 cycles. For reasons 
mentioned above, there is no need for a 
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Figure 4. Transient-stability limit 


Double line-to-ground fault at the sending 
end cleared in 10.5 cycles, with loss of cir¬ 
cuit or a section of it. For explanation of 
identification letters, see Figure 2. For circuit 
condition after fault is cleared, see Figure 1 

separate curve for lines equipped with, the 
intermediate synchronous condensers. 

The discussion of the 0 curve and its 
application in the case of the steady-state- 
stability limit applies equally well to the 
transient-stability limit. In. addition, it 
may be said that since the inertia con¬ 
stant of machines in the metropolitan¬ 
load center was chosen so as to be repre¬ 
sentative of actual systems, an additional 
argument exists for the statement that the 
curve may be used on systems with loads 
met in actual practice. 

The transient-stability limit given by 
the curve of Figure 5 may be expressed as 
follows: 

Transient-stability limit = 800 • 0 kilowatts 

(3) 

with 0 as defined above. When use is 
made of the relationship between the 

Figure 5. Estimating curves for the transient- 
stability limit 

Sending-end fault cleared in 10.5 cycles 
A —Double line-to-ground 
B —Line-to-line 
C—Line-to-ground 

In using the curves for estimating purposes, 
no distinction is made between systems with 


severity of various types of faults, such 
as are given by the curves, of Figure 11 of 
the First Report of Power-System Sta¬ 
bility, the following expressions may be 
obtained for the transient-stability limit 
at 10.5 cycles’ fault-clearing time: 

For a line-to-line fault 

Transient -stability limit= 1 ,040 • 0 (4) 

For a line-to-ground fault 

Transient-stability limit = 1,100 • 0 (5) 

with 0 as defined above, and the transient- 
stability limit expressed in kilowatts. 

The above expressions may be easily 
modified to apply for faults of any dura¬ 
tion, by using a curve representing the 
variation of the transient-stability limit 
with the clearing time of the particular 
fault. For this purpose, the curves of the 
First Report of Power-System Stability 
may be used for trunk transmission lines. 

Criteria of the Margin of the 
Transient-Stability Limit Over the 
Test Load 

In cases where the transient-stability 
limi t of a system is determined on the a-c 
network analyzer, the better the guesses as 
to the probable stability limit of the sys¬ 
tem, the fewer the total number of swing 
curves to be taken. The procedure may 
be shortened considerably if use is made 
of the relative time when, on the one 
hand, the maximum angle .between the 
generator and the load machines ; is 
reached, and on the other hand, the 
change in the rotor angle of the generator, 
AS„, becomes negative. 

When the angle between the machines 
reaches its maximum before Ad n becomes 
negative, there is a comparatively large 
margin between the transient-stability 
limit of the system and the test load. 
When the maximum machine angle is 
reached simultaneously with A 8 n passing 
through zero, there still is a margin— 
though a small one—between the stability 


limit and the test load. When, however, 
the angle a 5„ becomes negative before the 
maximum value of the angle between the 
machines is reached, then, practically 
speaking, there is no margin, and the test 
load may be taken as equal to the tran¬ 
sient-stability limit of the system. Ob¬ 
servation of the time relationship given 
makes it possible to reduce considerably 
the effort required for the study of the 
system on the network analyzer. 

Part II 

From the data on stability limits of the 
transmission systems investigated on the 
a-c network analyzer, given in part I of 
lie paper, it may be seen that only a 
, handful of the systems will deliver the 
100 per cent block of power to the metro¬ 
politan-system load under the fault con¬ 
ditions prescribed, without the use of 
special design features. Special designs 
must be applied to the great majority of 
systems in order that their transient- 
stability limits may be increased. 

It is the purpose of part II of this paper 
to investigate, on the a-c network ana¬ 
lyzer, some of the means for improving the 
stability limits of transmission systems, 
and then to apply the various means to 
the systems whose transient-stability 
limits had to be raised to the 100 per cent 
rating. 

Figure 6. System swing curves, taken on 
the network analyzer (system 0-25a) 

13 per cent resistance in sending-transformer 
neutral. Double line-to-ground fault at the 
sending end. System stable 

A —Generator 

B —Intermediatecondenser at point two thirds 
from receiving end 

C—Intermediate condenser at point one third 
from receiving end 
D— Receiving-end condenser 
£—Load 


and without intermediate synchronous con¬ 
densers. For general note, see Figure 3 
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Tab,# IV - Syrt«m Steady-State and Transient-Stability Limits 


Figure 7. Effect of intermediate-synchronous- 
condenser stations on system stability limit 

Intermediate-condenser stations so located as 
to divide the line into sections of equal 
length 

A— Steady-state-stability limit—500-mile line 
B— Steady-state-stability limit—500-mile line. 

Reactors substituted for condensers 
G—Transient-stability limit—500-mile line 
D —Transient-stability limit—500-mile line. 

Reactors substituted for condensers 
£—Steady-state-stability limit—^250-milc line 
F— Transient-stability limit—250-mile line , 

The intermediate synchronous con¬ 
denser, the resistance in the neutral of the 
sending transformer, and the reactor on 
the generator bus are the three devices 
for increasing the stability limits which 
were investigated. They were chosen, 
because the available data in the litera¬ 
ture on their application are either in¬ 
complete or nonexistent, and also because 
they were within the means available for 
the type of academic study made by the 
writer. 

The Intermediate Synchronous 
Condenser 

There are relatively few power-trans¬ 
mission systems on which intermediate 
synchronous condensers are installed. 
Wherever this is the case, however, satis¬ 
faction is generally expressed with the 
part the intermediate condenser plays in 
the system operation. Since in most 
systems the installation of the inter¬ 
mediate condenser was made previous to 
the time when the full significance of the 
problem of transient stability was realized 
it may be presumed that the primary rea¬ 
son for installing the condenser was its 
contribution to the steady-state-stability 
limit and to the maintenance of voltages 
at certain points of the transmission line. 
Indeed, the studies published by 


System 

Identifi¬ 

cation 

Number 


Steady-State-S tability Limit 

Normal Bmergency 

Circuit Conditions Circuit Conditions 


Transient-Stability Limit 
(Double Line-to-Ground Fault) 

At 10.5 Cycles 
Fault-Clearing 
Time 


At Zero Fault- 
Duration Time 


(Per 

Cent) 


(Kw) 


(Per 

Cent) 


(Kw) 


(Per 

Cent) 


(Kw) 


(Per 

Cent) 


(Kw) 


Remarks 


0-la 
0-2 a 
0-3a 
0-4o. 
0-5o 


0-6o. 


0-7« . 
0-8o . 
0-9o . 
0-10a. 

0-1la. 

0-12a. 
0-13a. 
0-14a. 
0-15a. 

0-16a. 

0-17c. 

0-18a, 

0-100. 
0-20a.. 

0-22a. 
0-23a., 
0-24 a. 

0-25a.. 

0-26a.. 

0-27a., 
0-28a.. 
0-29a.. 
0-30a.. 
0-31a.. 

0-32a.. 


..193 
..220 , 
.162 , 
..200 , 
,.155 . 

.147 , 

.196 . 
.183 . 
.134 , 
.160 . 

.164 . 

.167 . 
.184 . 
.167 . 
.129 . 

.118 . 

.135 . 

.122.6. 

.167 . 
.151 . 

.118 . 
.128 . 
.118 . 

. 97 . 

. 149 . 

.165 . 

.129 . 

.146 . 

.120 . 
.109.5. 

.90 . 


96.500. .162.5.. 81,250.. 89.2 

110,000. .208 .. 104,000.. 129 

81,000. .120 .. 65,000.. 74 

100,000.. 190 .. 95,000. .115 . 

77.500. .145.5.. 72,750.. 99.5. 


44,600. .131.5. 

64.500.. 190 . 

37,000.. 109 . 

57.500.. 169.5. 

49.750.. 146.6. 


67,500. 

95,000 

54,500 

84,750 

73,300 


73,500.. 132.5.. 66,250.. 84.5.. 42,250. .124.5.. 62,200. 


196,000.. 177 . 
183,000..159.5. 
134,000.. 120 . 
160,000.. 152 . 


177,000. 

159,500. 

120,000. 

152,000. 


105 
, 91 
76 .. 
99.7.. 


.105,000. .154.5. 
. 91,000.. 134 . 

76,000. .112 . 
99,700..147 . 


154,500 

134,000 

112,000 

147,000 


164,000. .152 .. 162,000.. 88.7.. 88,700. .130.8.. 130,800.. 


417,000..138.5.. 
460,000.. 168.5.. 
417,000.. 148.5.. 

322.500.. 106 .. 

295,000.. 89 .. 

337.500.. 116 .. 

306,000.. 95.6.. 

836,000.. 158 .. 
755,000.. 140 .. 

590,000.. 104 .. 
640,000.. 108 .. 
590,000. .92 


346,000. 

421,000. 

371,000. 

265,000. 

222,500. 

290,000. 

239,000. 

790,000. 

700,000. 

520,000. 

540,000. 

460,000. 


74 ..185,000.. 109 .. 
97 ..242,500.. 143 .. 

84.2.. 210.500..124.2.. 
63 ..157,500.. 92.8.. 

47.9. .119,900.. 70.5.. 
71 ..177,500. .104.6.. 

54.5.. 136,300. . 80.2.. 

91.7.. 469.000.. 135.2.. 
81.6. .408,000. .120.3. „ 

61 . .305,000.. 89.7.. 

62.7.. 314.000.. 92.4.. 

49.5.. 247.600.. 72.9.. 


. 485,000.. 83 

. 1,194,000.. 138 

. 1,321,000.. 159 . 
.1,033,000.. 116.5. 
.1,170,000..138.5. 
. 960,000. .109.5. 
. 876,000.. 96 . 


.. 415,000. 

..1,105,000. 

.1,272,000. 
. 932,000. 
. 1 , 110 , 000 . 
. 876,000. 
. 768,000. 


52.5. .262,500. 

77.4.. 619.500. 

90.8.. 727,000. 

66.4.. 531.000. 

83.6.. 669.500. 

67.1.. 537,000. 

53.9.. 431.200. 


. 77.3.. 

.114 .. 

.134 . 

. 97.8. 
.123.4. 

. 98.9. 

. 79.3., 


272.500 
357,000 
315,000 
232,000 

176.500. 
261,600. 

200.500. 

675,000 

601.500 

444,000 

462,000 

364.500. 

386,500., 

912,000 

1,074,000 
782,000 
988,000 
792,000 
634,000.. 


,. One 1C at mid¬ 
point 


One IC at mid¬ 
point 


.One IC at mid¬ 
point 

.One IC at mid¬ 
point 

.Two IC equally 
spaced 


.One IC at mid¬ 
point 

.Two IC equally 
spaced 


720,000.. 80 .. 640,000.. 49.8. .398,200.. 73.4.. 587,000. 


.One 1C at mid¬ 
point 

• Two IC equally 
spaced 


° f n0 ™ al design J and are not equipped with devices for stability improvement, 
except with intermediate synchronous condensers, as indicated under ''Remarks.* * 

IC indicates an intermediate synchronous condenser, placed for 100 per cent load. 

For list of systems, see Table I. “ 


Baum, 10 * 11 Fortescue, 12 ' 13 Fortescue and 
Wagner, 14 Evans and Bergvall, 16 Peter¬ 
sen, 16 Piloty, 17-19 and Riidenberg 20 - 21 
deal exclusively with the effect of the 
intermediate condenser on the steady- 
state-stability limit of the system. None 
of these studies were made on the net- 
’ work analyzer, and consequently the 
method of approach necessitated simplify¬ 
ing assumptions; for instance, in then- 
study of the intermediate condenser, 
Wagner and Evans 22 assumed an infinite 
bus (that is, a bus to which so large a 
synchronous capacity is connected that 
its frequency and voltage are absolutely 
unaffected by any conditions external to 
that bus). There are practically no pub¬ 
lished data on the effect of the intermedi¬ 
ate condenser on the transient-stability 
limit. Summers and McClure 23 mention 
the subject briefly, and Tchemycheva 
and Lavrov 24 discuss the effect of the 
intermediate condenser on the system 
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stability limit for the case of a three-phase 
fault. 

From the study of system operation it 
appears that all intermediate condensers 
on a line may operate either primarily 
leading or primarily lagging; or that some 
will operate mostly leading, requiring a 
1.0 to 0.5 lead-to-lag ratio, while others 
will operate only lagging, requiring a 1.0 
to 1.0 lead-to-lag ratio. This depends on 
the length of the line, on the number of 
condenser stations, and on the ease with 
which the line carries its 100 per cent 
load. For instance, on the 500-mile lines 
with two intermediate condensers, both 
condensers have a 1.0 to 1.0 lead-to-lag 
ratio; while with three condenser sta¬ 
tions, two condensers have a 1.0 to 1.0 
lead-to-lag ratio and the third has a ratio 
of 1.0 to 0.5. In every case the larger 
condenser kilovolt-amperes are required 
under emergency circuit conditions. The 
kilovolt-ampere capacity of the inter- 
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mediate condensers and the total syn¬ 
chronous-condenser capacity for the sys¬ 
tems under design, for the number of 
intermediate-condenser stations as finally 
adopted, are given in Table V. 

The swing curves of two intermediate 
condensers on a 500-mile line loaded al¬ 
most up to its transient-stability limit are 
shown in Figure 6. 

The results of a study of the effect of 
the intermediate synchronous condensers 
on the stability limits of the 250-mile 
and 500-mile systems may be summarized 
as follows: On an average 250-mile line, 
with one intermediate-condenser station 
in the system, the steady-state-stability 
limit is about ten per cent greater than 
in the system with no intermediate con¬ 
densers. The stability limit of a 500- 
mile line, under the same conditions, is 45 
per cent greater. On a 250-mile line carry- 
, ing its 100 per cent load very easily, the 
beneficial effect of the intermediate con¬ 
denser may be considerably greater; for 
instance, , in the system O-llo, which 
typifies a light line, the steady-state- 
stability limit is increased by about 20 
per cent. 

The increase in the transient-stability 
limit caused by one intermediate-con¬ 
denser station is far smaller than the in¬ 
crease in the steady-state limit. On an 
average 250-mile line the increase is less 
than five per cent; on a 500-mile line it is 
about 12 per cent. Thus it is seen that 
the intermediate condenser is more effec¬ 
tive on the longer lines than it is on the 
shorter ones. 

As the number of intermediate-con¬ 
denser stations on the line is increased, 
the stability limits increase until a certain 
theoretical optimum is reached; On a 
250-mile line the difference in stability 
limits when one or two intermediate sta¬ 
tions are installed is so small that from 
the economic viewpoint one station will 
give the best solution. On a 500-mile 
line, however, the largest increases in the 
steady-state-stability limit seem to take 
place with a different number of con¬ 
denser stations than is best, for the tran¬ 
sient-stability limit. Economic computa¬ 
tions, however, will show that two sta¬ 
tions are the optimum. Two stations will ' 
increase the steady-state-stability limit by 
about 57 per cent and the transient limit 
by about 16 per cent. 

Irrespective of the number of inter¬ 
mediate-condenser stations in the system, 
their location is mos£ advantageous when 
they divide the entire line into sections of 
equal length; thus, for a 250-mile line, a 
mid-point condenser gives the best result. 

Doubling the size of the intermediate 
condenser required to maintain specified 


Table V. Kya of Synchronous Condensers in the 250- and 500-Mlle Systems (Receiving-End 
and Intermediate Condensers) as Determined on the A-C Network Analyzer 


Total 

Synchronous Condensers in System 


System 

Identifi¬ 

cation 

Number 

Receiving- 

End 

Synchronous 
Condensers 
Total Kva 

Intermediate Synchronous Condensers 

No. of 

Inter¬ 

mediate 

Con- Condenser 

. denser Lead-to-Lag 

Total Kva Stations Ratio 

Total Kva 

Condenser 
Kva Per 
Kw of 
Line 
Rating 
Kva/Kwr 

Condenser Kva 
Per Kw of 
Steady-State 
Limit 

Under Normal 
Circuit Con¬ 
ditions 
Kva/Kw of 
SSSL-N 

0-6o .. 

... 32,100. . 

... 20,500. . 

... One ... 

...1.0:1.0... 

. 52,600. 

...1.05... 

.0.72 

O-llo. . 

... 61,100. . 

... 69,750 . . 

...One ... 

...1.0:1.0... 

. 130,850. 

...1.31... 

.0.80 

0-16 o.. 

.. .285,000. . 

...340,000.. 

... One ... 

...1.0:0.6... 

. 634,000. 

...2.64... 


0-17o.. 

... 203,000. . 

... 132,500. . 

... One ... 

...1.0:1.0.. 

. 335,500. 

...1.34... 

.0.99 

0-18o.. 

. ..214,000.. 

...313,400.. 

... Two... 

...1.0:1.0... 

. 527,400. 

...2.11... 

.1.72 

0-24o. . 

.. .637,000. . 

.. .608,000. . 

...One ... 

...1.0:0.5... 

.1,145,000 

...2.29... 

.1.94 

0-26o. . 

...410,000. . 

...369,000. . 

... Two... 

...1.0:1.0... 

. 779,000. 

...1.50... 

.1.61 

0-31o. . 

...772,000. . 

...386,700. . 

..,One ... 

...1.0:0.5... 

.1,158,700. 

...1.44... 

.1.32 

0-32o. . 

.. .602,500 . . 

.. .325,500.. 

... Two... 

...1.0:1.0... 

. 928,000. 

...1.16... 

.1.29 


For commentary on system identification numbers, see part I, Table I. 

Condenser kilovolt-amperes given leading. 

Intermediate synchronous condensers located so as to divide line into sections of equal length, and placed 
for 100 per cent load. 


voltages increases both the steady-state- 
and the transient-stability limits by 
slightly less than ten per cent over the 
. case of a condenser of normal size. The 
same general result is obtained when 
intermediate condensers of lower react¬ 
ance are used. 

Study of the substitution of reactors for 
lagging intermediate condensers was 
made on systems where all condensers 
operate fully lagging* as well as on those 
where some condensers operate lagging 
while others are leading. The results 
show that when lagging condensers are 
replaced by reactors, the stability limits 
are considerably lowered, especially the 
transient-stability limit. While in a cer¬ 
tain 500-mile system the increase in the 
steady-state limit obtained from reactors 
was only ten per cent less than that ob¬ 
tained from synchronous condensers, the 
increase in the transient-stability limit 
was less than half that obtained with con¬ 
densers. 

Reactors therefore can be substituted 
for lagging intermediate condensers only 
when the steady-state stability is con¬ 
sidered of greater importance than the 
transient stability, and provided the 
lower initial cost and lower losses make 

i 

the over-all economic balance in favor of 
the reactors. The effect of intermediate 
condensers on system stability limits is 
represented in Figure 7. 

When the load in a 500-mile system 
drops below the 100 per cent level for 
which the intermediate condensers are 
provided, then the voltage at the inter- 
• mediate points may rise considerably 
above the desired level and thus endanger 
the insulation of the system and.the con¬ 
tinuity of operation. This may also take 


place in some, though not all, 250-mile 
lines. Intermediate condensers of suffi¬ 
cient capacity for the 100 per cent load 
are insufficient to prevent the rise in volt¬ 
age in these lines with smaller loads. 
On a 500-mile line, with a 50 per cent 
load, the intermediate-condenser capac¬ 
ity needed is about double that required 
for the 100 per cent load; on the 250- 
mile line it is approximately 25.per cent 
greater, when equal voltages are to be 
maintained with both the 50 aiid 100 per 
cent loads. It is not economical to pro¬ 
vide intermediate condensers large enough 
to keep normal voltages at very low loads; 
yet they should be placed for a load 
smaller than 100 per cent. This will put 
the system in a more favorable operating 
condition and will facilitate the charging 
problem of the line. A corresponding in¬ 
crease in the stability limits of the system 
will result; this will compensate for the 
additional cost of the condenser. 

Resistance in the Neutral of the 
Sending Transformer 

It has been recognized for some time 
that the grounding of the neutral of the 
sending transformer through a resistance 
has a distinctly beneficial effect on the 
transient-stability limit of the system. 
Although this method of grounding has 
been applied to existing systems, the pub¬ 
lished data on its effect on the transient- 
stability limit are very meager. It has 
been reported, 8 however, that with the 
sending-end double line-to-ground faults, 
which are also assumed for the present 
study, the same percentage gain in the 
transient-stability limit is obtained when 
either the neutral of the sending-end 
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Figure 8. Effect on transient-stability limit of 
a 13 per cent resistance in the sending-trans¬ 
former neutral 


Double line-to-ground fault at the sending end 

A —50-mile line 

B —75-mile line 

C—150-mile and 500-mile lines 

D—250-mile line 

transformer alone is grounded through a 
resistance, or when, in addition to it, the, 
neutral of the reqeiving-end transformer is 
grounded through a reactance. Hence, so 
far as the transient stability is concerned, 
the grounding of the receiving-transformer 
neutral is not necessary with the type of 
fault being considered. 

In grounding the sending-transformer 
neutral of a 50-mile line with various re¬ 
sistors ranging from 5.8 to 17.5 per cent, 
it was found that the smallest angle be¬ 
tween the machines at the ends of the 
system at the transient-stability limit 
occurs with a 13 per cent resistance. This 
optimum resistance, however, is not par¬ 
ticularly critical, since the observed varia¬ 
tions in the angles between the machines 
with the various resistor sizes are accom¬ 
panied by very small differences in corre¬ 
sponding transient-stability limits. This 
leads to the conclusion that the ultimate 
selection of a resistance—whether it 
should be 13 per cent or should differ 
somewhat from it—must be based on con¬ 
siderations other than stability; namely, 
on the effect of the size of the resistance 
on the insulation of the transformer. On 
this basis, in all systems designed, the 
study of the effect on the transient-sta- 



Figure 9. Effect of shunt reactors on generator 
bus on stability limits of 250-mile to 500-mile 
lines 


Lines equipped with intermediate synchronous 
condensers 

A, 6—Steady-state-stability limit 
C, D —Transient-stability limit 

bution to the transient-stability limit. 
The percentage increase secured on a 50- 
mile line is the largest; it then decreases 
as the line length increases, reaching a 
minimum on lines somewhat over 250 
miles in length. This is due to the fact 
that as the line gets longer, its zero- 
sequence impedance increases. A decrease 
in the zero-sequence current follows and 
causes in turn a smaller PR loss in the 
grounding resistor. As a consequence, 
the power output of the generator under 
fault conditions is not maintained so well 
on the longer lines as on the shorter. 
The resultant increase in the transient- 
stability limit in the 250-mile lines is 
smaller than in the 50-mile lines. 

Shunt Reactors on the Generator 
Bus 

It was suggested some years ago that 
shunt reactors be used on the generator 
bus 28 in order to increase the stability 
limits of the system, and views were ex¬ 
pressed to the effect that this method has 


bility limit of grounding the sending- 

transformer neutral was made with some real possibilities. There are, how- 

grounding through a 13 per cent re- ever, no published data on the subject, 

sistance. . The writer does not know of any case 

The increase in the transient-stability where such reactors are installed on sys- 

limit obtained at various fault-clearing terns in this country. From a sketchy 

times on lines from 50 to 500 miles along description 26 ' 27 of the Kembs-Creney 

is given in Figure 8. The curves may be 220-kv, 173-mile line in France, it appears 

judiciously interpolated for any length of that there is a 15,000-kva shunt reactor 

line up to and somewhat exceeding 500 on the generating bus of the station at 

miles. Kembs. A statement is made that the re- 

It is seen from the data obtained that actor renders a very satisfactory service 
tiie resistance in the sending-transformer in helping to maintain stability of the line, 

neutral makes a very substantial contri- The shunt reactor on the generator bus 
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Figure 10. Effect of shunt reactors on generator 
bus on required kilovolt-ampere generator 

capacity on 250-mile to 500-mile lines 

Lines equipped with intermediate synchronous 
condensers 

is connected directly from the low-voltage 
sending-end bus to ground. The reactor 
increases the total system transfer react¬ 
ance, it lowers the power factor on the 
generator, and increases its excitation 
voltage. The increase in the total system 
transfer reactance lowers the system 
stability limit, while the increase in the 
excitation Voltage raises it. As a result, 
an important increase in the system sta¬ 
bility limit is obtained. Since the genera¬ 
tors must supply the transmission line 
with the same amount of active power 
when the generator bus is loaded with 
reactors as when they are not used—and 
this without overheating during the 
operation with full-load normal field cur¬ 
rents—the installed kilovolt-ampere ca¬ 
pacity of generators, in the case when re- 
. actors are used, must be greater than when 
there are none. 

The study of the shunt reactor on the 
generator bus was made on the 250-mile 
and 500-mile systems on the network 
analyzer and was checked by analytical 
calculations. Reactors of from 40 to 400 
per cent were placed on the 250-mile 
systems, equipped with one intermediate 
condenser, and on the 500-mile systems 
with two condensers; When the reactor 
was connected to the generator bus, the 
kilovolt-ampere generator capacity was 
increased to satisfy the new conditions. 
The increases in the steady-state- and 
transient-stability limits obtained on 
these systems are represented in Figure 9. 

It is seen that the shunt reactor on the 
generator bus greatly increases the system 
stability limits. In the systems investi¬ 
gated, a 40 per cent reactor increased the 
steady-state limit as much as 60 per cent, 
and the transient limit as much as 37 
per cent The increase in the transient 
limit is considerably smaller than that in 
the steady-state limit; still it is very sub- 
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stantial. Figure 9 gives two curves for 
the steady-state- and two for the tran¬ 
sient-stability limits. The upper of each 
pair of curves is obtained for systems 
where the relationship between the reac¬ 
tor and the system reactance is such that 
the introduction of the reactor, accom¬ 
panied with a corresponding change in 
generator reactance, causes little change 
in. the total system transfer reactance, 
while the lower of each pair of curves is 
for systems where this change is appreci¬ 
able. Thus the percentage increase in the 
steady-state- or transient-stability limits 
obtained from a reactor of a certain size 
lies between the upper and lower curves of 
a pair, depending on the system. As the 
size of the reactor increases, its effec¬ 
tiveness declines. The curves of Figure 9 
may be used for estimating the range of 
the increase in stability limits caused by 
the presence of.a reactor on the bus. 

A part of the increase in the stability 
limits of a system with a shunt reactor 
on the bus is due to the larger kilovolt¬ 
ampere capacity of generators required.by 
the reactor. A study of the two factors, 
made separately on a system having a 
steady-state-stability limit of 118 per 
cent, with a normal kilovolt-ampere gen¬ 
erator capacity, gave the following results: 
With a reactor on the bus and the genera¬ 
tor capacity correspondingly increased, 
the steady-state limit rose to 157 per cent; 
when the reactor was removed, with the 
increased generator capacity still con¬ 
nected to the system, the stability limit 
dropped to 132 per cent. The contribu¬ 
tion of the reactor itself to the stability 
limit is plainly evident. 

The increase in the steady-state-sta- 
bility limit caused by the shunt reactor on 
the bus, as measured on the network 
analyzer, may be checked in the following 
fashion: The ratio of the generator excita¬ 
tion voltages for the system with and 
without a reactor on the bus is first deter¬ 
mined. This may be calculated from the 
voltage vector diagram. The increased 
kilovolt-ampere generator capacity and 
the actual angle between the line current 
and the reference voltage (line sending-end 
voltage) must be properly represented. 
The ratio of the total system transfer 
reactance, without a reactor on the bus, 
to that with it is then calculated. The 
product of the two ratios will indicate the 
increase in the steady-state-stability 
limit The result differs from the meas¬ 
ured figures by 15 to 20 per cent. This 
is due to the fact that the excitation volt¬ 
age is determined for the condition of 100 
per cent load, and not at the pull-out for 
which the Stability limit is determined on 
the network analyzer. 
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The pull-out condition is approached 
to a greater extent when the steady-state 
maximum power limit of the system is 
calculated at the rated voltage in a man¬ 
ner similar to that employed when the 
maximum power limit is determined of a 
long transmission line and synchronous- 
motor load, with the sending- and re¬ 
ceiving-end voltages given and reactances 
only considered. 9 The kilovolt-ampere 
generator capacity- required by the pres¬ 
ence of the reactor on the bus, and the 
actual angle between the line current and 
the reference voltage must be taken. The 
receiving-end condenser and the inter¬ 
mediate condensers may be neglected. 
The line sending-end leak also is neglected, 
and the receiving-end leak may be as- 



Figure 11. Curves for estimating the increase 
in transient-stability limit due to shunt reactors 
on generator bus 

Based on study of 250-mile to 500-mile systems 
with intermediate synchronous condensers. 
For explanation of quantity h see text of paper 
Reactor size 
A —40 per cent 
B —90 per cent 
C—130 per cent 
D —200 per cent 
£—260 per cent 
F —400 per cent 

sumed to equal infinity. This method of 
calculation does not represent a rigorous 
solution; still it gives a satisfactory check 
with the data obtained on the network 
analyzer. 

The kilovolt-ampere generator capac¬ 
ity required by shunt reactors on the 
bus is easily calculated when the angle 
by which the line current leads the send¬ 
ing-end voltage is known. On the 250- 
to 500-mile lines studied, with one or two 
intermediate condensers, this angle varies 
within narrow limits. The increase in 
generator kilovolt-amperes required by 
reactors of various sizes in the systems 
under design is given in Figure 10. With 
a 40 per cent reactor the increase is over 
150 per cent, dropping rapidly as the size 
of the reactor increases. With a change 
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in the number of intermediate-condenser 
stations in the line, the generator kilo¬ 
volt-amperes required by a reactor on the 
bus will undergo a slight change. 

From the effect of shunt reactors on the 
transient-stability litnit of various sys¬ 
tems, a set of curves of Figure 11 is ob¬ 
tained from which the increase in the 
transient-stability litnit of the system 
due to the presence of a reactor on the bus 
may be estimated when the ratio k of the 
total system transfer reactance without 
the reactor to that with a reactor is cal¬ 
culated. In determining the ratio k, the 
transient reactances of the generators and 
the reactance of the line under emergency 
circuit conditions must be taken. For 
the system transfer reactance, with the 
reactor on the bus, the increased genera¬ 
tor kilovolt-amperes should be taken as 
required by the reactor, and the archi¬ 
trave of the equivalent ir circuit of the 
entire circuit must be known. It is also 
possible to determine from the curves the 
proper size of reactor to be placed on the 
generator bus when it is desired to in¬ 
crease the transient-stability limit of the 
system by a certain percentage, when the 
system reactances are known. The curves 
may be applied to double line-to-ground, 
line-to-line, and line-to-ground faults, 
and are subject to interpolation. 

The increase in the steady-state- and 
transient-stability limits caused by the 
presence of the shunt reactor on the gen¬ 
erator bus is substantially independent 
of the length of the line. The increase in 
the transient-stability limit caused by the 
reactor is essentially independent of the 
type of fault and of the fault-clearing time. 

In view of the large increase in the kilo¬ 
volt-ampere generator capacity required 
by some shunt reactors on the generator 
bus, the economic benefits from the in¬ 
crease in stability limits due to their pres¬ 
ence must be balanced against the cost of 
the reactors, as well as the expense of the 
incremental generating capacity which 
must be installed, including associated 
housing and other equipment. It should 
be borne in mind, however, that it is neces¬ 
sary to increase the capacity of the prime- 
rpover equipment only to the extent of 
supplying the losses in the incremental 
generating capacity and in all reactors. 
In so far as reactors are concerned, air- 
core units may be used. In general, the 
installation of shunt reactors on the gen¬ 
erator bus would be economical in cases 
of which the following may be representa¬ 
tive: 

1. When the reactors require a compara¬ 
tively small increase in generator capacity. 

2. When they are to be installed in a sys¬ 
tem where the total installed generating 
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capacity is small, so that the addition to it 
of the high percentage required by the reac¬ 
tors is not excessive. 

3. When a transmission line is fed from a 
bus of a large generating system supplying 
a large local load at a small annual load 
factor, so that reactors may be installed 
without adding to the existing generating 
capacity. 

Other Methods for the Increase of 
Stability Limits 

Various means have been proposed to 
increase the stability limits of transmis¬ 
sion systems. Of these, such methods as 
shunt static condensers, series synchro¬ 
nous condensers, inductive compensating 
generator, series loading resistors, quad¬ 
rature booster transformers, tuned line’ 
neutralizing networks, frequency chang¬ 
ers, and other conversion equipment have 
not been used in the present study. High¬ 
speed exciters are not used, because they 
bring about a very small gain in the sta¬ 
bility limit at fast fault-clearing times. 
The construction of additional circuits or 
the shortening of the line sections provides 
only a slight increase in the stability 
limit, and hence both are hardly eco¬ 
nomical. 

Series capacitors are another major 
device proposed to overcome stability 
limitations of long lines. It has recently 
been shown 28 that series capacitors offer 
great promise so far as the steady-state- 
stability limit is concerned. They should, 
however, be studied under fault conditions 
in order not only to ascertain to what de¬ 
gree they are effective in overcoming the 
transient-stability limitations, but also 
to make sure that they operate properly 
at the high voltages which under fault 
conditions may take place in the 230- and 
345-kv lines. The means for such an in¬ 
vestigation were not at the disposal of 
the writer, and so this device was not 
applied to the systems reported in this 
study. 

Four additional methods which are used 
for the increase of stability limits of the 
systems designed are: 

1. The decrease of the transient reactance 
of the generators. 

2. The increase of their inertia constant, 

3. Generator damper windings. 

4. High-speed switching. 

All these methods are well known; never¬ 
theless the following will be pointed out: 

The increase in the transient-stability 
limit, because of the decrease of the gen¬ 
erator transient reactance, is essentially 
independent of the fault-clearing time, 
while that obtained from the increase of 
the inertia constant does depend upon it. 


On the other hand, the beneficial effect ob¬ 
tained from lowered transient reactance 
is usually secured at a slightly higher 
cost. In some systems the inertia of the 
receiving-end machines may be controlled 
by the system designer; in the systems of 
this study the constants of the receiving- 
end rotating equipment are assumed to 
be fixed. Damper windings of both high 
and low resistance serve to improve the 
transient-stability limit; the former pro¬ 
vide negative-sequence damping while a 
dissymmetrical fault lasts, while the 
latter have an appreciable positive-se¬ 
quence damping action after the fault is 
cleared. Whenever, in the systems re¬ 
ported, dampers are said to be required, 
they are assumed to be of high resistance. 
It is felt, however, that the type of damp¬ 
ers to be used must be decided on the 
merits of the individual case, and that 
this has little effect on the magnitude of 
the stability limit. It should be borne in 
smind that the increase in the transient- 
stability limit due to the dampers de¬ 
pends on the switching time as well as on 
the type of grounding of the sending- 
transformer neutral. By far the most 
effective factor affecting the transient- 
stability limit of a system is the fault¬ 
clearing time; the high-speed circuit 
breaker may hence be considered the 
major device for this purpose. The effect 
of the fault-clearing time on the increase 
of the stability limit, with various types 
of faults, is well known and has already 
been reported. 

In every long transmission system the 
tower-footing and fault resistance makes a 
small contribution to the increase of its 
transient-stability limit. In the zero- 
sequence network represented on the net¬ 
work analyzer, the tower-footing resist¬ 
ance was omitted. Still, in each system a 
small fraction of the ultimate limit of its 
transient stability is credited to the im¬ 
provement caused by the tower-footing 
and fault resistance. 

Design Features Required by the 
Transient-Stability Conditions 
Imposed 

From the transient-stability limit of 
systems at 10.5 cycles fault-clearing time, 
as given in Table IV (part I of paper), it 
will be seen that there is a group of six 
systems, namely, systems 0-2a, 0-4a, 
0-5a, 0-7a, 0-10a, and 0-13a, whose tran¬ 
sient-stability limit is either very dose 
to 100 per cent or exceeds it. These sys¬ 
tems therefore require no special devices, 
for the increase of stability limits. In 
fact, in some cases the fault-clearing time 
could exceed 10.5 cydes and still the con¬ 
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dition of 100 per cent transient stability 
would be met. In spite of this, standard 
eight-cycle circuit breakers are provided 
for these systems, thus securing in some 
of them a margin between the rating 
assigned and the transient-stability limit. 
The additional generators and trans¬ 
formers which this would permit are not 
installed at this time; however, these 
systems will be somewhat more economi¬ 
cal when full advantage of transmission 
caparity is taken. The problem of system 
expansion is not considered in this study. 

The remaining systems are divided into 
two groups. To the first group bdong 
systems whose transient-stability limit is 
bdow 100 per cent but which have a rea¬ 
sonable margin—from 16.0 to 62.5 per 
cent—between the line rating and its 
steady-state-stability limit under emer¬ 
gency circuit conditions. These are sys¬ 
tems O-lo, 0-3a, 0-6a, 0-8a, 0-9a, ‘0-lla, 
0-12a, 0-14a, 0-17a, 0-19a, 0-20a, 0-26a, 
0-27a, and 0-29a. Here, as a rule, the 
high-speed circuit breaker is used to in¬ 
crease the transient-stability limit; and 
in addition to this, where it is found neces¬ 
sary, either the generator transient react¬ 
ance is reduced from 35 per cent stand¬ 
ard value to 30 per cent, or a damper 
winding is added. In some systems of 
this group it sufficed to lower the genera¬ 
tor transient reactance to 30 per cent, 
without having to apply high-speed cir¬ 
cuit breakers. On the three 250-mile 
lines the mid-point intermediate con¬ 
denser of kilovolt-ampere capacity nec¬ 
essary for a 50 per cent system load has 
been installed. This is resorted to pri¬ 
marily for the purpose of increasing the 
transient-stability limit rather than for 
any other reason. 

To the second group belong systems 
with a small margin between the line rat¬ 
ing and its steady-state-stability limit 
under emergency circuit conditions. 
These are systems 0-15a, 0-16a, 0-18a, 
0-22a, 0-23a, 0-24a, 0-25a, 0-30a, 0-31a, 
and 0-32a. Here the steady-state-sta¬ 
bility limit under emergency circuit condi¬ 
tions is either 4.0 to 8.5 per cent above the 
line rating or 4.5 to 20.0 per cent below 
it. In these systems the steady-state- 
stability limit is raised first by lowering 
considerably the generator transient react¬ 
ance. This affects the short-circuit 
ratio of the generator, and through it the 
steady-state-stability limit of the system. 
For the same purpose, the generator bus 
is loaded with shunt reactors, where neces¬ 
sary, with a corresponding increase of the 
kilovolt-ampere generator capacity. On 
all the 250-mile and 500-mile lines of this 
group, intermediate condensers are in¬ 
stalled for a 50 per cent load on the system. 
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Table VI. Special Design Features Necessary for the Transmission of 100 Per Cent Rated 

Power at a Double Line-to-Ground Fault 
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O-lo .9.5.8.0.30.0 

0 -2a .9.5.8.0 

0-3 a .4.5.3.0 

0-4o .9.6.8.0 

0-5o.9.5.8.0 



9 5 

8 0 

30 0 






. . . One iC 

0-7 o . . . 

.9.5... 

!'8.0 








0-8o . .. 

.9.5... 

..8.0.. 

...30.0 







0-9(i . . . 

.5.5... 

..4.0 








0-10o... 

.9.5... 

..8.0 








0-1 lo 

9 5 

8 0. 

. 






. . . One 1C 

0-12o. .. 

.4.5... 

..3,0.. 



.. Dampers 





0-13o. . . 

.9.5... 

..8.0 








0-14o. . . 

.7.5... 

..6.0 








0-15o. . . 

.9.5... 

..8.0.. 

. .,17.5.. 

..200.. 


. ,13 




0-16o. . . 

.4.5... 

..3.0:. 

...17.5.. 

...200.. 

.. Dampers. 

..13... 

... 52... 

...100... 

.. .One 1C 

0-17o. . 

4.5 

3 0 







. . .One IC 

0-18o. . . 

.9.5... 

..8.0.. 

...17.5.. 

..200.. 


..13... 

...125... 

.. . 20... 

.. .Two 1C 

0-19o. . . 

.9.5... 

..8.0.. 

...30.0 







0-20o. .. 

.7.5... 

..6.0.. 

...30.0 







0-22o. . . 

.7.5... 

..6.0.. 

...20.0.. 

...200.. 


..13 




0-23 o, . . 

.9.5... 

..8.0.. 

...17.5.. 

...200.. 

. .Dampers. 

..13 




0-24o. . . 

..5.5... 

..4.0.. 

...17.5.. 

..200.. 


..13... 

... 70... 

... 02... 

...One IC 

0-25a. . . 

.9.5... 

..8.O.. 

...17-5.. 

..200.. 


..13... 

... 90... 

... 40... 

.. .Two IC 

0-20o. . . 

.5.5... 

..4.0.. 

...30.0 . 







0-27o. .. 

..9.6... 

..8.0.. 








0-28o. .. 

.9.5... 

..8.0.. 

...22.5.. 

..200.. 


..13, 




0-29a. . 

.7.5... 

..6.0.. 

...30.0 







0-30o. .. 

..9.5... 

..8.0.. 

...25.0.. 

...200.. 

.. Dampers. 

..13 




0-3lo. . . 

.7.5... 

..6.0.. 

...17.5.. 

...200.. 

. .Dampers. 

..13... 

...110... 

... 27... 

.. .One IC 

0-32 c. . . 

.7.5... 

..6.0.. 

...17.5.. 

...200.. 


..13... 

... 90... 

... 40... 

... Two IC 


Where not specifically indicated, generator transient reactance and generator inertia are standard (as taken 
in the study). , 

Per cent reactor on generator bus is on the generator base prior to the increase in generator kilovolt-am¬ 
peres required by the reactor. 

Intermediate synchronous condensers placed in kilovolt-ampere capacity for 50 per cent load. 


Although here the primary purpose is to 
prevent the voltage from rising with a 
smaller than 100 per cent load, the in¬ 
stalled intermediate condensers serve well 
the purpose of increasing the .system 
steady-state-stability limit. The margin 
between the system rating and its steady- 
state-stability limit under emergency 
conditions having been improved, means 
are applied which increase primarily the 
transient-stability limit, such as ground¬ 
ing of the sending-transformer neutral, 
increased generator inertia, damper wind¬ 
ings, and high-speed circuit breakers. It 
will be noted that the transient-stability 
limit of these systems as originally ob¬ 
tained is well below 100 per cent; hence 
the application of several devices is re¬ 
quired, System 0-28a, although by defi¬ 
nition not in the second group of sys¬ 
tems, is treated substantially in a similar 
manner. 


system, from one to three per cent of the 
stability limit attained is credited to the 
tower-footing and fault resistance. 

Table VI gives the list of the various 
methods for overcoming stability limita¬ 
tions which were applied to the systems 
studied. With these design features the 
transient-stability limits are brought to 
the 100 per cent system rating with a 
double line-to-ground fault. Additional 
calculations will show the changes neces- 
• sary when other types of faults are con¬ 
sidered. The methods applied in particu¬ 
lar cases may be somewhat modified, 
according to the preference of the de¬ 
signer. 

The table shows very interesting ex¬ 
amples of the various methods required for 
the improvement of stability when either 
the magnitude of the block of power trans¬ 
mitted, the transmission voltage, or the 
length of the line is modified. The results 


Since the opening time of the high¬ 
speed circuit breakers is not standardized, 
their speeds have been specified as re¬ 
quired by the system analysis. In every 


of changing the transmission voltage 
alone may be observed in comparing sys¬ 
tem 0-3a with 0-4a, 0-12a‘with 0-13a, or 
046a with 047a. In case 0-16a, for ex¬ 
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ample, it was necessary to apply prac¬ 
tically all methods of improvement in 
order to transmit 250,000 kw at 230 kv 
over a distance of 250 miles; in case 0-l7a, 
however, when 345 kv was used as the 
sending-end voltage, the same result was 
accomplished with generators of standard 
design using three-cycle circuit breakers. 

Summary and Conclusions 

Results of the system study may be 
summarized as follows: 

1. The steady-state-stability limit is given 
for a number of systems transmitting 50,000 
to 800,000 kw (at the receiving end) over 
distances ranging from 50 to 500 miles at 
sending-end voltages of 69 to 345 kv. When 
represented in the form of curves, the data 
permit the determination by interpolation 
of the stability limit of various systems 
whose transmission distance, voltage, and 
power are within the range investigated. 

2. For the same systems, the transient- 
stability limit is obtained for the condition 
of a double line-to-ground fault near the 
sending-end bus, cleared in 10.5 cycles, with 
the loss of a circuit or a section of it. The 
data may be used to determine by interpola¬ 
tion the transient-stability limit of various 
systems in a manner similar to that used in 
determining the steady-state limit-. 

3. The transient-stability limits of two 
systems of similar configuration are related 
by a simple expression (equation 2) permit¬ 
ting the calculation of the transient-sta¬ 
bility limit of one system from the known 
transient-stability limit of another system 
when basic data on both systems are avail¬ 
able. 

4. A set of curves is suggested from which 
it is possible.to estimate rapidly the steady- 
state-stability limit of transmission systems 
of a certain type. 

5. Curves and expressions are given from 
which the transient-stability limit of a sys¬ 
tem may be estimated for double line-to- 
ground, line-to-line, and line-to-ground 
faults (equations 3, 4, and 5) cleared in 10.5 
cycles. The possibility of modifying the 
expressions to be used with faults of any 
duration is indicated. 

6. It is suggested that possibly the time 
required for determining on the network 
analyzer the system transient-stability limit 
may be shortened, by making observations 
on the angles of the system machines. 

7. The intermediate synchronous con¬ 
denser is far more effective in increasing the 
steady-state-stability limit of the line than 
in increasing its transient-stability limit. 
While on a 500-mile line the optimum num¬ 
ber of intermediate-condenser stations in¬ 
creases the steady-state-stability limit by 45 
per cent, it increases the transient-stability 
limit by only about 12 per cent. 

8. The intermediate synchronous con¬ 
denser is more than twice as effective on 

- the 500-mile line as it is on the 250-mile line. 

9. On a 250-mile line the optimum number 
of intermediate-condenser stations is one; 
on a 500-mile line, two. The location of 
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intermediate-condenser stations is best 
where they divide the line into sections of 
equal length. Doubling the size of the inter¬ 
mediate condenser raises the system sta¬ 
bility limits by about ten per cent. 

10. Substitution of reactors for lagging 
intermediate condensers lowers consider¬ 
ably the system stability limits. 

11. The primary purpose in placing the 
intermediate synchronous condensers on long 
lines should be to raise the steady-state- 
stability limit of the line, and to prevent the 
voltage at the intermediate points from ris¬ 
ing with smaller than 100 per cent loads. 
Since the kilovolt-ampere capacity of the 
intermediate condenser required by the 
100 per cent load is smaller than that re¬ 
quired by lighter loads, the intermediate 
condensers should be installed as required 
by the latter condition. 

12. The resistance in the neutral of the 
sending transformer increases substantially 
the transient-stability limit. Within the 
range of the systems investigated, the in¬ 
crease is the largest on a 50-mile line, and 
reaches a minimum on lines about 250 miles 
long. As the line length approaches 500 
miles, the effectiveness of the resistance in¬ 
creases. 

13. Within the investigated range of re¬ 
sistances in the sending-transformer neu¬ 
tral—from 6.8 to 17.5 per cent—no par¬ 
ticularly critical value affecting the sta¬ 
bility limit has been found, thus leading to 
the conclusion that selection of the resist¬ 
ance size should be based on considerations 
other than stability. 

14. The shunt reactor on the generator bus 
increases the stability limits very appreci¬ 
ably. The increase obtained in the steady- 
state-stability limit is considerably greater 
than that secured in the transient-stability 
limit. With a 40 per cent reactor, the 
steady-state limit increases about 60 per¬ 
cent, while the transient-stability limit in¬ 
creases more than 35 per cent. The larger 
the reactor, the smaller its effectiveness. 
Curves are given showing the increases in 
stability limits obtained from reactors of 
various magnitudes. 

15. The increase in the stability limits 
caused by the shunt reactor on the generator 
bus is essentially independent of the length 
of the line, the type of fault, and the fault¬ 
clearing time. 

16. The shunt reactor on the generator bus 
requires that the installed kilovolt-ampere 


capacity of generators be correspondingly 
increased. . The smaller the reactor, the 
larger the required additional generating 
capacity. Curves are given showing the 
size of the shunt reactor to be placed when 
a certain increase in the transient-stability 
limit is desired; a curve is also given for 
the required additional kilovolt-ampere gen¬ 
erator capacity. 

17. The transient-stability limit of each 
system studied has been raised, where re¬ 
quired, to the desired 100 per cent value by 
applying the various methods serving this 
purpose. The methods depend on the mar¬ 
gin between the desired rating of the system 
and its steady-state-stability limit under 
the emergency circuit condition. The re¬ 
sults illustrate (Table VI) the effect of the 
line length and its transmission voltage on 
the means to be applied. 
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Emergency Overloading of Air-Cooled 
Oil-Immersed Power Transformers by 
Hot-Spot Temperatures 


To obtain such data, approximately 
50 heat runs were made during the past 
year on three transformers of different 
ratings, one of which was operated 

(a) . As self-cooled. 

( b ) . As forced-air-cooled. 

The transformers were of the following 
ratings: 


V. M. MONTSINGER 

FELLOW AIEE 


Synopsis: The paper points out that 
during the period of the war the need for ob¬ 
taining maximum transformer overload 
capacity is very great, particularly under 
rare emergency conditions. From a thermal 
standpoint, the amount of overload is 
limited by the hottest spot in the trans¬ 
former' winding. To obtain accurate data 


P. M. KETCHUM 

ASSOCIATE AIEE 

While the practice of overloading trans¬ 
formers has been on the increase during 
the past few years, the importance of 
taking advantage of the maximum over¬ 
load capacity has never been so great as 
it is today. It is important in two ways: 


1. if-60-2,000 kva—34,500-volt class. 

2. if-60-2,500 kva—34,500-volt class. 

3. OAP ft -60-2,500/3,125 kva—50,000-volt 
class. 

Some of these tests were made using 
the loading-back (bucking) method, and 
some using the short-circuit method, to 
supply the losses. 


1. On the actual hot-spot temperatures under rated 
load conditions 

2. On the increase of the hot spot with load under 
both ultimate moderate overload and heavy short- 
time overload conditions 

approximately 50 heat runs were made on 
several power transformers of different rat¬ 
ings, representing a wide variety of design 
conditions. The results of the tests are 
given in the paper. 

The subject of how heavy overloads af¬ 
fect the life of transformers, is discussed 
and temperature limits somewhat higher 
than (hose given in the American Standards, 
Guides for Operation of Transformers, are 
suggested. Calculated short-time overloads 
are given to show the effect of transformer 
characteristics on overload values. 

T HE subject of overloading power 
transformers has been discussed in 
several AIEE papers, 1-8 and the Ameri¬ 
can Standard C -57 gives recommenda¬ 
tions on overloading transformers con¬ 
tinuously in cool ambients, and in apply¬ 
ing short-time overloads under recurrent 
and emergency conditions. 

When the recommendations were first 
drawn up by the AIEE transformer sub¬ 
committee, considerable conservatism was 
used in the curves for short-time over¬ 
loading, for two reasons: 

1. It was a departure from a long-standing 
practice of permitting no overloading, a 
practice based on the assumption that tem¬ 
perature was the only factor that caused the 
aging of insulation. That is, "time” had 
not yet been recognized as an important 
factor. In fact, until 1922 the AIEE Stand¬ 
ard stated that the name-plate rating must 
not be exceeded, “whatever be the am¬ 
bient,” and 105 degrees centigrade was con¬ 
sidered the ceiling for hottest 0 spot tempera¬ 
tures for class A insulation until as late as 
1934 or 1935. 

2. The overload curves were purposely made 
safe for transformers having the highest 
hot spots under overload conditions. 

a Referred to hereafter as "hot spot." 


1. In many cases the demand for additional 
electric power has caught up with or even 
exceeded the present transformer capacity— 
when operated in the usual manner—and 
additional capacity is needed. A great 
many loading curves show that the load 
factor of most power transformers ranges 
from 50 to 65 per cent. A large reservoir of 
capacity is therefore available which could 
be used without causing a serious shortening 
of transformer life. This problem was dis¬ 
cussed by one of the authors in 1940.* 

2. We now have the important problem of 
taking care of rare emergency conditions 
caused either by electrical failure or by a 
saboteur. In the past it has generally been 
considered necessary to carry a spare trans¬ 
former or a spare bank of transformers to 
pick up the load in case of a failure. Today 
many users are considering the use of, and 
are relying on, theshort-time overload capac¬ 
ity of their transformers to carry them 
through rare emergency conditions. In 
fact, under some conditions it may be eco¬ 
nomical and necessary to use up 25 per 
cent, 50 per cent, or more of the transformer 
life to prevent a shutdown. To do this 
intelligently requires reliable information 
on how to calculate hot-spot temperatures 
and how the life of the transformer is af¬ 
fected by heavy overloads. The purpose of 
this paper is to discuss this problem. 

I. Hot-Spot Temperatures in 
Transformers 

Heat Runs Made 

Since the rate of the deterioration of 
insulation in a transformer is governed 
by the hot-spot temperature in the wind¬ 
ing, it is quite important to have accurate 
data on: 

1. The value of the hot-spot temperature in 
various classes of transformers at rated 
load. 

2. A practical method of calculating the 
hot-spot temperature with changes in the 
load under both ultimate and short-rime 
overload conditions. 


Measurement of Hot-Spot 
Temperatures 

Before the heat runs were made on the 
above transformers, a series of tests was 
made on a few coils in which thermo¬ 
couples were embedded between turns to 
determine the most practical method of 
measuring the hot-spot temperature, 
since it is not practical to insert thermo¬ 
couples between the turns of transformer 
windings. Figure 1 gives time-tempera¬ 
ture curves for three heat runs with 
1,500, 2,240, and 4,510 amperes per 
square inch. These tests showed that a 
thermocouple inserted under a spacer and 
in contact with the top surface of a hori¬ 
zontal coil represented very closely the 
hot spot in that coil. The coil second from 
the top was used for hot-spot measure¬ 
ments in each of the transformers men¬ 
tioned above. No extra insulation, such 
as tape often placed on buffer coils, was 
used on these coils. 

Effect of Change in Viscosity of Oil 
on Temperature Rise 

To determine the effect of changes in • 
viscosity of the oil with temperature on 
the winding rise over adjacent oil, sev¬ 
eral tests holding a constant loss were 
made on the previously mentioned small 
coils immersed in oil, whose temperature 
ranged from 35 to 100 degrees centigrade. 
The curves shown in Figure 2 were de¬ 
rived from these test data, together with 
the data given in Figure 21b, page 314, 
of reference 4. These curves are in close 

Paper 42-115, recommended by the AIEE com¬ 
mittee on electrical machinery for presentation at 
the AIEE summer convention, Chicago, Ill., June 
22-26, 1942. Manuscript submitted April 13, 
1942; made available for printing May 19, 1942. 

V. M. Monts tKGBR is research engineer and P. M. 
Ketchum is in the power transformer engineering 
department, both with General Electric Company, 
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b Oil-immersed air pressure. 
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agreement with similar data given in 
reference 5. 

Determination of Average-Winding 
Rise at Shutdown 

All initial winding temperatures were 
obtained by cooling curves taken for at 
least ten minutes’ duration. A compari¬ 
son of the values tested and values cal¬ 
culated by the American Standards As¬ 
sociation method (based on Figure 13 of 
reference 8) showed exceptionally close 
agreement, being within 0.1 to 0.5 degree 
centigrade in practically all cases. Ex¬ 
treme care was taken to obtain accurate 
cold winding temperatures. 

Determination of Hot-Spot 
Temperatures 

The determination of hot-spot tempera¬ 
tures in transformers either by tests or by 
calculation, must be considered in two 
stages: 

1. Oil rise over ambient. 

2. Hot-spot rise over oil. 

The first stage is easier to determine than 
the second stage. The principal purpose 
in making the tests was to investigate the 
second stage—the hot-spot rise over oil 
and its variation with load. 

Methods have been available 4,7 for 
several years for calculating either ulti¬ 
mate or transient oil rises. That is, for 
ultimate conditions 6 = KW n where n = 
0.8, and for transient conditions, 

_T •' 

°) ( 1 ) 

Where 

0—oil rise in degrees centigrade 
0*—ultimate rise, degrees centigrade 
e-2.718 

T—time in hours 

B —time constant* expressed in hours 
JuC 
“ W 

_ 3.5 lb (copper-{-core +*/ 3 tank)+90 G 

C -- ■ - - -— 

60 

IF—loss in watts 
G—gallons oil (U. S.) 

There are two points, however, in the 
calculation of transient oil rises that need 
mentioning. When using equation 1, it 
was found that the calculated oil rises 
checked quite well the test rises obtained 
by the loading-back method, but did not 
check the test values obtained by the 
short-circuit method of loading. The 
principal difference in the two methods of 
loading is, of course, that in the loading- 

fi Time to reach 63 per cent of the ultimate rise, or 
time to reach ultimate rise if all heat is stored. 



RUN AMNa/SgjN. VC B* TEMP. • < C 
A 1500 10. S 5.01 75 

■ mo 20. S 4.60 «7 

C 4910 59.0 2. T2 

TIME CONSTANT CALCULATED PNOM Bu AND LOSS. 
S0U0 LINES SHOW CALCULATED RISE. 

Figure 1. Hot-spot exploration tests in disk 
coils 



Figure 2. Effect of viscosity on temperature 
rise of transformer windings 


These curves are for 10-C transformer oil and 
constant loss. The values ranging from 25 to 
70 degrees centigrade oil temperature are 
based on Figure 21b, page 314, of reference 
4. From 70 to 110 degrees centigrade, the 
curves are based on tests made with coils 
shown in Figure 1 of this paper 


Table I. Comparison of Tested and Calculated Top-Oil Rise of the OAP-60-2,500/3,125- 

Kva Transformer 


Loading-Back Run Short-Circuit Run 

Riso of Top Oil Oror Ambient Rise of Top Oil Over Ambient 


(Degrees Centigrade) (Degrees Centigrade) 


Hours 

Test 

Calculated 

Hours 

Test 

Calculated 

1 

.8.3. 

B-3.7 
.8.1 

0.75 . 

B —3.0* 

..10,9. 9.4_ 

B-3.7 
.... 7.8 

2 

.14.3. 

__14.2 

1.75 . 

..19.9. 

.18.9.... 

....16.2 

3 

.10.4. 

.18.0 

2.75 . 

..25.8. 

.25.6.... 

....22.6 

4 

.23.3. 

.22.4 

3.75 . 

..30.1. 

.30.2.... 

....27.3 

6 

.28.4. 

.27.2 

5.76 . 

..35.2. 

.36.6. 

....33.8 

10 

Ultimate. 

.32.5..;.. 

.33.9. 

.31.6 

.33.9 

Load interrupted at this point 
Ultimate.42.9. 

.42.9.... 

....42.9 


* Core weight not used in deriving this value. 


back method the temperature of the core 
keeps well ahead of the temperature of 
the oil due to excitation losses. On the 
other hand, in the short-circuit method, 
the temperature of the core lags the oil 
temperature. It was found that if the 
core weight was not used, the calculated 
values checked quite well the short-cir¬ 
cuit .test values. For example: for the 
OAP-60-2,500/3,125 kva size tested, B 
= 3.7 when the core weight was included, 
and 3.0 when the core weight was omit¬ 
ted. The calculated and tested top oil 
rises using the two methods of loading, 
are shown in Table I. 

Short-circuit runs are, of course, of no 
importance under service conditions. 
They are discussed here, because it is 
more convenient to use this method when 
making heat runs (a) to measure hot¬ 
spot temperatures, and (6) to obtain 
transient oil-rise data (sometimes re¬ 


quested by customers); and it is well to 
remember that equation 1 should be modi¬ 
fied (by omitting core weight) when cal¬ 
culating the oil rise. This same modifica¬ 
tion has been found necessary in other 
cases where the short-circuit method was 
used to obtain transient oil rise data. 

The other point found was that for 
heavy short-time overloads the best re¬ 
sults are obtained by using the time con¬ 
stant corresponding to that for ultimate 
rated load, although theoretically it 
should be based on ultimate (calculated) 
conditions using the initial loss in 


loss 

and the final oil rise 6 U for the ultimate 
loss corresponding to the final winding 
temperature. While this method can be 
used for moderate overloads as was done 
in reference 7, it did not give even ap- 
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prorimately correct results for the 200 
per cent and 270 per cent loads. The 
method that gave approximately correct 
results was to base 6 U in equation 1 on the 
calculated ultimate rise for the loss at the 
end of the overload and use the time con¬ 


stant derived from rated load condi¬ 
tions. This was done for the two over¬ 
loads shown in Table II, which gives com¬ 
parative tested and calculated oil rises 
for the JJ-60-2,500-kva transformer. 

The calculations given in Table II show 


that fairly accurate results were obtained 
pi ping the rated load (total loss) time:Con- 
stant of 3.17, and indicate that results 
close enough for practical purposes can 
be obtained by the simpler method 1 in¬ 
stead of method 2 (described in the foot¬ 
note). Heat runs made on other trans¬ 
formers confirmed these findings. How¬ 
ever, if the initial rise is changing (that is, 
not ultimate for a given loss) and is well 
along—over 30 to 40 per cent of the ulti¬ 
mate rise—method 2 should be used. 
The use of the same (rated load) time 
constant simplifies the calculations of 
transient oil rises for short-time overloads. 

Determining Hot-Spot Rise Over 
Oil 

The determination of the actual hot¬ 
spot rise over the oil (and over the aver¬ 
age winding temperature) at rated load 
for different design conditions, and the 
variation of the hot spot with load, in¬ 
volves several factors not so easy to de¬ 
termine as they are for oil temperature 
rises. Among these are: 

1. Vertical oil gradient as affected by the 
center of heat* with respect to the center of 
the cooling circuit (radiators, tube headers, 
and so forth). 

2. Accurate determination of the oil tem¬ 
perature adjacent to that part of the wind¬ 
ing having the maximum temperature rise. 

3. Effect of blanketing of 

(«). Part of coil area by spacers. 

(6). Total coil area by tape. 

(e). Extra turn insulation often used in buffer coils 

4. Effect of change in viscosity of oil and 
change in resistance with temperature— 
minor factors, as one tends to counteract 
the other. 

5. Transient temperature rise (when the 
duration of time is under 15 to 20 minutes). 

As previously mentioned, it was for the 
purpose of obtaining more accurate data 
on these factors (than have been avail¬ 
able heretofore) that tests were made dur¬ 
ing 1941 on five different design condi¬ 
tions—three different designs, one of 
which was tested under three different 
vertical oil gradient conditions. 

First Series of Heat Runs 
(Loading-Back Method) 

Figure 4 shows the location of thermo¬ 
couples in the Jf-60-2,000-kva transformer 
tested first, as self-cooled, and sec¬ 
ond, as OAP-2,660-kva with temporarily 
mounted fans. In both series of tests 
53 degrees centigrade high-voltage wind¬ 
ing rise was produced by blanketing some 
of the tube headers. To protect the ther- 

A Usually a point half-way up the coils and core, 
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Table II. Comparison of Tested and Calculated Top Oil Rises-Short-Circuit Runs- 

2,500-Kva Transformer 

e=3.17— Time Constant Computed, by Omitting Core Weight 


Method 1 


Time 

(Hours) 


Top-Oil Rise Over Initial Rise 
(Degrees Centigrade) 


Test 


Calculated 


Time 

(Hours) 


Method 2 


Top Oil Rise Over Ambient 
(Degrees Centigrade) 


Test 


Calculated 1 " 


0 

2 

4 

6 

8 

10 


. 0.0 
.14.8 
.22.0 
.27.0 
.29.4 
.31.0 


Ultimate.31.8**. 


0 
1 
2 
2.75 


....11.9... 
....26.7... 
....33.9... 
....38.9... 
....41.3... 
....42.9... 
....43.7... 

1.0 hour 


11.9 

26.7 

34.6 

38.8 
41.0 
42.4 

43.7 


Total Loss Run (Final Loss 25.9 Kw) 

. 0.0. 0+1.0 

. 15.0. 2 + 1.0 

.22.6... 4+1.0 

.27.0. 6 + 1.0 

.29.2. 8+1.0 

.30.4. 10+1.0 

.31.8..Ultimate.. 

Time to reach 11.9 C rise« 

200 Per Cent Rated Load Current Run (Final Loss 91 Kw) 

0 0 . 0.0.,. 0+0.35.12.0... 

.25:3 27.9. 1+0.35.37.3... 

46 7 . 48.5. 2+0.35.68.7... 

.159.3 . 59.7..2.76 +0.35.71.3... 

Ultimate (Calculated).103.0.Ultimate (Calculated).. 

Time to reach 12.0 C rise— 0.35 hour 

Calculated final oil rise-115 C. Initial oil rise-12.0 C. fl u -116.0-12.0 = 103.0 C for method l, and 
115 C for method 2. 

270 Per Cent Rated Load Current Run (Final Loss 170 Kw) 

0.0 . 0.0.'. 0+0.36.20.3- 


. 12.0 
. 40.4 
, 60.4 
. 72.1 
.115.0 


0 . 

0.50 .23.1 . 25.1.0.60+0.36.43.4... 

0.92 .40.4 . 42.7.0.92 +0.36.60.7... 

Ultimate (Calculated).169.7.Ultimate (Calculated). 


.20.3 

..... 45.2 

.63.9 

.190.0 

36 hour 
„ -190.0- 20.3* 


Time to reach 20.3 C rise* 

Calculated final oil rise -190 C without resistance correction. Initial oil rise -20.3 C. 

169.7 C for method 1 and 190 C for met hod 2. __ ■ 

* Calculated by finding time from Figure 3 to attain rise over ambient at start of overload and then con¬ 
tinuing from this time on to end of overload. For example: for the total loss runs, it would require one 
hour to reach 11.9 degrees centigrade rise. One hour is then added to each succeeding time period and 

43.7 degrees centigrade is used for 0 U instead of 31.8 degrees centigrade. 

**43.7 —11.$=31.8 

Table III. Summary of Heat Runs Made on H-60-2,000-Kva Transformer 

Loading-Back Method Used to Supply Losses 


Method of Cooling 


Self-Cooled 


Forced-Air-Pressure (OAP) 


Per Cent of Self-Cooled Rating 







100 

125 

150 (OAP) 


100 

125 

150 200 

250 

133 

166.5 

200 

Hot-spot temperature.... 

Hot-spot temperature (calcu- 

.82.5 

..97.0 . 

.114.0..130.0 . 

.137.0 

..85.7 

..110.1 . 

.133.2 

lated)*... 

.84.0 

..98.8 . 

.116.1..132.0 . 

.134.0 

,.87.7 

..113,0 . 

.138.0 

Tbp oil.... 

.73.5 

..83.3 . 

. 94.6.. 97.0 . 

. 84.0 

..71.1 

.. 88,2 . 

.102.8' 

Hot-spot rise over top oil. 

Average difference top and hot- 

. 9.0 

..13.7 . 

. 19.4.. 33.0 . 

. 53.0 

.,14.6 

.. 21.9 . 

. 30.4 

tom tube header (outside 
surface) ........ . . .. 

.12.4 

..14.4 . 

. 14.4.. 15.0 . 

. 15.8 

..12.4 

.. 12.4 . 

. 14.8 

Average winding temperature 

.77.6 







by resistance.... 

..90.1 . 

.104.9..115.2 . 

.116.9 

..79.6 

.. 99.9 . 

.120.2 

Ambient (degrees centigrade)... 
Average high-voltage rise over 

.24.6 

..23.3 , 

. 26.5.. 31.7 . 

. 28.0 

..26.5 

.. 32.3 . 

. 30.9 

ambient .... 

Hot-spot rise over average 

.53.1 




..53.0 



winding rise... 

. 4.9 

.. 6.9 . 

. 9.1.. 14.8 . 

. 20.3 

.. 6.2 

.. 10.2 . 

. 13.0 

Average high-voltage rise over 
average oil temperature .... 
Relative copper loss (corrected 

,10.3 

..14.0 . 

. 17.5.. 25.7 . 

. 48.8 

..14.6 

...17.9 . 

. 24.7 

for temperature). 

. 1.0 

.. 1.63. 

. 2.45. 4.48. 

. 7.03 

.. 1.78 

.. 2,95. 

. 4.52 

Duration of test...... 

.Ulti- 

.. 3.5 . 

. 3hr.. 46min. 23.5 

..Ulti- 

.,3 hr 22. 

.3 hr 34 


mate 

hr 


min 

mate 

min 

min 


* By using calculated hot-spot rise over top oil for self-cooled rated load and then varying rise over top oil 
as loss"**. 
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Figure 3. Transient 
heating curves 


Table A 


mocouples placed under the spacers rest¬ 
ing on the next to top coil from dangerous 
voltages, the coil crossover at this point 
was grounded during the tests. Figure 4 
also shows the vertical temperature 
gradient of the oil for the 100,125, and 200 
per cent load self-cooled runs. The OAP 
oil gradients were essentially of the same 
shape. 

Table III gives the final temperature 
readings. Figure 5 shows in curve form 
the hot-spot rise: 

1. Over average winding temperature. 

2. Over top oil. 

3. Over liigh-voltage oil duct temperature. 

4. Average winding rise over average oil 
temperature. 

These data show: 

1. The hot-spot rise over average winding 
temperature was between four and five de¬ 
grees at rated load and varied as loss 0 - 7 ®. 

2. The hot-spot rise over top oil (and over 
maximum observed oil) varied as loss raised 
to approximately 0.8 power, 

3. The average winding rise over average 


4. The temperature throughout the main 
body of oil above the top of the core was ap¬ 
proximately constant. 

Second Series of Heat Runs 
(Short-Circuit Method) 

The second series of heat runs was made 
on the transformer rated iT-60-2,500 kva 
under three different design conditions, 
namely: 

1. With core and coils resting on bottom of 
tank—"normal position.” 

2. With center of heat (half-way up core 
and coils) raised to be level with center of 
cooling tubes—"maximum raised position.” 

3. With center of heat in "intermediate 
position.” 

Figure 6 shows the locations of the 
windings, thermocouples, and vertical 
oil gradients for each of the three condi¬ 
tions tested. It will be noted that raising 
the core and coils increased the vertical 
oil gradients, these being indicated in 
Table A. 

e The average oil temperature ia tuken as the top 
oil minus one-half the temperature drop through 
the cooling tubeB. 



Difference Between Top and 

Position of 

Bottom Oil Inside Tank 

Core and Coils 

(Degrees Centigrade) 

Normal. 

.15.0 

Intermediate. 

.25.0 

Maximum raised.. 

.40.0 


Figures 7, 8, and 9 show the oil and 
winding rises for. this series of tests. 
Curve E shows the effect of raising the 
center of heat on the hot-spot rise over 
the average winding temperature. At 
rated load the rises, as read from the 
curves, were: 

(а) . 5.1 degrees centigrade for the normal 
position. 

(б) . 14 degrees centigrade for the intermedi¬ 
ate position. 

(c). 18 degrees centigrade for the maximum 
raised position. 

It is, of course, proper to point out that 
most power transformers fall in the (a) 
condition where the center of heat is well 
below the center of cooling tubes. The 
(c) condition, where the center of heat* 
and center of cooling tubes are at the same 
level, is one that seldom exists in prac¬ 
tice. 

Table IV gives the final readings for 20 
of the 32 runs made. The 12 additional 
tests were check runs of two to three 
hours’ duration, made only for obtaining 
winding temperatures, and were not run 
until the top oil rises again became con¬ 
stant. 

The Thermal Circuit 

i 

The thermal circuit in a self-cooled 
transformer is composed of the tempera- 

, Figure 5. Temperature rises during loading- 
back heat runs on H-60-2,000-kva trans¬ 
former 
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tufe rise of the oil flowing upward through 
the coil stack and the temperature drop 
in the oil flowing downward through the 
attached tube headers or radiators. 

The height of the center of heat (center 
line of core and coils, or of coils only, for 
short-circuit runs) with respect to the 
center of the cooling agent, controls the 
temperature rise and temperature drop of 
the thermal circuit for ultimate condi¬ 
tions. Also, when the center of heat is 
well below the center of the cooling 
agent, the temperature rise and tempera¬ 
ture drop in the thermal circuit are small 
and do not appreciably increase within a 
reasonable range of loads for ultimate 
conditions. But, for short-time heavy 
overloads, while the temperature drop in 
the cooling circuit may not appreciably 
increase in value, the temperature rise of 
the oil flowing upward may greatly in¬ 
crease. For example: for the normal 
position, there was no appreciable change 
for all the ultimate runs in either the 
temperature rise or temperature drop of 
the thermal circuit. On the other hand, 
for the 200 per cent and 270 per cent 
short-time runs, the temperature drop in 
the cooling tubes remained essentially 
the same as for the ultimate runs—while 
the temperature rise of the oil flowing up 
through the windings increased approxi¬ 
mately 100 per cent over the rise for the 
ultimate runs. This increase in the oil 
temperature flowing upward increased the 
hot-spot rise over the average winding 
temperature, Figure 7, whereas, if the 
constant temperature drop in the cooling 
tubes had been the controlling factor, 
the hot spot would not have increased 
with load. 

When the center of heat was raised, 
both the temperature rise and the tem¬ 
perature drop in the thermal circuit 
definitely increased with load under both 
ultimate and short-time overload condi¬ 
tions. The temperature drops in oil flow¬ 
ing down through the tube headers, shown 
in Figure 10, were predicted within one 
degree for the total loss ultimate heat 
runs for all three conditions before the 
tests were made, by the thermal circuit 
calculations (which have been in use dur¬ 
ing the past eight or nine years) devel¬ 
oped by L. Wetherill and given in his dis¬ 
cussion of reference 5. 

The following conclusions can be 
stated: 

1. For the normal position, the hot-spot 
rise over the average winding temperature 
was between five and six degrees at rated 
load and increased with load at approxi¬ 
mately the same rate as the hot-spot rise 
over the top oil. 

. For the two raised positions, the hot-spot 
rise over average winding temperature defi- 
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*112 per cent load loss — total (core + copper) loss. 

**By using calculated hot-spot rise over top oil at rated load and then varying rise as loss'* where n *= 0.8 for normal position, and 0.53 for intermediate and maximum raised positions. 













SKETCH SHOWING POSITION OF WINDINGS AND 
THERMOCOUPLES 


RISE ABOVE AMBIENT, DEGREES C 


Figure 6. Temperature gradients during short- 
circuit heat runs on H- 60-2,500-kva trans¬ 
former 

nitely increased with load for all ultimate 
conditions, but under short-time overload 
conditions, the hot-spot rise over average 
winding was only slightly above the rises 
for the 135 per cent load ultimate run— 
see Figures 8 and 9. 

2. The ultimate average and top oil rises 
varied as loss raised to a power ranging 
from approximately 0.75 to 0.85—the gen¬ 
eral average being about 0.8. 

3. The difference between the top and bot¬ 
tom temperature of the oil in the cooling 
tubes for ultimate conditions was approxi¬ 
mately constant from 100 per cent to 135 
pei cent load for the normal position, but 
increased with loss raised to approximately 
0.4 power for the intermediate position, 
and to approximately 0.7 power for the maxi¬ 
mum raised position. 

4. The hot-spot rise over top oil for both ul¬ 
timate and short-time overloads varied as 
loss raised to a power of approximately 0.75 


(test points scattered) for the normal posi¬ 
tion, and approximately as loss 0 * 55 for both 
intermediate and maximum raised positions. 

5. The main body of oil above the windings 
(not core yoke) was at approximately the 
same temperature. 

Third Series of Heat Runs 

A third series of heat runs was made on 
an OAP-60-2,500/3,125-kva transformer 
in which the losses were supplied 

1. By the short-circuit method. 

2. By the loading-back method. 

Only self-cooled runs were made. The 
main purpose of these tests was twofold: 

1. To obtain comparative tests on short- 
circuit and loading-back heat runs to de¬ 
termine the effect of the loss in the core 
(top yoke) on the hot-spot rise over top oil. 

2. To obtain additional data on the hot-spot 
rise over the average winding temperature 
for both transient and ultimate conditions. 


The data for this series of tests are 
given in Table V, and some of the data are 
plotted in Figure 11. These data show: 

1. The hot-spot rise over the average wind¬ 
ing temperature was between five and six 
degrees at rated load, and increased as loss 0 ** 
for both the short-circuit and loading-back 
runs. 

2. The hot-spot rise over top oil (when cor¬ 
rected to the same oil temperature) was 
approximately the same for both short- 
circuit and loading-back methods of loading. 
In other words, the short-circuit method of 
loading can be used to obtain hot-spot tem¬ 
peratures in transformers. The rise varies as 
loss 0 * 8 . 

3. The average winding rise over average 
oil varied as loss 0 * 7 . 

Variations of Hot Spot With Load 

Vogel and Narbutovskih 5 reported 
that the hot-spot rise over average wind¬ 
ing rise of a 600-kva transformer was con¬ 
stant from 100 per cent load to 250 per 
cent load inclusive. These constant hot¬ 
spot test values were explained on the 
grounds that this would be expected 
since the square root of the product of 
the losses and oil viscosity was a con¬ 
stant value, which in turn produced an 
approximately constant difference in the 
temperature of the top and bottom oil in 
the radiators. In the tests reported in 
this paper, Table VI shows the difference 
between top and bottom cooling tube 
temperatures and the square root of the 
product of the loss and oil viscosity for 
different loads held on the 2,500-kva 
transformer tested with the center of heat 
at different levels. These data show that 
with the core and coils in the normal posi¬ 
tion this factor was approximately con¬ 
stant except for the 58 per cent load test; 
but, for the intermediate and maximum 
raised positions of core and coils, there 


Table V. Summary of Self-Cooled Heat Runs Made on O A P-60-2,500/3,125-Kva Transformer 



Test Readings, Degrees Centigrade 

Short-Circuit Heat Runs Loading-Back Heat Runs 


Load in Per Cent of Rating 



48.5 

81.1 

101.0 

121.3 

141.8 

228.0 

48.6 

80.8 

99.0 

122.0 

140.0 

Hot-spot temperature. 

..29.2 .. 

..50.(1 ... 

61.2 

... 74.8.... 

91.6. 

...125.8.. 

.42.7 .. 

..60.9 .. 

..69.9 . 

.. 78.6 .. 

.102.7 

Hot-spot temperature (calculated*). 

..26.3 ,. 

..51.5 ... 

64.1 

... 75.3.... 

92.0. 

..134.4.. 

.45.6 .. 

..60.8 .. 

..73.0 . 

.. 76.4 .. 

.102.6 

Top'oil temperature. 

..21.5 .. 

..40.3 ... 

45.9 

... 53.8.... 

62.6. 

... 69.4... 

.41.7 .. 

..51.9 .. 

..57.3 . 

.. 58.6 .. 

. 79.5 

Hot-spot rise over top oil... 

Hot-spot rise over top oil (all rises corrected 

.. 7.7 .. 

..10.3 ... 

15.3 

... 21.0.... 

29.0. 

.. 56.4... 

. 1.0.. 

.. 8.2 .. 

..12.6 . 

.. 20.0 .. 

. 23.2 

to 75-degree oil temperature Figure 2). 

Difference between top and bottom, tube 

. . •*"*'* *. * 

. 2.9?.... 

8.8 

... 16.1.... 

26.5. 

.. 55.2... 

, - , 

.. 3.8 .. 

.. 9.1 . 

.. 16.3 .. 

. 24.0 

headers... 

.. 4.5 .. 

..10.8 ... 

12.5 

... 15.2.... 

15.9. 

.. 21.3... 

.10.7 .. 

..11.6 .. 

..12.8 . 

.. 14.2 .. 

. 15.6 

Average winding temperature. 

..26.5 .. 

.47.6 ... 

55.6 

... 64.7.... 

77.4. 

..108.9... 

.41.6 .. 

..57.2 .. 

..64.7 . 

, , '- 

. 93.4 

Hot-spot rise over average winding temperature.. 
Average winding rise over average oil tempera- 

.. 2.7 .. 

. 3.0 

5.6 

... 10.1.... 

14.2. 

... 16.9... 

. 1.1 .. 

.. 3.7 .. 

.. 5.2 . 

. . — * . • 

. 9.3 

ture....... 

.. 7.2 .. 

.12.7 ... 

15.9 . 

... 18.5.... 

22.7. 

.. 50.1... 

. 5.2 .. 

..11.1 .. 

..13.0 . 

._ 

. 51.4 

Copper loss (kw). 

.. 3.17.. 

. 9.23.... 

13.62. 

... 20.8.... 

30.6. 

.. 83.0... 

. 3.2 .. 

.. 9.0 .. 

..13.8 . 

.. 21.3 .. 

. 29.4 

Core loss (kw). 

.. 0 .. 

. 0 .... 

0 

... 0 _ 

0 .. 

.. 0 ... 

. 6.13.. 

.. 6.13.. 

.. 6.13. 

.. 6.13.. 

. 6.13 

Total loss (kw) . 

.. 3.17.. 

.. 9.23... 

13.62 

... 20.8.... 

30.6. 

.. 83.0... 

. 9.33.. 

. .15.13.. 

. .19.93. 

.. 27.43.. 

. 35.53 

Duration of run (hours) . 

.. 3 .. 

. 3 .... 

3 

... 3 .... 

3 .. 

.. 1 . 1 ... 

. 8.5 .. 

.. 6 .. 

..14.7 . 

..2 

. 12.5 


* By using calculated hot-spot rise over top oil at rated load and then varying this rise as loss 0 * 11 . 
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Figure 7. Temperature rises during short* 
circuit heat runs on H-60-2,500-kva trans¬ 
former 


was a constant increase with load. Yet, 
the hot-spot rise over the average winding 
temperature increased with load for all 
ultimate conditions in all three positions. 
The temperature drops in the tube head¬ 
ers are plotted in curve form in Figure 10. 

The procedure to follow in the general 
case for calculating hot-spot tempera¬ 
tures with windings similar to those in the 
transformers tested, is illustrated in the 
following example. 

These assumptions are made : 


Table VI. Product of Loss and. Kinematic Viscosity for Three Different Positions of 

2,500-Kva Transformer 




Oil Inside of Header 
(Degrees Centigrade) 

VLossX Kinematic Viscosity* 

Per Cent 
Load 

Loss 

(Kw) 


Top Bottom Difference 

Top Oil Avg. Oil Bottom Oil 


Core and Coils—(Normal Position) 


58... 

... 6.975... 

....37.2.31.8. 

. 5.4.. 


..26.4.. 

.29.0. 

.29.2 

85... 

...14.7 ... 

....54.4.45.5. 

. 8.9.. 


..29.7.. 

.31.6. 

.34.0 

100... 

...20.9 ... 

_67.0.58.0. 

. 9.0.. 


..29.7.. 

.31.4. 

.33.6 

112... 

...26.9 ... 

... .72.5.64.0. 

.8.5.. 


..31.4.. 

.33.0. 

.35.0 

125... 

...32.3 ... 

....78.7.68.7. 

..._10.0 . 


..31.6.. 

.33.6. 

.35.8 

135... 

...40.4 ... 

... .90.8.80.8. 

.10.0.. 


..29.5.. 

.32.0. 

.34.2 

Core and Coils—(Intermediate Position) 






57... 

... 6.56 ... 

... .40.7.30.4. 

.10.3.. 

• • • • 

..24.4.. 

...‘...26.3. 

.28.6 

85... 

...14.7 ... 

... .52.2.37.0. 

.15.2.. 

• at* 

..30.6.. 

.34.3. 

.38.7 

112... 

...26.9 ... 

... .75.4.56.9. 

.18.5.. 

• * • • 

..30.0.. 

.34.2. 

.38.7 

135... 

.. .40.4 ... 

....84.8.63.0. 

.21.8.. 

.... 

..32.0.. 

.37.5. 

.43.5 

Core and Coils—(Maximum Raised Position) 






85... 

...14.7 ... 

....64.1.43.0. 

.21.1.. 

• • • • 

..25.8.. 

.30.0. 

.86.4 

100... 

...20.9 ... 

... .77.0.49.5. 

.28.5.. 

» • • • 

..26.0.. 

.31.0. 

.38.2 

112... 

...26.9 ... 

....86.8 «•••••.53.9» 

.32.9.. 

• • • * 

..26.0.. 

.32.5. 

.40.4 

123... 

...32.3 ... 

....96.7.61.3. 

.34.4.. 

. . . . 

..27.7.. 

.35.4. 

.44.4 


♦Curve given in Figure 2 of reference 5 used. This curve represents a fairly universal oil. 


for transformers. Among such factors 
to be considered are, contacts, leads, 
joints, and oil. Effect of heavy overloads 
on regulation must, of course, be carefully 
considered. 

Excessive expansion may cause oil to 
run over. Also, oil deteriorates at high 
temperatures even for short periods of 
time, particularly if exposed to air. 
Figure 12 shows calculated hot-spot and 
top oil rises for a four-hour 200 per cent 
load following full load, in a case studied 
recently. In this case the temperature of 
the oil was considered the limiting factor. 


perature and viscosity corrections are 
made as compared with the rises obtained 
with the corrections. The calculations 
for 200 per cent load (assuming 20 de¬ 
grees centigrade hot-spot rise over top oil 
at 100 per cent load) were made as follows: 

1. With No Corrections 

Hot-spot rise over oil=«20X2 1 -®==60.4 de¬ 
grees centigrade after 20 minutes’ duration 

Hot-spot temperature^top oil+60.4 de¬ 
grees centigrade for any time after 20 
minutes 

2. With Corrections 


1. 55 degrees centigrade average winding 
rise at rated load. 

2. 45 degrees centigrade top oil rise at rated 
load. 

3. 10 degrees drop in cooling circuit at rated 
load. 

4. 5 degrees hot-spot increase due to extra 
coil insulation, spacers, and so forth. 

If located at the top the hot-spot rise 
of the extra insulated coil would be 


55 + y + S 


=65 degrees centigrade 


Under overload conditions after 15 
minutes’ duration, hot-spot rise would be: 

1 j g / loss at overload \°- 8 
\loss at rated load } 

where 

A “temperature rise of the top oil, 

B “difference between the hot-spot and top 
oil at rated load 

Factors Limiting Short-Time Rare 
Emergency Overloads 

Quite often factors other than the life 
of the insulation limit heavy overloads 


Effect of Change in Resistance and 
Oil Viscosity on Hot-Spot 
Temperatures 

Figure 12 also shows the difference in 
the hot-spot rises obtained when no tem- 


For 2 J / 4 hours, oil temperature «=* 110 de¬ 
grees centigrade (by Figure 12) 

Hot-spot rise over oil == 

r „ /234.5+177.5\"1°* 8 J 

20 L 2 X V 234.5+95 )J ‘ 72 ' 6 degre “ 
centigrade with resistance correction only 



Figure 8. Temperature rises during short- 
circuit heat runs on H-60-2,500-l<va trans¬ 
former 


Figure 9. Temperature rises during short- 
circuit heat runs on H-60-2,500-kva trans¬ 
former 
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PERCENT OF RATEO LOAD CURRENT 

Figure 10. Cooling tube temperatures during 
short-circuit heat runs on H-60-2,500-kva 
transformer 

By Figure 2 if the hot-spot rise is 72.5 
in 75 degrees centigrade oil, it would be 
67.5 degrees centigrade rise in 110 de¬ 
grees centigrade oil—a reduction of 5 
degrees centigrade due to viscosity correc¬ 
tion. 

The correct hot-spot temperature is, 
therefore, 110+67.5=177.5 at 2 8 /4 
hours, as against 110+ 60.4=170.4 de¬ 
grees centigrade without the correction. 

These curves show that for strictly ac 
curate results both corrections should be 
made. But, since in making overload 
calculations the bases of the assumptions 
are approximations, it should be satis¬ 
factory to neglect the corrections. This 
was done when calculating the overloads 
shown in Table VII. 

Hot-Spot Temperature Indicator 
Tests 

Temperature indicators have been used 
for several years to indicate hot-spot 
temperatures in transformers. Since an 
indicator can be set for any desired hot¬ 
spot rise over average winding at rated 
load, its ability to follow the hot-spot 
temperature depends 

1. On its variation with load current. 

2. On the time constant of its heating coil. 

To check these variations with load cur¬ 
rent, a standard indicator heating coil 
was placed in the top oil of both the 2,000- 
kva self-cooled /2,667-kva OAP and 
the 2,500-kva self-cooled transformer. 

Figure 13 shows that on the average 
the indicator rise over top oil varied as 
the load current 1,70 or as loss 0,85 , whereas 
(on the average) the winding hot-spot 
rise over top oil varies as loss 0,8 . This 
means that for heavy overloads the indi¬ 
cator will read a little too high, and it 
may be well to retain this feature. The 
time constant of the standard indicator 
heating coil is approximately the same 



Figure 11. Temperature rises during heat runs 
on OAP-60-2,500/3,125-kva transformer 

as the time constant of transformer wind¬ 
ings; consequently the indicator should 
follow the hot-spot temperature under 
both fluctuating loads and overloads. 

General Conclusions on Steady- 
State and Transient Temperature 
Rises 

1. For rated load conditions of self-cooled 
power transformers, the hot-spot rise over 
average winding temperature by resistance 
ranges from approximately five degrees 
centigrade upward. For moderate size and 
voltage rating (below approximately 50 
kv), it naturally comes between five and six 
degrees. But, for large size and high-volt¬ 
age rating, steps have to be taken by the de¬ 
signer to limit the hot-spot to ten degrees 
centigrade above average. 

2. For transformers having an OAP rating 
1.33 times the self-cooled rating, the hot¬ 
spot rise over average winding temperature 
is approximately 40 per cent greater than 
that for the self-cooled rating (see Table 
III). 

3. The hot-spot rise over average winding 
temperature increases with load (for both 
ultimate and short-time- overloads), but no 
definite rate of rise versus loss can be 
stated (see Figures 7,8,9, and 11). 

4. The average winding rise over average 
oil varies as the loss raised to a power rang¬ 
ing from 0.6 to 0.7. 

5. The hot-spot rise over top oil varies as 
the loss raised to a power ranging from ap¬ 
proximately 0.7 to 0.8, generally more nearly 
the 0.8 power for most transformers. 

6. The oil time constant used in calculating 
the temperature rise of the oil for short- 
time overloads should be based on the ulti¬ 
mate rise and loss for rated load conditions. 

7. The winding time constant used in cal¬ 
culating the temperature rise of windings 
over oil before conditions become constant, 
should be based on the calculated ultimate 
rise and loss for the load under considera¬ 
tion. 



8. Either loading-back or short-circuit 
method of loading can be used to determine 
both hot-spot and average winding tempera¬ 
tures. When calculating the transient oil 
rises by equation 1, for the short-circuit 
method the weight of the core should not 
be used in deriving the time constant. 

9. The temperature rise of both the average 
and top oil varies approximately as the 
loss 0,8 for ultimate conditions. 

II. Effect of Overloads on Life of 
Transformers 

Life Expectancy of Transformers 

The estimated life of a transformer is at 
best only a rough approximation. The 
dielectric strength of insulation does not 
deteriorate until it has become embrittled 
and cracked. It is possible, therefore, for 
a transformer to continue to operate long 
after the mechanical life of its insulation 
is well used up, unless subjected to ex¬ 
cessive mechanical stresses (short cir¬ 
cuit, handling, or other mechanical 
shocks), since its normal stresses are 
quite low. It does not follow, therefore, 
that a transformer will fail when its in¬ 
sulation is embrittled; on the contrary, if 
severely strained, it might fail before 
the mechanical strength is completely 
used up. 

Rate of Aging of Class-A Insulation 

Mr, Clark’s paper, presented at this 
session, shows that for temperatures 
ranging from approximately 115 to 200 
degrees centigrade, the rate of aging is 
doubled for each six to ten degrees centi¬ 
grade depending upon the percentage of 
life used up. That is, near the start a 
nine- to ten-degree rule applies; at the 
50 per cent to 25 per cent life levels ah 
eight-degree rule applies; and near the 
finish a six- to seven-degree rule applies. 
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Table VII. Emergency Overload* for Self-Cooled Power Transformer* Having Different Characteristics* 


Transformer Class 



In view of the fact that predicting the other factors contributing to the deterio- for temperatures from 120 to 192 degrees 

life of a transformer, as mentioned above, ration of insulating materials, and so centigrade, which are in agreement with 

cannot be exact, the eight-degree rule, forth. Mr. Clark’s data, and a rule greater than 

which one of the authors has used for In attacking the problem of determin- eight degrees above 192 degrees centi- 
several years , 1 ' 8 is a good average value to ing the effect of overloads on the life of grade, in order to reach the present 

use . transformers, it is felt that for the present ASA limit of 250 degrees centigrade in 

Mr. Clark’s data show also that for it is preferable to rely mainly on past ex- five seconds, a schedule of temperatures is 

temperatures from 75 to 100 degrees perience in establishing a basis, and then suggested in Table B for consideration in 

centigrade the rate of aging doubles with depend upon fundamental laboratory setting up emergency overloads, 

changes in temperature as low as two to data as an additional aid. For example: The use of a rule greater than eight 

five degrees centigrade. This indicates we have now had several years’ expeij- degrees above 192 degrees centigrade ap- 

that it is not possible to use aging data for ence in the use of hot-spot temperature pears reasonable, since the actual tempera- 

the higher temperatures and the eight- limits for emergency overload condi- tures (calculated on the basis of all heat 

degree rule to predict the life of a trans- tions, and the laboratory tests show how stored in the copper) will generally be 

former when operating at temperatures of the relative life of insulation is affected below the calculated values, for two rea- 

approximately 100 degrees centigrade and by different temperatures. sons: 

below. In fact, Figures 3 and 4 of Mr. The hot-spot temperature limits given L The i nsu iation on the conductors will 
Clark’s paper indicates that while the life in section 11.002 of the American Stand- absorb some heat. 

of insulation is a matter of weeks at 120 ards Guides for Operation of Transformers 2 . Most transformer windings start dissi- 

degrees centigrade, it is a matter of several under emergency conditions are 115 de- pating heat after from three to five seconds’ 

years if the temperature does not exceed grees centigrade for 2 hours, 110 degrees duration. 

approximately 100 degrees centigrade. centigrade for 8 hours, and 105 degrees The temperature limits suggested arc in 

While these laboratory tests may not centigrade for 24 hours. When these dose agreement ^th values assume d j„ 

show the actual life of a transformer in limits were first set up a few years ago, reference 5 for times of y, houI an(1 

weeks and years, they are indicative .of they were purposely made conservative , • ^ somewhat higher for the 

the relative life at different temperatures, for the reason that the permitting of over- shoft ^ ^ ^ same for 4 _ g _ and 

loads on an emergency basis was a de- .34 hours' duration. 

Basis for Determining the Life of parture from a long-standing practice of 

Transformer Insulation permitting no overloads, as pointed out Calculation of Emergency Overloads 

in the first part of the paper. Further- 

There is, of course, some question more, no limitations were put on the The overloads for a given hot-spot 
whether laboratory aging tests made on number of overloads during the life of the temperature vary widely, depending on 

isolated strips of paper in sealed tubes transformer. the characteristics of the transformer, 

can be applied directly in estimating the When the number of operations is such as top oil rise, hot-spot rise over top 
life of insulation in a transformer. Such limited, it is reasonable to increase some- oil, ratio of losses, and time constant, all 

tests should rather be depended upon to what the above American Standards of which vary under rated load conditions 

furnish the more fundamental data, such hot-spot limits. Using a rule less than for power transformers, approximately as 

as the increase in temperature to double eight degrees for'temperatures under 120 shown in Table C. 

the rate of aging, the effect of the various degrees centigrade, an eight-degree rule Based on the temperature limits sug- 
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Usual Variations 


Time, in seconds . 

_ s... 

10 


... 30... 

1Q9 



Temperature, degrees centigrade. . . 

....250... 

...220!!! 

200 

... 60... 
...184... 

... 4... 

...120... 

...300 

Time, in hours. 

Temperature, degrees centigrade. ... 

.... 

_152... 

. .. «/*... 
...144... 

... 1... 

...136... 

... 2... 
...128... 

, » . 1.00 

... 8.. 
...115.. 


gested in Table C, Table VII gives the 
calculated times rated load current for 
7< hour to 24 hours inclusive for self- 
cooled transformers having different char¬ 
acteristics. The present ASA emergency 
overloads are also shown for comparison. 
These calculated overloads are given 
principally for the purpose of showing 
how they vary for different transformer 
characteristics. It will, of course, be 
possible to reduce a group of this kind 
into three or four classes, since, in several 
cases, the overload values are of the same 
order of magnitude. Similar overload 
values can be calculated in the study of 
revising the ASA emergency overloads 
and set up for other types of transformers 
(OAP, water-cooled, and so forth), which 
have characteristics different from those 
for self-cooled transformers. 

When calculating the aging during an 
overload, it may be assumed that the 
hot spot is maintained during the entire 
time period. This is not strictly correct, 
since the hot spot reaches the maximum 
value only at the end of the time period. 
The question naturally arises as to how 
much greater overload could be carried 
if the aging was based on the actual in¬ 
creasing hot spot and then increased suf¬ 
ficiently to produce the same aging. The 
increased overload is not so great as might 
be expected. For example: if we take 
the 5 a class of transformer (Table VII) 
for two hours following full load, and inte¬ 
grate the actual temperature area by the 
formula given in reference 3, it is found 
that a maximum temperature of 134.5 
degrees centigrade at the end of two hours 
results by the eight-degree rule in the 
same aging as 128 degrees centigrade 
maintained for two hours. The 6.5 de¬ 
grees centigrade higher hot spot permits a 
4.5 per cent greater load. For the eight- 
hour overload (115 degrees centigrade 
hot spot) the difference in the overload 
is only 3.5 per cent, and, for longer times, 
the difference becomes less and less. 
Therefore, if it is assumed that the hot 
spot exists during the entire time period, 
the error is small and on the safe side. 

A Comparison With Laboratory 
Aging Data 

Having arrived at certain temperature 
limits and overload values, based partly 
on past experience and partly on the 


eight-degree rule, it will be interesting to 
see what per cent of life these proposed 
temperature limits will use up for a given 
time period, based on the laboratory 
tests. The 120 degrees centigrade aging 
curves shown in Figure 14 of Mr. Clark’s 
paper appear to be the best ones to use for 
this purpose. For example: using one 
per cent water content, these curves give 
the following approximate hours of life at 
120 degrees centigrade: 


Per cent of original life... 50.... 0 

Hours at 120 degrees centigrade.. 100.... 430 


Taking the 50 per cent life level we 
have 100 hours/50 per cent = two hours 
to use up 1 per cent of initial life at 120 
degrees centigrade, or one hour to use up 
one per cent at 128 degrees centigrade 
which is within eight degrees of the 136 
degrees centigrade suggested for one hour. 
That is, one hour’s operation at 136 de¬ 
grees centigrade would use up between 
one and two per cent of the life, depend¬ 
ing on whether the 136 degrees centigrade 
temperature was maintained during the 
entire time, or reached the maximum 
value at the end of one hour. In the lat¬ 
ter case—as pointed out above—the 136 
degrees centigrade would be equivalent to 
several degrees lower continuous tempera- 



Figure 12. Calculated temperatures for 200 
per cent load following full load of transformer 
having 

1. 65 degrees centigrade hot-spot rise 

2. 45 degrees centigrade top oil rise 

3. 2.7:1 loss ratio 

4. Time constant of 5.4 

5. In 30 degrees centigrade ambient 

6. Rises vary as loss 0 - 8 
Curve A —No corrections made for change in 
resistance and change in viscosity of oil with 

temperature 

Curve B —Corrections made for both tempera¬ 
ture and oil viscosity 


at 

• rated 
load 


Self-Cooled OAP 


Top oil rise over am¬ 
bient.. 40 to 50 C.. 35 to 45 C 

Hot spot over top oil..... 10 to 20 C.. 15 to 30 C 
Loss ratio (copper to 

iron).2:1 to 3:1..3.5:1 to 6:1 

Time constant. 3 to 7 2 to 4.6 


ture. By this process of reasoning and 
by the assumptions made, the suggested 
hot-spot limits would use up from one 
to two per cent of life per operation. 
Wide variations from these life values 
would, of course, be obtained for other 
than one per cent water content. The 
estimates of -life depend entirely upon the 
assumptions made. 

At any rate, these laboratory tests have 
brought out very forcibly a new factor 
that has not been taken into considera¬ 
tion in the past, namely, water content in 
the insulation. We seem to make progress 
in steps. In the early days it was assumed 
that "temperature” alone was the con¬ 
trolling factor, and later it was recognized 
that "time” was as important as tempera¬ 
ture. Now, we have a third factor, 
"water content,” to take into considera¬ 
tion which appears to be fully as impor¬ 
tant as "time” and “temperature.” 

Standardizing Emergency Overloads 

Before attempting to standardize emer¬ 
gency overloads, the operators’ views are 
needed on some of the factors discussed 
above. It is recommended that the 



Figure 13. Hot-spot temperature indicator 
tests 


... Normal position 
xxx Intermediate position 
Aaa Maximum raised position 
Indicator heating coil placed in top oil 
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Induced Voltages on Transmission Lines 


C. F. WAGNER 

FELLOW AIEE 

A BOUT the year 1929 it first became 
appreciated that the lightning dis¬ 
charge is not instantaneous. The recog¬ 
nition of this fact had a profound influ¬ 
ence upon the theories of lightning 
protection, the emphasis being diverted 
from induced to direct strokes 1 as the 
agent to be guarded against. With the 
meager information then available the 
calculations indicated that induced volt¬ 
ages were unimportant when the finite 
time of discharge was taken into account. 4 
The more accurate information available 
today calls for a critical analysis of this 
subject, which is the purpose .of the 
present paper. 

A brief rdsum6 of our present knowl¬ 
edge of stroke mechanism will be given, 
which will form the basis for determining 
simplifying assumptions to be used in 
calculating the electric field at the ground. 
The voltage surges produced on trans¬ 
mission lines by these gradients will then 
be computed. It will be shown that the 
over-all influence of the variation of stroke 
characteristics from the simplifying as¬ 
sumptions is not very great and can, in 
general, be neglected. With these volt¬ 
age surges established and from other 
known time-probability characteristics 
of lightning strokes, a probability curve 
giving the frequency of occurrence of 
induced voltages as a function of their 
crest magnitude will be computed. 

Mechanism of Lightning Discharges 

Figures 1 and 2 illustrate the essential 
characteristics of the discharge 3 based 
upon the work of Schonland and his 


problem of preparing emergency over¬ 
loads be placed before the AIEE trans¬ 
former subcommittee of the electrical 
machinery committee. 
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associates.' 1 - 8 All strokes to ground or to 
objects as low as transmission towers 
originate from charge centers in the base 
of the cloud. At least 90 per cent of the 
strokes are of negative character. In the 
course of the heterogeneous formation of 
the charges the electric gradient finally 
reaches a magnitude sufficient to initiate 
a dischar ge. The original path is blazed 
by the “pilot streamer” which propagates 
toward earth at the most frequent veloc¬ 
ity of 0.5 foot per microsecond (Vno of 
one per cent of the speed of light). Its 
path is very irregular, and branching oc¬ 
curs frequently in the direction of propa¬ 
gation. The luminosity is low, and the 
current does not exceed a few amperes. 
At intervals ranging from 20 to 90 micro¬ 
seconds “stepped leaders” are formed in 
this same path. These travel at a much 
higher velocity of about three per cent 
of light or 30 feet per microsecond. Upon 
catching up to the pilot streamer these 
leaders pause. The current seldom ex¬ 
ceeds 200 amperes. 7 - 9 These initial 
streamers form an antennalike system 
upon which negative charge is distributed 
from the original charge center in the 
cloud. 

All available evidence* indicates that 
only very short upward streamers from 
the earth occur for strokes to open ground 
or relatively low objects such as trans¬ 
mission lines. They are probably only a 
few feet in most cases and certainly do not 
exceed about 100 feet. 

The charge on .the stroke channel is 
then lowered much more rapidly the rest 
of the way to earth by the very bril¬ 
liant and rapidly propagating “return 
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streamer” which in its visual manifesta¬ 
tion appears as a stroke whose head moves 
upward toward the cloud at a .velocity of 
about 10 per cent of the speed of light or 
100 feet per microsecond. The charge on 
the channel is discharged continuously 
as the head progresses, which accounts 
for the high channel and ground currents 
shown in the lower portion of Figure 2. 
The ground current rises to a crest ranging 
from a few hundred amperes to as high as 
160,000 amperes 10 in a time of the order 
of one to ten microseconds and remains 
at a relatively high value during the 
period that the return streamer is rapidly 
discharging the charge in the space be¬ 
tween cloud and ground. The wave 
shape of this current is determined by the 
rate of discharge of the stroke channel 
which is a function of the velocity of the 
return streamer along the channel and the 
charge distribution. 

After the return streamer reaches the 
cloud, there may occur a more gradual 
lowering of charge from cloud to ground 
down the conducting path produced by 
the return streamer. Charge tapped by 
streamers into the cloud from the region 
in which the stroke was initiated may 
thus produce a current tail of a few 
hundred or only a few amperes which, 
however, may persist for 10,000 or 20,000 
microseconds. 10 

Multiple strokes consisting of separate 
discharges down the same stroke channel 
may be formed by attraction of streamers 
from another charge center in the cloud. 
Streamers from this second charge center 
form a path to the original charge center, 
and the charge is then lowered by a 
“dart leader” down the channel blazed 
by the first discharge. This seldom shows 
evidence of the stepped character of the 
first discharge. Its velocity is of the order 
of one per cent of the speed of light or 
ten feet per microsecond. Appreciable 
branching rarely occurs for such subse¬ 
quent discharges. As the dart leader 
reaches the earth, its associated charge is 
further lowered to earth by a return 
streamer similar in character to that of the 
first discharge. About 50 per cent of all 
strokes are multiple, and as many as 40 
separate components have been photo¬ 
graphed. The time intervals between 

Paper 42-103, recommended by the AIEE com¬ 
mittee on power transmission and distribution for 
presentation at the AIEE summer convention, 
Chicago, Ill., June 22-26, 1942. Manuscript sub¬ 
mitted April 8, 1942; made available for printing 
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Figure 1. Diagram showing charge distribu- (d) First charge center completely discharged 
tion at various stages of lightning discharge Development of streamers between charge 

(a) Charge centers in cloud centers within cloud 

Pilot streamer and stepped leader propagate (e) Discharge between two charge centers 

earthward Dart leader propagates to ground along 

Outward branching of streamers to earth original channel 

Lowering of charge into space beneath cloud Dirt leader about to strike earth 

(b) Process of (a) almost completed Negative charge lowered and distributed 

Pilot streamer about to strike earth along stroke channel 

(c) Heavy return streamer (f) Heavy return streamer 

Discharge to earth of negatively charged Discharge to earth of negatively charged 
space beneath cloud space beneath cloud 

components have been found to vary from it has been found that the electric field 
0.0005 to 0.5 second with an average of at the ground and the induced voltage on 
about 0.03 second. a transmission-line conductor can be 

determined quite accurately if the stroke 
Effect of Distance From Line on discharge is represented by a fairly 
Terminating Point of the Stroke simple mechanism. 

There is a minimum horizontal dis- The basic mechanism for the com- 
tance from the line below which all strokes ponent of a stroke, illustrated in Figure 
strike the line. As the distance becomes 4, can be divided into three distinct stages, 
greater, some strokes strike the line and (a) Condition Before the Start of the 
others the ground, and then more and Discharge. The charge, — Q 0 , involved 
more of them go to ground. Finally all in the initial high-current portion of a 
terminate on the ground. The curve of single-stroke component (or that lowered 


onto the stroke channel by the initial 
leaders) is assumed concentrated in a 
point source at a height, H, above ground. 
A height of 2,000 meters or 6,560 feet was 
chosen, as it was found to be a mean value 
for cloud heights. 

(6) First Stage of Lowering Charge. 
At the initiation of the discharge the 
charge, —Q 0 , is lowered as a uniform line 
charge, q coulombs per foot, onto the 
stroke channel by an initial downward 
leader moving at the uniform velocity, 
v, of V 20 of the speed of light or approxi¬ 
mately 0.5 foot per microsecond (the 
pilot streamer velocity). At the end of 
this period as the streamer reaches earth, 
the charge in the original charge center is 
zero. No initial upward streamer from 
the ground is considered. 

(c) Second Stage of Lowering Charge. 
At the instant the pilot streamer reaches 
ground, the return streamer starts propa¬ 
gating upward toward the cloud at the 
uniform velocity, V, of V 10 that of light 
or approximately 100 feet per micro¬ 
second It instantaneously discharges 
each section of the stroke channel reached. 
The current flowing at ground and at 
each point of the return streamer is of 
the same magnitude and constant with 
time during the period that the return 
streamer is propagating up to the cloud. A 
current of 100,000 amperes is used result¬ 
ing, for the given return streamer veloc¬ 
ity, in a leader charge, q, of 1.02X10 -3 
coulombs per foot, an initial leader cur¬ 
rent, i, of 500 amperes, and (for H— 
6,560 feet) an initial cloud charge, —Q 0 , 
of —6.66 coulombs. 

Figure 2. Diagram showing lightning mecha¬ 
nism and ground current 

All velocities expressed in per cent of the 
speed of light which is 984 feet per micro¬ 
second or approximately 1,000 feet per 
microsecond 


Figure 3 shows this effect as determined 
from model studies. 11 These studies 
indicated that for strokes with no ap¬ 
preciable ground streamer the division of 
strokes is essentially independent of cloud 
height and a function only of A/h as 
shown in the figure. The maximum in¬ 
duced voltages occur when the stroke 
strikes the ground at the minimum dis¬ 
tances from the line which are about 
three times the line height or 75,150, and 
300 feet for line heights of 25, 50; and 100 
feet, respectively. 

Basic Stroke Mechanism for Induced 

Voltage Calculations 

Although the lightning discharge is 
quite complex, and the various factors 
such as the leader velocities, currents, and 
charges have a wide range of variation, 
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In all three stages the earth is repre¬ 
sented as a perfectly conducting plane by 
a system of image charges and currents 
in an image channel. 

Ground Gradients 

The electric gradient at any point, P, 
on the ground for the assumption of 
perfect conducting plane, has only a 
vertical component that can be resolved 
into 

(a) . That due to the instantaneous distri¬ 
bution of charges in the stroke channel. 

(b) . That due to the instantaneous current 
in the stroke. 

When either of these conditions change 
rapidly (with the speed of light as a 
criterion), it is necessary to take cogni¬ 
zance of the finite time required for the 
disturbance to propagate to the point in 
space under consideration. 

Expressions for' the calculation of the 
three stages of the discharge enumerated 
in Figure 4 have been derived in appendix 
I with the following results. 

(a) Before the Start■ of the Discharge. 
Figure 5 shows the initial field as a func¬ 
tion of the horizontal distance, d, from 
the charge center. 

( b) First Stage of Lowering Charge. 
The left-hand side of Figure 6 shows the 
ground gradient due to the electric 
charges alone for various distances, d. 
Note that the gradient for strokes near 
the line increases from the value given in 
Figure 5 at zero time to the extremely 
high values, attained at the instant the 
initial streamer strikes the earth. These 
are plotted in Figure 7. The contribution 
of the current during this time is negli¬ 
gible, and the processes involved are so 
slow that the time for transmission of the 
effect is negligible. 

(c) Second Stage of Lowering Charge- 
Return Streamer. The right-hand side of 
Figure 6 gives the ground gradient for 
this stage due to the charges alone, and 
Figure 8 the gradients due to the current. 
The polarity of the latter gradients are 
opposite to those produced by the charges. 
This phenomenon is so fast that the time 
required for the disturbance to propagate 
to the point under consideration must be 
taken into account. This is shown quite 
clearly in Figure 8. For distances less than 
10,000 feet the gradient due to the cur¬ 
rent is negligible in comparison with that 
produced by the charges. For the fixed 
streamer velocities assumed in Figure 4, 
the relative contribution of the two com¬ 
ponents is independent of the current, 
since the charge is also proportional to 
the current, I. 

Special consideration will be given to 
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Figure 3. Distribution of strokes for various 
distances from line as determined by model 
tests 11 

gradients at large distances in a separate 
paper at a later time. 

Voltage Waves on Conductors 

If a long horizontal conductor were 
divided into short sections, and each 
section insulated from ground and from 
the other sections, the voltage appearing 
at any point at any instant would be 
merely the voltage gradients at the point 
times the height of the conductor. Actu¬ 
ally, however, transmission-line conduc¬ 
tors are continuous. If consideration be 
given first to an extremely long conduc¬ 
tor, then the voltages appearing upon the 
conductor are free to travel in the form of 
traveling waves. If the conductor is 
originally at zero potential, and a voltage 
wave such as shown by the full line in 
Figure 9a is suddenly induced, then this 
wave is broken up into two components 
each of half the value of the original wave, 
one half traveling to the right and the 
other half to the left. After the passage 
of the waves a negative charge remains on 
the Conductor, representing the negative 
of the positive charge carried away by the 
two waves. If a second induced wave be 
ap'plied instantaneously to the conductor 
before the first wave will have had an 
opportunity to have propagated beyond 
the region of tlqe first, the two waves can 
be added as shown in Figure 9b, giving 
the resultant wave indicated. The same 
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Figure 4. Basic stroke mechanism for no 
ground streamer 

process can be carried out indefinitely, 
as shown for four independent waves in 
Figure 9c. Thus it is necessary only to 
divide the continuously increasing induc¬ 
ing voltage wave into finite increments 
for finite increments of time. Each of the 
increments is then split up into two 
halves which are superposed upon the pre¬ 
vious halves of increments, each dis¬ 
placed in space along the wire in accord- 


Table I. Mean Values of Return-Streamer Velocity and Corresponding Correction Factors to 
Be Used in Calculating Crest Voltage Induced by a Stroke With a Given Current Magnitude 


Range of 
Stroke Current 
in Amperes 

Range of Return- Mean 

Streamer Velocity Velocity for 
in Feet Per Each Current 

Microsecond Range 

Correction Factor, K, to Be Applied to 
Voltages Given in Figure 12* 

Stroke Distance in Feet 

150 

300 

600 

1,000 

0- 50,000.. 



,..,0.93.;.. 

...0.97.... 

....1.00.,.. 

_1.00 

50,000-100,000,. 

.190-330.... 

..260. 

... .0.70..... 

....0.84.... 

....0.97.... 

_1.00 

100.000-160,000.'. 

.330-480.... 

.400. 

.,..0.61.... 

.0.66_ 

....0.85.... 

....1.00 


♦Fora given crest, stroke current (/) in amperes and crest voltage Ii m as given by Figure 12. actual voltage 

R TCT 

is given oy the equation £»,'«■——-. 

- 100,000 
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Figure 5. Electric ground gradient just prior 
to start of discharge 


ance with its own increment of time. 
The increments of field at each time in¬ 
terval as a function of distance, x, along 
the line can be obtained from curves 
similar to those of Figure 6 where the 
distance, d, to be used is the square root 
of the sum of the squares of the distance 
along the line and the minimum distance, 
A, of the stroke from the line. The time 
intervals which must be chosen to give 
sufficient accuracy depend upon the rate 
of change of the field both with time and 
distance along the line. The greater the 
rate of change with both of these quanti¬ 
ties, the smaller the time intervals have to 
be. For stroke distances in excess of the 
minimum at which indirect strokes can 
occur, as given by Figure 3, the rate of 
change of field with time is so small for 
the mechanism of Figure 4 compared to its 
decrease with distance along the line, in 
the period the initial streamer is propa¬ 
gating to ground, that the induced 
voltage is insignificant. The very small 
increments of voltage, which are negative 
for negative strokes, and carry away 
negative charge, move away so rapidly 
that they do not accumulate an appreci¬ 
able voltage. If the line is of finite 
length and open-circuited at both ends 
with no leakage paths to ground, the 
successive waves considered in this 
graphic analysis will produce positive re- 





Figure 6. Ground gradient as function of 
time end distance from stroke channel 

Stroke mechanism of Figure 4 (/=100,000 
amperes) . 
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Figure 7. Maximum value of ground gradient 
that occurs at instant initial streamer reaches 
earth 

Stroke mechanism of Figure 4 (/=100,000 
amperes) 

flections at the line ends which will propa¬ 
gate back to the region under the cloud, 
return the negative charge, and allow the 
conductor to rise in potential. However, 
for actual transmission lines the terminal 
equipment and other leakage paths will 
allow charge to flow onto the line and 
keep it at zero potential during this initial, 
phase of the stroke discharge. 

During the progress of the return 
streamer, the rates of field change with 
time are sufficient to induce a voltage. 
The negative field is decreasing, so that 
the rate of change is positive, inducing a 
positive voltage which propagates off 
along the line carrying away the positive 
charge accumulated in the previous period 
of the discharge. Time intervals of 0.2 
microsecond were found small enough for 
accurately calculating the induced volt¬ 
age for return streamer velocities of the 
order of 100 feet per microsecond. Figure 
10 shows the voltage induced along an 
infinitely long conductor 50 feet above 
the ground at successive intervals of time 
after the start of the return streamer for a 
stroke 300 feet from, the line. The maxi¬ 
mum voltage in all cases is induced at or 
very near the point on the line closest to 
the stroke channel. The magnitude of 
the voltage propagating down the line is, 
before being attenuated by propagation, 
only slightly less than the maximum volt¬ 
age and has the same wave shape. In 
this case it is 86 per cent of the maximum . 

In Figure 11 are shown curves of the 
maximum voltage waves induced by 
strokes in conductors at various distances 
from the stroke. These occur at approxi¬ 
mately the point in the line nearest the 
stroke channel. Since the voltage is pro¬ 
portional to the conductor height, the 
curyes-'can- be applied to heights other 
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Figure 8. Ground gradient due to current in 
return streamer 

Stroke mechanism of Figure 4 (/=100,000 
amperes) 

than 50 feet. Both the time to crest and 
time to half value increase with stroke 
distance. They range from 2 to 20 
microseconds and 6 to 36 microseconds, 
respectively, for distances from 150 to 
1,600 feet. In Figure 12 are curves show¬ 
ing the maximum crest voltage induced on 
lines of various heights as a function of 
stroke distance. The maximum voltage 
which can be induced by a stroke with a 
current of 100,000 amperes arid the 
mechanism of Figure 4 is 970 kv for a 
100-foot conductor and 1,070 kv for 
both 50-foot and 25-foot conductors. The 
voltage is higher for the latter two, be- 




Figiire 9. Illustration of step-by-step method 
of graphically calculating voltage induced 
on transmission-line conductor 
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DISTANCE(X) ALONG LINE IN FEET 
FROM POINT CLOSEST TO STROKE CHANNEL 


Figure 10. Distribution of induced voltage 
along an infinitely long conductor 50 feet 
above ground at successive times after start of 
return streamer . 

Stroke mechanism of Figure 4 (/=100,000 
amperes), and stroke 300 feet from conductor 
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Figure 11. Maximum voltage induced on a 
conductor 50 feet above ground 

Stroke mechanism of Figure 4 (/=100,000 
amperes) 



Figure 12. Maximum crest voltage induced on 
a conductor as a. function of height above 
ground and distance from stroke channel 


Stroke mechanism of Figure 4 (/ = 100,000 
amperes) 

cause indirect strokes can occur closer to 
the line. 

The voltage curves of Figures 11 to 13 
are for a stroke current of 100,000 am¬ 
peres. The voltage, however, is directly 
proportional to the current for the stroke 
mechanism of Figure 4 since the charge, q, 
for fixed streamer velocities is also di¬ 
rectly proportional to the stroke current. 

Effect of Factors Differing From 
Basic Stroke Mechanism 

It is now possible to determine the 
accuracy Of the assumed basic stroke 

920 



Figure 13. Effect of stroke channel height 
upon induced voltage 

/ = 100,000 amperes 
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Figure 14. Mechanism assumed for strokes 
with upward ground streamers 


(a). When downward leader reaches dis¬ 
tance 2 L from ground, upward streamer is 
initiated with velocity, v, which distributes 
charge, q, along its channel 


(b). After streamers meet, return streamer 
propagate from meeting point with velocity, V, 
and annul distributed charge as they proceed 


mechanism and the effect of the varia¬ 
tion of the important factors. 

Height of Stroke Channel 

The only data 11 available pertaining to 
stroke channel height are that on cloud 
base heights. Although the cloud source 
of a stroke may not coincide with the cloud 
base, the effect .of stroke channel height 
is so small that the difference is not im¬ 
portant. For relatively flat terrain the 
bases of cumulo-nimbus or thunder 
clouds are usually higher than 1,000 feet 
with ah upper limit of about 30,000 feet 
and a niean of about 2,000 meters 
or 6,560 feet; Occasionally, however, 
strokes to ground occur from c umulu s 
clouds as low as 500 feet, and in moun¬ 
tainous regions the clouds may envdope 
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Figure 15. Effect of upward ground streamers 
on ground gradient during period of return 
streamer 

Mechanism of Figure 14 (I =100,000 amperes) 

peaks. The basic calculations have been 
made for the mean cloud height. Only 
low channel heights will give a significant 
variance from the calculations made for a 
height of 6,560 feet. 

For the same current and the typical 
streamer velocity of Figure 4 the mini¬ 
mum channel height for which the vari¬ 
ance from the mean stroke length can be 
neglected depends upon the distance from 
the stroke channel. For d equal to 150 
feet a 1,000-foot stroke gives a maximum 
ground gradient only ten per cent less 
than for the mean (6,560) height. For 
d equal to 300 feet, the corresponding 
height is, about 2,000 feet, and for d equal 
to 1,000 feet, about 4,000 feet. The per¬ 
centage effect of channel height on the 
crest value of the induced voltage is even 
less. In Figure 13 are shown the effect of 
cloud height upon the induced voltage 
for I equal to 100,000 amperes and a con¬ 
stant uniform distribution of charge and 
return streamer velocity, the total charge, 
of course, being proportional to height. 
The approximate minimum cloud heights 
for which only a ten per cent variance is 
produced in the crest magnitude of the 
induced voltage are if =500 feet for 
d=150 feet, H= 1,000 feet for d=300 
feet and if =3,500 feet for d= 1,000 
feet. One thousand feet is the maximum 
distance for which significant voltages 
will be induced on lines of practical 
* heights. Lower cloud heights do, how- 
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Figure 18. Percentage distribution curves of the effective downward 
velocity of initial streamers as determined from Boys camera data of 
Schonland, Malan, and Collens* 


Figure 16. Effect of upward ground streamers upon induced voltage 
wave for a 50-foot conductor 


a, left). Pilot streamer of first component 

b, right). Dart leader of subsequent multiple stroke components 


Stroke mechanism of Figure 14 (/ = 100,000 
amperes) 

ever, shorten the duration of the tail of 
the voltage as shown in Figure 13. The 
number of strokes to relatively flat 
terrain which will have low enough 
heights to cause a significant variance 
from the crest voltages calculated by the 
formulas of Figure 4 is very small. 

Charge Centers in Cloud 

As shown by comparison of Figures 5 
and 6, the ground gradient due to the 
charge in a single charge center, whether 
it be concentrated at a point or distrib¬ 
uted over a finite volume, is negligible 
compared to the total field during the 
period in which an appreciable voltage 
is being induced on a conductor. A large 
amount of charge in other regions of the 
cloud may produce an appreciable ground 
gradient but, so long as it is constant, 
cannot contribute to the voltage wave on 
the conductor. The probability of two 
simultaneous discharges occurring suffi¬ 
ciently close to affect the induced voltage 
wave is extremely small. 

Upward Streamers From Ground 


Upward streamers from ground which 
meet the initial downward streamers are 
probably seldom over a few feet (and 



TIMS-MICROSECONDS 

Figure 17, Successive peaks produced by a 
branch 


definitely not over 100 feet) in length for 
strokes to open ground or to relatively 
low objects. Calculations have been 
made of the effect of such ground 
streamers by expressions which can 
readily be developed from what is al¬ 
ready given in appendix I. The stroke 
mechanism assumed is shown in Figure 
14. It is assumed that the initial streamer 
from the cloud has the same character as 
the basic case given by Figure 4. When 
it reaches a height above earth of twice 
the ultimate height, L, of the ground 
streamer, a streamer is initiated from the 
ground and propagates upward at the 
same uniform velocity, », depositing posi¬ 
tive charge on its channel of the same 
density, q, as for the downward leader. 
When the two streamers meet, return 
streamers axe formed at the junction 
point which propagate in both directions 
at the uniform velocity, V —100 feet per 
microsecond. In Figure 15 are plotted 
curves of the electric field during the 
period of, progress of the return streamer 
for a 50-foot and a 100-foot ground 
streamer compared with the case of no 
ground streamer. After the return 
streamer has reached earth and thus dis¬ 


charged all of the positive charge on the 
ground streamer, the field is the same as 
for the case of no ground streamer for 
corresponding heights of the return 
streamer channel above ground. The 
curves of Figure 15 have been plotted 
with this corresponding portion coincid¬ 
ing for better comparison. Thus, the 
time of starting of the return streamer (or 
the zero for the time axis) in Figure 15 
must be shifted a different amount for 
each length of ground streamer to make 
the curves coincide. The black dots indi¬ 
cate the points of zero time for each case. 

The upward ground streamer decreases 
the maximum ground gradient. How¬ 
ever, calculations of the induced voltage, 
as shown in Figure 16, indicate that even 
streamers 50 to 100 feet long have little 
effect upon the crest magnitude of the 
induced voltage wave. A 100-foot 
streamer affects the crest only at dis¬ 
tances less than 300 feet. For some cases 
the field tends to increase before decreas¬ 
ing, and this produces a negative peak on 
the induced voltages. The higher effec¬ 
tive velocity of the return streamer during 
the initial period decreases the front of 
the wave somewhat. Since most ground 
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Figure 19, Comparison between negative 
voltage induced by dart leaders and voltage 
induced by return streamer 
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Figure 20. Percentage distribution curves of 
the effective upward velocity of the return 
streamer from Boys camera data of Schonland, 
Malan, and Collens* 
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streamers do not exceed a few feet in 
length their effect can be neglected. 

Irregularities in the Shape of the 

Stroke Path 

The basic mechanism assumes a 
straight vertical channel. For strokes 
whose mean path is about vertical, the 
tortuousness of the path is unimportant 
when the effective vertical velocity of the 
return streamer is used. Placing the same 
charge in a given vertical section of the 
channel also gives the same result, re¬ 
gardless of the shape of the path or dis¬ 
tribution. Strokes having an appreciable 
slant cause a greater variance when the 
channel is not in a perpendicular plane 
parallel to the line. If the base of the 
stroke channel toes toward the line, the 
magnitude of the ground gradient is 
smaller, and if it toes away, larger than if 
the channel were vertical. However, the 
rate of change of the ground gradient 
with time will be increased in the first 
case and decreased in the second case, 
producing a compensating effect on the 
induced voltage waves. Model tests 
indicate that those strokes which strike 
the ground near the transmission line 
have channels which are not attracted 
significantly toward the line. In any 
statistical analysis the only reasonable 
assumption is a vertical straight channel. 

Branching 

Schonland, Malan, and Collens 6 have 
found two characteristic types of branch¬ 
ing, those occurring high enough above 
ground that they do not reach the earth, 
and those close to ground which contact 
the ground and form additional channels 
at the stroke base. This type of branch¬ 
ing has been called by them “root branch¬ 
ing.” The branches leave the main 
channel at a distance of from 60 to 500 
feet above the ground and are from 60 to 



OROER OF OCCURRENCE OF STROKE COMPONENT 


Figure 21. Variation of average return- 
streamer velocity with order of occurrence of 
stroke component 4 

Each point is the mean of the indicated number, 
of records 
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150 feet apart at ground. Branches of 
the first type of appreciable length seldom 
reach lower than 2,500 feet from ground. 
Branching usually occurs for the first 
component of a multiple stroke, but 
appreciable branches are seldom present 
in successive components. Of 57 Boys 
camera 8 records of first components, 54 
had branching with an average of five 
branches each; and of 33 subsequent 
components, 14 had an average of one 
very short branch each while the rest 
had none. 

For strokes dose to transmission lines, 
“root branching” will exert some influ¬ 
ence on the induced voltage. However, 
the branches occur practically simultane¬ 
ously, and for a given configuration of 
branching an effective location can be 
determined where practically the same 
result will be obtained with a single 
channel. A higher voltage will be in¬ 
duced by an unbranched stroke at the 
same distance as the nearest branch. If 
the branches are all the same distance 
from the line, the difference will be negli¬ 
gible. As shown in the previous section, 
the character of the stroke within the 
first 100 feet of ground has little effect 
on the induced voltage. 

Branches 2,500 feet above ground will 
not appreciably affect the crest magiii- 
tude of the ground gradient or the crest 
magnitude of the induced voltage wave. 
They may, however, produce additional 
peaks on the voltage wave. In Figure 17 
is shown a calculation made for a horizon¬ 
tal branch 500 feet in length (the average 
recorded with the Boys camera 6 ), 2,500 
feet above ground and pointing directly 
toward the conductor which is 1,600 feet 
from the main stroke channel. The same 
uniform charge density is assumed for the 
branch as for the main channel. It is 
assumed that when the main return 
streamer reaches the branch, the branch 
•charge is lowered by a return streamer 
propagating at the same uniform velocity, 
F=100 feet per microsecond, as for the 
main channel. This case will produce an 
abnormally high current peak because 
of the direction of branching and the high 
relative charge density on the branch. 
For the case illustrated in Figure 17, a 
second peak of 110 kv is produced 33 
microseconds after the start of the return 
streamer. Its magnitude and time of 
occurrence will be practically the same for 
shorter stroke distances, so that, to deter¬ 
mine the effect of the branch at shorter 
distances, the increment due to the 
branching can . be superpo&ed on the 
voltage waves of Figure 11. For d equal 
to 1,600 feet, the second crest is 22 per 
cent higher than the first. However, for 
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d less than 1,000 feet, the second crest is 
less than the first. For most cases of 
branching, the second crest will be much 
smaller. Cathode-ray oscillograms of 
induced voltage waves showing such 
double peaks that were definitely not due 
to reflections on the line have been re¬ 
corded by Perry, Webster, and Baguley. 12 
The second crest was in all their records 
smaller than the first. 

Velocity of Initial Leaders 

In the basic stroke mechanism it was 
assumed that the charge was lowered 
uniformly onto the channel by a single 
downward moving leader with a constant 
current. For the first component of a 



HEIGHT OF TIP OF RETURN STREAMER ABOVE GROUND IN FEET 


Figure 22. Variation of return-streamer veloc¬ 
ity with height above ground for the five 
strokes recorded by Schonland and Collens 5 
for which this analysis could be made 

stroke the charge is lowered in steps, 
some of it by the pilot streamer and some 
by the stepped leaders. A continual proc¬ 
ess of recombination of the negative ions 
with positive ions is probably taking place 
along the channel. It is this process 
which very likely causes the building up 
of sufficient gradient along the channel to 
start each successive stepped leader. This 
fluctuation of charge and stepped leader 
current produces pulses in the ground 
gradient and has been recorded by Schon¬ 
land, Hodges, and Collens. 8 It is prob¬ 
ably more pronounced in records ob¬ 
tained at large distances but does not 
alter the mean field. This effect is hot 
present in the dart leaders of successive 
components, as these leaders are either 
continuous, or the pulses occur so dose 
together that they can be considered as 
continuous. Schonland, Hodges, and 
Collens 8 found evidence that in some 
cases the pilot streamer of first compo¬ 
nents slowed up considerably after propa¬ 
gating to within a certain distance 
above ground. However, the velocity of 
the leader over the whole stroke path was 
in all cases too low to induce voltage on a 
conductor. For most cases the pilot 
streamer velodty, although having ir- 
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(a). Voltage wave for A— 150 feet 



TIME IN MICROSECONDS 
<M 

(b). Voltage wave for A = 300 feet 

Figure 23. Effect of velocity, V, of return 
streamer upon voltage wave induced on con- 
ductor 

Uniform velocity is assumed and uniform distri¬ 
bution of charge along channel is varied for 
each case in order to maintain 1=100,000 
amperes 

regularities, had the same mean velocity 
over the entire stroke path. 

An initial leader velocity of 0.5 foot per 
microsecond was used for the basic cal¬ 
culations. In Figure 18 are percentage 
distribution curves, plotted from the 
Boys camera records of Schonland, 
Malan, and Collens, 6 showing the range 
of variation of the average effective verti¬ 
cal velocity of both the pilot streamer 
and the dart leader. These values (as 
were all vertical velocities) were calcu¬ 
lated from the two dimensional velocities 
obtained from the Boys camera photo¬ 
graphs by dividing them by 1.3 the aver¬ 
age ratio found 8 to exist between this and 
the straight line path on the film. Only 
the extreme upper range of the pilot- 
streamer velocities is high enough to in¬ 
duce appreciable voltage during this 
period of the discharge. The dart- 
streamer velocities are, however, high 
enough to produce a significant voltage. 
The most common value for this velocity 
is ten feet per microsecond and the upper 
limit is 50 feet per microsecond. 

In Figure 19 are plotted the voltages 
induced by leaders of these velocities on a 
conductor 50 feet above the ground at a 
distance of 300 feet. For dart-leader 
velocities of 10 and 50 feet per micro¬ 
second the crest magnitude of the nega¬ 
tive voltages are 14 and 63 per cent, 
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(c). Voltage wave for A = 600 feet 



respectively, of the subsequent positive 
crest voltage produced during the return- 
streamer period. For the extreme pilot- 
leader velocity of three feet per micro¬ 
second it will be about four per cent. 
The duration of the negative induced, 
voltage is about proportional to the veloc¬ 
ity of the leaders as shown in Figure 19. 

Velocity of Return Streamer 

Figures 20 to 22 give data on the range 
of variance of the velocity of the return 
streamer as obtained from Boys camera 
records. 4 - 6 Here also the one dimensional 
vertical velocity is considered. In Figure 
20 part of the data are for records for 
which only the average velocity for the 
total Stroke path could be determined, 
and part for records for which the average 
velocity of the initial bright luminosity 
portion could be measured. This is the 
portion of the stroke path below the 
first main branch. As shown by Figure 
20, the average velocity for the total path 
varies from 50 to about 330 feet per micro¬ 
second with a most common value of 
about 80 feet per microsecond. For the 
bright luminosity portion the range is the 
same with a most common value of about 
240, feet per microsecond. The data 6 
from which Figure 20 was plotted did not 
permit segregating the stroke components 
in their order of occurrence. This could 
be done, however, for some of the records 
as published earlier/ and in Figure 21 is 
shown the variation of average retum- 
streamer velocity With the order of occur¬ 
rence of the stroke component of a multi¬ 
ple stroke. The velocity of successive 
strokes is generally less than the previous 



(•) 


(e). Time to crest 



(f). Time to half value 


one with the initial component having the 
highest value. It has also been found 
that the stroke luminosity generally de¬ 
creases with successive components in 
the same manner, and that the higher 
velocities are associated with the higher 
luminosities. Stroke-current measure¬ 
ments show the same general trend, so 
that the evidence is quite strong that 
higher return-streamer velocities are 
associated with higher stroke currents. 
Also, the higher return-streamer veloci¬ 
ties of first components are associated 
with considerable branching. It is probr 
able that the increased ground gradient 
produced by the branches accounts for 
the higher velocities and stroke currents 
of first components. 

In Figure 22 axe plotted the velocities 
of five Boys camera records published by 
Schonland and his associates 6 for which 
the distribution of velocity along the 
channel could be determined. It is 
questionable that the base of the stroke 
channel below about 100 feet was re¬ 
corded. However, the crest magnitude 
and wave shape of the tail of induced 
voltages are not affected by the char¬ 
acter of the stroke mechanism at the 
base of the channel. This was well illus¬ 
trated by the effect of ground streamers, 
which would have the maximum effect 
of any condition which would occur at 
the base. The lowest portion of the stroke 
channel which need be considered in 
determining the crest magnitude and the 
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Figure 24. Effect upon voltage wave of return- 
streamer velocity varying along stroke channel 

Curve 1—Uniform charge distribution with 
streamer velocity given by solid curve of 
Figure 22 

Curve 2—Uniform charge distribution and 
uniform V“480 feet per microsecond 
Crest current * 100,000 amperes for both cases 

tail of the voltage wave depends upon the 
stroke distance from the line. For 150 
feet it is about 75 feet above ground, for a 
distance of 300 feet it is about 150 feet, 
and for a stroke distance of 600 feet, 
about 400 feet. In general, the abrupt 
decrease in velocity of the return 
streamers in Figure 22 is associated with 
the streamer reaching a branch point. 
It probably also varies somewhat between 
branches but not enough to be recorded. 
The maximum known effective vertical 
velocity is the 480 feet per microsecond 
of the stroke represented by the solid 
•curve of Figure 22. The maximum veloc¬ 
ity along the channel also occurred for 
this stroke and is about 600 feet per 
microsecond. 

Calculations have been made of the 
effect of return-streamer velocity on the 
induced voltage wave. In Figure 23 is 
shown the effect of velocity, with the 
■charge density so adjusted as to maintain 
the same stroke current. Increasing 
velocities decrease the crest magnitude, 
time to crest and duration of the voltage. 
As shown in Figure 23d, the effect on the 
crest voltage is most pronounced at the 
short-stroke distances and lower veloc¬ 
ities. For a stroke distance of 150 feet 
the upper limit of vertical velocity of 
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F=480 feet per microsecond causes a 
decrease in the crest voltage, as calcu¬ 
lated for V—100 feet per microsecond, 
of 44 per cent. At 300 feet it is 40 per 
cent and at 600 feet, 19 per cent. For 
greater distances the effect is unimpor¬ 
tant. However, the wave shape is affected 
more at large distances as shown in 
Figures 26 and 27. 

Calculations have also been made to 
determine the effect of velocity variation 
along the stroke channel. Figure 24 
shows a comparison of the voltage in¬ 
duced by a stroke having a uniform re¬ 
turn-streamer velocity, of 480 feet per 
microsecond and a uniform distribution 
of charge, q, and the voltage induced by 
a stroke with the same charge distribu¬ 
tion but the velocity given by the solid 
curve of Figure 22. The effect of varia¬ 
tion is small, producing a change in crest 
voltage of 14 per cent at d=150 feet, 
6 per cent at d = 300 feet and 8 per cent 
at d=600 feet. The variation has no 
effect on the front of the wave and little 
effect on the time-to-half value, although 
the extreme tail of the wave is decreased 
by the decreasing velocity. 

The variation of return-streamer veloc¬ 
ity along the stroke channel is not im¬ 
portant, because it does not vary greatly 
until it reaches the first branch point 
which is usually at least 2,500 feet above 
ground. As pointed out earlier, the char¬ 
acter of the stroke mechanism above this 
height has no important effect on the 
induced voltage. It is then the velocity 
of the bright luminosity portion or that 
below the first branch which should be 
used for voltage calculations. 

Variation or Charge Distribution 

Along Channel 

The two principal factors governing 
the stroke current flowing at ground are 
the charge distribution, q, and the return 


streamer velocity, V. The variations of 
streamer velocity of the five cases of 
Figure 22 are sufficient to account for 
the decrease of current recorded for the 
tails of lightning-stroke currents. Inde¬ 
pendent data regarding the time for the 
current at the ground to decrease to half 
value are given in Figure 25. The normal 
variance of this time is from 15 to 100 
microseconds, with an average of about 
50 microseconds. The solid velocity 
curve of Figure 22 would, for a uniform 
charge distribution, give a time-to-half 
value of 16 microseconds; the other 
curves give times of about 40 micro¬ 
seconds. 

Calculations have been made to deter¬ 
mine the effect of nonuniform charge 
distribution on the induced voltage wave. 
In Figure 26 are compared the voltages 
induced by a mechanism with a uniform 
charge and velocity distribution and by 
the same uniform velocity distribution 
but a charge distribution such that the 
current decays exponentially to half value 
in 40 microseconds. The effect on the 
induced voltage wave shape and crest 
magnitude is slight, as would be ex¬ 
pected since the charge cannot decrease 
greatly in the first 1,000 or 2,000 feet and 
still give the proper current wave shape. 

Rate of Discharge of Stroke Channel 

by Return Streamer 

In the fundamental stroke mechanism 
of Figure 4, it is assumed that, as the 
return streamer reaches a given height 
above ground, it immediately discharges 
all the charge on the channel at that 
point. It has been suggested by Bruce 
and Golde 14 that this is not the case. 
They believe that the charge, after being 
lowered onto a given section of the chan¬ 
nel by the initial leaders, spreads out 
radially and thus occupies a larger cross 
section than is immediately made con- 


Figure 25. Percent¬ 
age distribution 
curves of time-to- 
half value of light¬ 
ning-stroke currents 
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ducting by the return streamer. They 
further assert “that the darts associated 
with the leaders of first strokes result from 
lateral conduction from the initial phantH 
outwards as the tip progresses and the 
potential at each point behind it rises,” 
and that: “During the return stroke this 
ionization in each horizontal layer cannot 
be recombined instantaneously, since 
the lateral progression of this process will 
again take time.” 

Schonland 7 found that the duration of 
high luminosity at any point after it is 
reached by either the initial bright por¬ 
tion of the stepped leader (which Bruce 
and Golde refer to as the “dart leader”), 
or by the return streamer is of the order of 
five to ten microseconds. After this the 
luminosity suddenly diminishes. This 
is the period in which Bruce and Golde 
assume the channel to be widening out. 
Schonland 7 himself has pointed out that 
luminosity of this duration cannot be due 
to the excitation period of nitrogen (the 
principal element involved in the ioniza- 




Figure 26. Effect upon voltage wave of varia¬ 
tion of charge density along stroke channel 

Solid curve—Uniform charge distribution of 
1.02X10”* coulombs per foot 
Dotted curve—Exponential charge distribu¬ 
tion with maximum charge density of 1.02X 
10”* coulombs per foot at the ground and 
decreasing to half value 4,000 feet from 
ground to give current wave at ground with 
40 microsecond tail 

For both curves V=100 feet per microsecond 
and crest current=100,000 amperes 
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tion process). Its period is only about 
0.1 microsecond. 

Such lateral ionization may take place. 
However, even if the return streamer 
does (as shown in Figure 27) first blaze a 
conducting channel of smaller cross sec¬ 
tion than that occupied by the initial 
charge on the channel, positive charge 
must immediately flow onto the outer 
surface of the initial highly conducting 
channel to maintain it at the low poten¬ 
tial it will have by virtue of being in con¬ 
tact with the earth. For the ground 
gradient calculations, all of the return- 
streamer portion of the stroke channel 
can be considered as being at earth poten¬ 
tial as the arc drop is small. As shown in 
appendix II, the amount of positive 
charge on a given channel section re¬ 
quired to maintain the core of the return 
streamer at earth potential in the presence 
of estimated surrounding charges of the 
downward leader is at least 70 per cent 
of the negative chqrge left in the space 
not yet made conducting by the return 
streamer. Most of the charge is neutral¬ 
ized rapidly by recombination with 
charges rising in the ground leader; and 
even if a remaining charge exists, as 
Bruce and Golde purport, that is not 
immediately neutralized by this process, 
additional positive charge to the extent 
of at least 70 per cent is drawn into the 
section to maintain the arc core at earth 
potential. Thus, positive charge flows 
up the stroke channel at a rate deter¬ 
mined by the return-streamer velocity 
and charge density, q, on the stroke 
channel, and the effect is essentially the 
same as though the combination of the 
two sets of charges were consummated in¬ 
stantaneously. 

Positive Charge on Return-Streamer 

Channel 

The analysis of appendix II considers 
only the relationship the positive charge 
on the channel must bear to the negative 
charge in a horizontal section of the con¬ 
ductor. Symmetry about a vertical axis 



Figure 27. Diagram showing cross section of 
stroke channel 
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is assumed, and the end effects at the tip 
of the return streamer are neglected. 
Because of electrostatic induction with 
the negatively charged leader that has 
not yet been discharged, the upwardly 
extending channel and ground which are 
all at the same potential, do not have 
equal charge distribution. Thus, there 
must be a net distribution of positive 
charge on the upward streamer. If this 
charge were uniform, it would produce no 
effect on the induced voltage, as calcu¬ 
lated by the mechanism of Figure 4 for a 
fixed stroke current. For the same cur¬ 
rent, the negative charge on the stroke 
channel would have to be decreased by 
an amount proportional to the assumed 
positive charge, and the net field change 
with time would be the same. The den¬ 
sity of this positive charge on the return 
streamer should be greatest near the tip 
and should decrease down the channel. 
Thus, as the streamer is forming upward, 
the current at ground feeding the streamer 
will decrease with time. Since the varia¬ 
tion of return-streamer velocity alone is 
sufficient to account for the measured 
current wave shapes, the variation of 
charge along the stroke channel cannot 
be very great, especially for the first 1,000 
or 2,000 feet above ground. It probably 
does not produce so great an effect as the 
variation of negative charge for the case 
illustrated in Figure 26. 

Relation Between Maximum Induced 

Voltage and Voltage Propagating 

Along Line 

In the previous discussion only the 
voltage induced on the line at the point 
nearest the stroke channel, or the maxi¬ 
mum voltage, has been considered. For 
the range of variation of the several fac¬ 
tors controlling the induced voltage, the 
ratio between the voltage which propa¬ 
gates away from this point and the maxi- 



CREST CURRENTS IN THOUSANOS OF AMPERES 

Figure 28. Percentage distribution curves of 
crest currents at ground in lightning strokes as 


obtained by various investigators 
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Figure 29. Crest of induced 
voltage wave as a function of 
stroke current, distance from 
channel, and* height of con¬ 
ductor 


CREST VOLTAGE-KILOVOLTS 


mum (as illustrated in Figure 10) is never 
less than about 0.8 and is usually greater 
than 0.9. Thus, for practical purposes 
it is considered best to use the maximum 
voltages for both cases. 

Summary 

The foregoing analysis shows that 
induced voltages on transmission lines 
can be calculated to a good degree of 
accuracy by the stroke mechanism of 
Figure 4 where the distribution of charge 
and the return-streamer velocity is as¬ 
sumed constant along the channel. These 
are the primary factors determining the 
voltage wave shape and magnitude, and 
they in turn determine the stroke current. 
Wave shape is little affected by anything 
but the return-streamer velocity as sum¬ 
marized in Figures 23e and 23f. As shown 
in Figure 23d, the effect of velocity upon 
the crest voltage may be considerable, 
but it can be taken into account to a good 
degree of accuracy. The velocity in¬ 
creases with the magnitude of the stroke 
current. The exact manner in which it 
does is not known. However, if the 
measured range of the velocity and the 
stroke current are each divided into only 
three equal ranges, and a mean velocity 
used for each current range, the voltage 
can be calculated to good accuracy as a 
function of. the crest stroke current only. 

Figure 28 gives what is considered to 
be the best mean probability curve on the 
relative crest magnitudes of currents in 
lightning strokes. The maximum current 
which has been reliably measured is 
160,000 amperes. 10 In Table I is shown 
the segregation of stroke current and 
return-streamer velocity into the three 
ranges together with the mean velocities 
for each range. Correction factors, deter¬ 
mined from Figure 23d, applicable to the 
mean velocities for different distances, 
are also given in Table I. In Figure 12 
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are given crest voltage curves based on a 
stroke current of 100,000 amperes and a 
streamer velocity of 100 feet per micro¬ 
second. The curves of Figure 12 can be 
used for calculating the induced voltage 
as a function of crest current, together 
with the equation and the mean correction 
factors of Table I. In this manner the 
curves of Figure 29 were obtained which 
give the induced voltage as a function of 
stroke current for various conductor 
heights and stroke distances. 

Effect of Other Conductors and 
Line Terminal Conditions 

As has been shown previously, 27 the 
voltage induced on an ungrounded con¬ 
ductor is not affected by the presence of 
other ungrounded conductors. Ground 
wires, which axe perfectly grounded so 
that their potential remains at zero at all 
points, reduce the voltage induced on a 



Figure 30. Probability of occurrence of in¬ 
duced voltages 

Isokeraunic level=30 
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conductor by the factor (1 —K), where K 
is the coupling factor between the con¬ 
ductor and the ground wires. 

However, for long spans and strokes of 
high current magnitude occurring close to 
the line, appreciable voltage appears for 
a short time on the ground wire. Con¬ 
sider for example, a line with 1,000-foot 
spans and a ground wire 100 feet above 
ground. As shown by Figures 29 and 
23e, a voltage of 975 kv with a 1.2- 
microsecond front can be induced at 
mid-span. The rate of rise is too rapid 
for the reflection from the towers to limit 
the crest appreciably. Approximately 
the same potential is induced on both 
conductor and ground wire. Until the 
waves reach a tower, there is little poten¬ 
tial difference across them. Upon reach¬ 
ing a tower, the voltage wave on the 
ground wire is reduced sharply, and thus 
the voltage across the string of insulators 
is practically the same as though there 
were no ground wire present. For shorter 
spans, reflections on the ground wire in¬ 
duce voltages on the conductor that re¬ 
duce the crest voltage, the limiting value 
to which they can be reduced being 
(1 — K) times the original value as men¬ 
tioned above for the ground wire grounded 
at many points. 

It is interesting to note that the voltage 
induced on the ground wire for this case 
can produce appreciable positive current 
in the towers. For an incident surge, e, 
propagating to a tower whose footing 
resistance is R, the current, i t , flowing 
down the tower before reflection can 
arrive from other towers is 
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where Z is the surge impedance of the 
ground wire, or the effective surge im¬ 
pedance if there are several. For one 
ground wire Z is about 500 ohms; for 



Figure 31. Foust and Menger 20 formula for 
determination of attenuation of crest magni¬ 
tudes of voltage waves 
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two, about 350 ohms. The maximum 
current would occur if R — 0. Then for 
the case being considered i t would be 
3,900 amperes for one ground wire and 
5,600 amperes for two ground wires, 
respectively. This represents the upper 
limit of the current which can be induced 
in the tower of a high-voltage line. 

For lines of finite length or containing 
points of discontinuity such as connected 
apparatus at various points along the line, 
the voltage will, of course, be modified by 
reflections. These can be taken into ac¬ 
count by conventional traveling wave 
theory in which the initial incident wave 
is that considered here. 

Probability of Induced Surges on 
Transmission Lines 

Number of Induced Surges Origi¬ 
nating on Each Mile of Line 

With a knowledge of the stroke density 
for a given region or the number of strokes 
originating from each square mile of sky 
area, it is now possible to determine the 
number of surges of a given crest magni¬ 
tude which will be induced on a line. An 
average value for the stroke density in a 
region of flat terrain where the isoke- 
raunic level averages about 30 storm days 
per year has been found to be ten strokes 
per square mile. 18 This value and the 
curve of Figure 3 determine the number 
of strokes which strike ground within 
finite bands a given distance from each 
side of a line of a given height. Figure 
28 determines how many of such strokes 
have a current magnitude of a given 
value, and Figure 29 how much voltage 
each induces. By dividing the ground 
(from the minimum distance from the line 
for which strokes will strike earth to the 
maximum distance for which significant 
voltages will be induced) into such finite 
bands parallel to the line and adding up 
the number of strokes in each band which 
will produce voltages of a given value, 
probability curves such as given in Figure 
30 are obtained. The curves of this 
figure give the number of surges exceeding 
each magnitude which is induced at the 
point nearest the stroke channel per 100 
miles of transmission line. 

The curves of Figure 30 indicate, as has 
been pointed out previously, 1 ® that the 
number of surges of a significant magni¬ 
tude which are induced on a transmission 
line is of the same order of magnitude as 
the number of strokes which strike it 
directly. Waldorf 15 has found that on the 
average 100 direct strokes per mile per 
year can be expected to lines in the volt¬ 
age class between 66 and 220 kv with 
line heights of from 60 to 110 feet and in 
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regions of the same isokeraunic level as 
given for Figure 30. 

The curves of Figure 30 can be used for 
determining the number of times flash- 
over may occur on a line at points re¬ 
mote from the ends where reflections do 
not modify the surge voltage. As can be 
seen from Figure 23f, for distances at 
which voltages sufficiently great to pro¬ 
duce outages (above about 300 kv) are 
developed, the time to half value varies 
between 5 and 20 microseconds. The 
critical flashover voltages for waves of 
this character are from 10 to 30 per cent 
higher than for a standard l l /i X 40 wave. 
Thus, for a 50-foot line with a critical 
standard impulse value of 300 kv, it is 
equivalent to 330 to 390 kv on the shorter 
waves. From Figure 30 this will produce 
about five outages per 100 miles per year 
due to induced voltages. 

The data of Figure 30 must be dis¬ 
tinguished from the total number of 
surges exceeding each magnitude which 
will appear at each point on the line, due 
not only to those originating at the point, 
but also to those propagating from other 
points. If it were not for attenuation and 
reflections, this would be equal to the 
number per mile times the length of the 
line in miles. Attenuation is a function 
not only of voltage magnitude but also 
of wave shape. However, an estimate of 
the probability of surges of various magni¬ 
tudes appearing at any one point on a line 
can be made with the use of the empirical 
decrement curve of Figure 31. This 
curve 20 represents the mean of records 
obtained on the attenuation of lightning 
surges. The length of the line and ter¬ 
minal conditions, of course, affect the 
magnitude of the surges, so that they vary 
for different line conditions. Each par¬ 
ticular line can be studied by traveling 
wave analysis. Use Figure 30 to deter¬ 
mine the number of surges of each magni¬ 
tude originating from each section of line 
aud Figure 31 to determine its magni¬ 
tude after propagation. However, two 
conditions are sufficiently representative 
that they can be applied to most cases. 

Number of Surges at Point Remote 
From Ends of Line 

The first of these is the case for which 
the line is sufficiently long in both direc¬ 
tions from the point under consideration 
that it can be considered as infinite. 
Voltage probability curves calculated for 
this case are given in Figure 32. These 
were determined by dividing the line on 
each side of the point being considered 
into one-mile sections, after deciding from 
Figure 30 the number of surges of each 
magnitude which will originate from each 
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section, and from Figure 31 their magni¬ 
tude by the time they reach the point. 
A mean distance is assumed for each sec¬ 
tion. The accuracy of these curves for 
lines of finite length depends upon the 
voltage being considered. Figure 31 in¬ 
dicates that no induced surges in excess 
of 100 kv propagate more than 40 miles; 
for 200 kv, 25 miles, and for 400 kv, only 
10 miles. Thus, the length of line for 
which these curves may be used varies in 
an inverse manner with the voltage. For 
voltages less than 100 kv, the attenuation 
is so small that for estimating purposes 
the number of surges of such magnitudes 
can be considered as proportional to line 
length and determined directly from 
Figure 30. These curves are based upon 
the premise that none of the surges reach¬ 
ing the point under consideration pro¬ 
duced flashover before reaching the point. 

Number of Surges at Open End of 

Long Line 

If a line is open-circuited at its end, 
the magnitude of the crest voltage at the 
end is twice that of the incident surge. 
This is approximately true for lines with 
transformers connected to the end. Also, 
since the line extends in only one direc¬ 
tion from the point under consideration, 
only half as many surges can originate 
from a given distance from the end as for 
the previous case. The probability curves 
of Figure 33 were, therefore, obtained 
from those of Figure 32 simply by picking 
a particular voltage, doubling it, and 
assignihg to it one-half the number per 
year as read from the curves. 

Comparison With Field Data 

There are very little field, data on 
lightning-surge voltages for which the 
induced surges can be segregated from 
those produced by direct strokes. From 
the data submitted by Cox, McAuley, 
and Huggins, 21 the authors have chosen 
the Klydonograph records obtained at 
the ends of four long lines of voltage class 
of 110-140 kv without ground wires. 
Only those records that did not produce 
flashover were included. The results are; 
plotted by the dotted line of Figure 33. 
Undoubtedly some of the high-voltage 
records were due to direct strokes, and at 
low voltages some surges were not re¬ 
corded because of the lower limit of sensi¬ 
tivity of the instrument. 

Conclusion 

The velocity of the initial downward 
leader of lightning strokes is too slow to 
produce significant voltages on trans¬ 
mission lines by induction. Only the 
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Figure 32. Probability of occurrence of in* 
duced voltage at a point remote from the ends 
of a line 


Maximum voltage which can appear: 

h = 25 feet — 925 kv 
h= 50 feet—950 kv 
100 feet—975 kv 


stroke channel to the point at the ground 
under consideration nor the magnetic effect 
on the electric field need be considered. 
However, for the period in which the intense 
return streamer is propagating up to the 
cloud, the rapid rate of propagation and 
high current in the return streamer require 
the use of electrodynamic equations. 

The general solutions to Maxwell's 
dynamic field equations are given in the 
practical system of units by the following 
equations: 



/-M-7 


Vp, t —9X10 U / C dv 

(2) 

Jv r 


Ep, t -VF-10-®^ 

OI 

(3) 

where 



return streamers are of importance. The 
voltages produced by the latter can be 
determined to sufficient accuracy by 
representing the return streamer as a 
vertically propagating conductor whose 
tip moves with uniform velocity, neutrali¬ 
zing, as it progresses, the uniformly dis¬ 
tributed Charges on the initial Streamer. 
In spite of the high currents and the short 
duration of the return streamer, only the 
charge and not the high rate of change 
of the current is important. The voltages 
so produced are proportional both to the 
height of the transmission-line conductor 
and the crest of the current in the stroke 
at ground. It has been found possible to 
represent strokes by the characteristics 
enumerated in Figure 4. Of all the fac¬ 
tors considered, only variations in veloc¬ 
ity of the return streamer affect induced 
voltages significantly. Return-streamer 
currents vary with the magnitude of 
stroke current. By choosing the proba¬ 
bility of occurrence of stroke currents 
and corresponding return-streamer veloci¬ 
ties, the probability of occurrence of 
induced voltages as a function of their 
magnitude can be determined. Although 
the voltages induced by lightning on 
transmission lines may be quite high, 
those of sufficient magnitude to produce 
flashover oc&m so infrequently as to be of 
little practical importance. 

Appendix I. Equations for Elec¬ 
tric Field Produced at Ground by 
Lightning Strokes 

During the period in which the initial 
leaders are propagating toward earth, the 
change of electrical conditions with time 
are slow enough that neither the Velocity of 
propagation of the disturbance from the 
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dv is a differential element of volume 
r is the distance from P to the differential 
volume (dv) 

c is velocity of light (3X10 10 centimeters 
per second, or 984X10® feet per second) 
t is time in seconds 
q is charge density 

A P , t is retarded magnetic vector potential 
V P , t is retarded scalar electric potential in 
practical volts 

E P , t is electric field in practical volts per 
centimeter 

The quantities A, V, and E are given at the 
point P as a function of time when the inte¬ 
gration is carried out over all space occupied 
by charge except at r=o, The retarded 
values of i and q, [i] t - r /c and \q)t- T /c are 
their values at the time (t—r/c) at which 
they produce the field disturbance at P at 
the time t. The ratio r/c is the time required 
for the disturbance to propagate the 
distance r at the speed of light. 

1. Electric Field 

Before Start of Discharge 

It is assumed that, as shown in Figure 
4a, the charge in any one charge center is 
confined to a small volume which can be 
represented by the point charge, —Q 0 , and 
that the earth's surface is a perfectly con¬ 
ducting plane as represented by the image 
charge, +<2 0 . For this static case the field 
at the point P has only the vertical com¬ 
ponent given by the equation where dimen¬ 
sions are expressed in feet. 

_ 5.9X10 10 i?Q 0 ’ 

E V0 = volts per foot w 

2, Electric Field Produced by Stroke 
With No Initial Upward Streamer , 
From Ground 

During Progress of Downward Leader 

As shown, in Figure 4b, it is assumed that 
the charge, —Q 0 , is lowered onto the stroke 
channel by the initial leader at a uniform 
rate given by the leader velocity, v, and the 
uniform charge density, — q, per unit length 
of the channel. Thus, if z is the length of 
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the initial streamer channel at a time, t, as 
measured from the start of the leader 

■ (5) 

The current flowing in the channel is 
iesqv 

The charge left in the charge center is 

-Q- -(Q 0 -ti) - (Qo-q?) 

The effect of the ground plane for all of 
the following cases is represented by an iden¬ 
tical motion of the image charge along the 
image channel. This is accounted for by 
merely multiplying the field due to the real 
cloud charges or currents by two. The initial 
streamer current and the initial streamer 
velocity relative to the speed of light are so 
small that the magnetic contribution to the 
electric field and the retarded potential effect 
need not be considered. 

The field due to the charge left in the 
cloud is 

5.9Xl0 l0 (O—*f) 

- W +d ^' ' VOltS per foot (6) 

The field due to the charge on the leader 
is, when dimensions are in feet, 

E W = 5.9X10 10 r**=*d. (7) 

Jo r * 

If the charge distribution, q, is uniform 
£„=5.9X 101 "s£ (s , _ 2 /f, + ffi +( p)V. “ 

(HhU'/. ] volts Per ,00t <8) 



OREST KILOVOLTS 

Figure 33. Probability of occurrence of in¬ 
duced voltage at the end of an open-circuit 
line 

Solid curves are calculated 
Dotted curve is result of Klydongraph 
measurements 11 

Maximum voltage which can appear: 

/>= 25 feet—1,850 kv 
h «* 50 feet—1,900 kv 
/)=100 feet—1,950 kv 
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^^tion of time is obtained by the 
^ t»f equation 5. The total field 
» r ^ss of the downward leader is 

(9) 

'distant the downward leader 
e &rth Q is zero and 


dA« &A V dy 

-=-S -, 

dti dy dti 
Thus 




6.08X10- 8 /[l+y(y 8 +d a )- 1 ^] dy 
y-j-\/y a -j-d a 


volts per foot (10) 

1 °cress of Return Streamer 

* a ut thatthe initial leader reaches 
* e turn streamer shown in Figure 
^vvard at the velocity, V, instan- 
lischarging each portion of the 
0,1 reaching it. The velocity is 
1 (0.1 to 0.6 that of light) so that 
potential effect must be con- 
• > 'vvever, since the return streamer 
■the initial streamer charge, the 
vvhere q is changing at any in- 
tie return-streamer tip whose 
designated by y. Thus, for a 
t, y, of the return streamer, the 
electric charge can be expressed 
8 upon the substitution 


volts per foot (16) 

From equations 12 and 13 for uniform veloc¬ 
ity, V. 


cy-c Vh — V's/y*+d * 

and for the particular case in which F=»0.1c 

y ■» o. 10101c/i - V 0.000102^!*+O.OlOld* 

feet 

f-0.10101, - °-° 001 ° 2 ^ 

V 0.000102c 2 ii*+0.0101d s 
feet per microsecond (17) 

E yi as a function of time can thus be deter¬ 
mined from equations 16 and 17. 


Appendix If 


° 10fl L(y*+d t ) ,/! 

volts per foot (11) 

t% (as measured from the start 
u streamer) at which the gradi- 
iven by equation 11 for a certain 

3 



/ 'd a -\-y 1 seconds (12) 


lie time required for the return 
reach the height y. For a uni- 


seconds 


(13) 


'ieu> Caused by Current in 
Streamer 


The negative charge lowered by the initial 
downward leader may be distributed oyer a 
section that is considerably larger than the 
core of the upward streamer. Since the 
upward streamer is essentially at ground 
potential, to maintain this potential a posi¬ 
tive charge must move from earth to neutral¬ 
ize the effect of the negative charge. The 
magnitude of the positive charge can be 
determined as follows: Assume the negative 
charge lowered in the streamer to have cir¬ 
cular symmetry of density —q\ per square 
centimeter per centimeter length and that 
the radius of the arc core of the return 
streamer is r a . Without invalidating the 
general conclusions, the earth may be repre¬ 
sented by a cylinder of large radius, R, 
symmetrical about the streamers. End ef¬ 
fects will be neglected. Both the earth 
cylinder and the return streamer are at 
zero potential. 

The charge on an elemental ring of radius, 
ft, and thickness dr t is (—2ftgidft) or dQj. 
The field due to this charge external to ft is 


t>y equation 1 and Figure 4c, 
potential at P caused by the 
ribution of current, -f/, flowing 
he return streamer channel and 
-T, is 

~*dy 

ft 


y-V\/y*+d 2 


(14) 


jC 3.ent of the units of length used 
y component of A which con- 
T Jf/ . Furthermore, its other com- 
jge* 0 - From equation 3 


3 >£y 
Dh 


volts per centimeter 


dA 

><C "TT volts per fbot (15) 
dl] 


E r = 


2dQ, 


(18) 


The potential of this ring above the outer 
cylinder is 


7, 


. r^ ir 

Jr r 


*2dQi log Y ~ 
K 


(19) 


The potential due to the charge in the ele¬ 
mental ring for all points within ft, including 
the upward leader, is also equal to Vi. 

Let dq u be the charge in the return 
streamer required to neutralize the negative 
charge on the elemental ring. The potential 
of the return streamer above the outer 
ground cylinder is 


V u - 



log A 


( 20 ) 
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since the potential of the return streamer is 
zero. 


Vi+ v u = 0= 2dQi log ~ +2dq u log ^ (21) 

K A 


and 

, R 


log - 

dq u =dQi 

ft 

. R 


log — 


a 


To form an idea of the magnitude of this 
quantity, let R equal 200 feet and r a equal 
0.5 centimeter or 0.016 foot; then for r 
equal to one foot the positive charge is 
0.56 of the negative charge; for six inches, 
0.635; for three inches, 0.71; for one inch, 
0.79; and for 0.016 foot, 1.0. If the density 
varies inversely as the distance, the incre¬ 
mental charges in incremental rings of equal 
thickness are equal, and if the radius of the 
space occupied’by the charge in the down¬ 
ward leader is one foot, then the above values 
should be averaged over the radius, result¬ 
ing in a positive charge about 70 per cent 
of the negative charge. If the radius is not 
so great, or the core has greater diameter or 
the charge is concentrated nearer the center 
(which is probably the case) this value 
would be larger. 
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Synopsis: Since the author’s 1939 paper, 1 
further data have been obtained regarding 
the loading of underground power systems 
having impregnated-paper-insulated lead- 
covered underground cable. The results of 
the studies may be summarized as follows: 

1. The factors affecting the setting of maximum 
safe conductor temperatures are so numerous that 
no fixed value (or values) can be assumed as ap¬ 
plicable to all installations of a given design and 
size of cable in this country. 

2. For some cables, the present temperature limits 
for normal day-in and day-out operation may be 
safely exceeded, especially for wartime conditions. 

3. For emergency operation safe temperatures 
piny be even higher than listed in the previous paper, 
especially for wartime operation. 

4. Operation in wartimes at special temperatures 
will mean in some cases substantial shortening of 
the life of underground circuits and an accompany¬ 
ing increase in service interruptions. 

5. Wartime increases in usual maximum daily 
loading and in load factors may cause large in¬ 
creases in duct and copper temperatures, even if past 
current ratings are maintained. These temperatures 
will sometimes exceed those in the present stand¬ 
ards. 

6. The safe temperature for emergency operation, 
particularly for extra-high-voltage cables, may be 
limited by the joints. Also, for all kinds of cable 
sufficient room must be provided to avoid mechani¬ 
cal damage of cable or joints in manholes with 
cable movements incidental to emergency loads. 

7. Cracking of lead sheaths‘due to reciprocating 
cable movement into manholes may limit the tem¬ 
perature range for usual daily loading, but has little 
effect on the safe emergency loading. 

8. For three-conductor solid-type cable, the insula¬ 
tion of the shielded type can safely withstand higher 
temperatures than the belted type, but the reverse 
is true as to the allowable daily temperature range 
with regard to its effect on the sheath in manholes, 

9. Cable movement increases with length of con¬ 
duit sections up to about 250 feet but shows little 
change with further increases in length up to 1,025 
feet.. 

10. Changes in installation methods and the use of 
new types of repairs may help to mitigate troubles 
due to sheath cracking, 

11. Copper shielding tape in three-conductor cable 
with relatively thin insulation has little effect in 
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reducing the thermal drop from the conductor to 
the sheath. 

12. In some cases considerable thermal advantage 
may be gained economically by making relatively 
deep installations of conduit. 

13. In most cases, the maximum conduit tempera¬ 
ture of 50 degrees centigrade given in the previous 
paper may be safely exceeded. 

T HE 1939 AIEE paper, “Load Ratings 
of Cable,” by the present author 

(a ). Brought out mainly that the tempera¬ 
tures and allowable loading of underground 
cable during occasional emergencies could 
safely be considerably above the past ac¬ 
cepted practices. 

(6). Presented a large amount of detailed 
data on the limitations due to various fac¬ 
tors for different underground cables and 
conduit systems. 

The current war effort and attendant 
problems on conserving critical materials 
and labor have increased the importance 
of this general subject. This paper pre¬ 
sents data that are extensions of investi¬ 
gations covered in the previous study and 
new investigations. 

As a general proposition one cannot be 
dogmatic about the allowable tempera¬ 
tures for a given underground cable cir¬ 
cuit. Factors affecting the decision in¬ 
clude age and condition of the cable and 
accessories, effect of heat on the proper¬ 
ties of the materials in the circuit, magni¬ 
tude of usual daily temperature range, 
size of manhole and training of cable 
therein, frequency of emergency loading, 
past history of loading of cable, relation 
of temperature and temperature range 
for normal loading to temperature and 
temperature range for emergency loading, 
number of cables in conduit, allowable 
conduit temperatures, thoroughness of 
field inspection and maintenance work, 
desired life of the underground circuit, and 
desired reliability of service. One factor 
or set of factors may allow one loading 
while another factor or set of factors 
for the same cable may allow less loading. 
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The main purpose of this paper is to 
present data that, taken along with the 
data in the first paper and other avail¬ 
able information, will aid in deciding the 
allowable normal and emergency loading 
for a given cable or system of cables of 
one design. The data are presented in 
three parts: 

I— Limitations Due to the Insulation. 

II— Limitations Due to the Sheath. 

III— Heating Characteristics of Cables and 
Conduits. 


I. Limitations Due to the 
Insulation 


Effect of Heat Alone 


Since the quality of wood-pulp paper 
as manufactured had improved since the 
period of *1920-30 when many tests were 
made in this country on the effect of high 
temperatures, it was decided to make 
further tests. In this series, samples of 
complete cables of recent manufacture 
were used in order to make the test con¬ 
ditions more nearly comparable to those 
encountered in service, instead of using 
paper tapes as had been usually done in 
the past. 

The samples were 30-inch pieces of 
three-conductor500,000-circular-mil solid- 
type cable from five manufacturers. The 
ends of each sample were cut square and 
immediately covered with lead foil which 
was bound to the sheath with fine copper 
wire. A lead cap, previously spun to fit 
the cable, was then placed over each end, 
beaten to close onto the cable, and 
sealed to the sheath by lead burning. 
Tests showed that this method of sealing 
practically eliminated contamination of 
the ends of the sample during preparation 
and also reduced to a negligible quantity 
the amount of air trapped between the 
seal and the cable end. 

The samples to be aged were placed in 
ovens—some at 100 and some at 125 
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Figure 1. Effect of high-temperature aging on 
physical strength of impregnated-paper insu¬ 
lation (solid-type) 
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Table I. Changes in Power Factors During Various Heating Periods for Experimental Oil-Filled 

Cable 





Change in Power Factor 


' ' 

Tem¬ 

pera¬ 

ture 

Room Temp (15 Kv) 

Room Temp (95 Kv) 

Elevated Temp 
(15 Kv) 

Elevated Temp 
(95 Kv) 

Step— 

C Weeks 

Mini¬ 

mum 

Maxi¬ 

mum 

Mini¬ 

mum 

Maxi¬ 

mum 

Mini- Maxi¬ 
mum mum 

Mini¬ 

mum 

Maxi¬ 

mum 

70.. .. 27.. 

80.. .. 24.. 

90.. ..115.. 
100.... 34.. 

. 0.0001. 
.-0.0001., 
.-0.0009. 
.-0.0007., 

..0.0005. 
, .0.0003. 
..0.0008. 

. .0.0011. 

.. 0 

..-0.0006 
..-0.0007 
.. -0.0001 

...0.0013.. 

...0.0005.. 

...0.0005.. 

...0.0003.. 

.-0.0007...0.0002. 
.-0.0004...0.0008. 
.-0.0014...0.0031. 
.-0.0032...0.0004. 

..-0.0003.. 

..-0.0005.. 

..-0.0007.. 

..-0.0004.. 

.0.0014 

.0.0005 

.0.0013 

.0.0006 


degrees centigrade. The effect of aging 
upon the paper insulation was determined 
from measurements of 

(a). The radial power factors of the tapes 
(ft). The tearing strength of the tapes. 

The power-factor measurements were on 
circular areas of single tapes, one half 
inch in diameter and were made at 60 de¬ 
grees centigrade and 50 volts per mil. 
For each sample of cable the power 
factor of the tapes was measured along a 
radial path from one conductor to sheath. 

The measurements of tearing strength 
were made with an Elmendorf tearing 
tester, four to eight pieces of tape being 
placed together and tom longitudinally 
at the same time. The tapes were tested 
immediately after removal from the cable 
under normal room conditions of tem¬ 
perature and humidity. This seemed war¬ 
ranted since a preliminary investigation 
showed that variations in relative humid¬ 
ity between 20 and 50 per cent had showed 
that variations in relative humidity be¬ 
tween 20 and 50 per cent had no appreci¬ 
able effect on the test results so long as 
the tapes were tested soon after removal 
from the cable without removing the 
impregnating oil. 

The changes in tearing strength of the 
paper tapes after various amounts of 
aging are shown by Figure 1. These data 
show that for most modem cables, sub¬ 
jection to a temperature of 100 degrees 
centigrade for 12 months produces neg¬ 
ligible depreciation in physical strength 
of the paper tapes, the average decrease 
in tearing strength being only 4.6 per 
cent, as compared with a decrease of 40 
per cent in 10 months for the tests re¬ 
ported in 1926-29 by the Massachusetts 
Institute of Technology . 2 

At 125 degrees centigrade, however, the 
average deterioration in tearing strength 
after five months’ aging was 43 per cent. 
At this temperature the rate of decrease 
in tearing strength of recent paper ap¬ 
pears to be 6 f the same order as was found 
in the 1926 tests. The recent and other 
tests have shown that-tapes which have 
decreased more than 50 per cent, in tear¬ 
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ing strength are usually so brittle that 
their useful life in cable may be considered 
ended. 

The effects of aging on the average 
power factors of the tapes are shown by 
Figure 2. For some samples, heating at 
100 degrees centigrade for 12 months or at 
125 degrees centigrade for five months 
produced no appreciable change in aver¬ 
age power factor. For the best samples, 
the radial power-factor curves also re¬ 
mained completely flat throughout the 
tests, with no indications of the common 
upturns adjacent to the conductor and 
sheath. For the worst sample, the power 
factor of all conductor tapes increased from 
0.0025 to about 0.01 after 12 months’ 
aging at 100 degrees centigrade; and 
after five months at 125 degrees centi¬ 
grade, some of the inner tapes had power 
factors as high as 0.05. In general, such 
increases in power factor would not result 
in a cumulative heating condition for 
solid-type cable within the present general 
range of usage but might lower the carry¬ 
ing capacity of the higher-voltage cable 
by a few per cent. 

These data indicate that from the. 
standpoint of deterioration due to heat 
alone, the maximum safe temperature for 
modem impregnated-paper insulation is 
limited by depreciation in physical 
strength of the tapes rather than by 
changes in electrical properties. For low- 


a ///-z 



Figure 2. Effect of high-temperature aging on- 
power factor of impregnated-paper insulation 
as determined from averages of radial power- 
factor curves at 60 C 
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voltage cables where the electrical stresses 
are too low to have any appreciable effect, 
therefore, it appears that the insulation 
could be safely operated almost con¬ 
tinuously at conductor temperatures of 
90 or 100 degrees centigrade without ex¬ 
cessive deterioration; and temperatures 
as high as 125 or about 140 degrees centi¬ 
grade during emergencies would be 
reasonable. The higher limits (100 and 
140) would apply for wartime conditions. 
“Emergencies” or “emergency loading” 
in this paper means extra heavy loading 
that would occur on the average of one 
day per year. 

Oil-Filled Cable 

The 1939 paper included data on tests 
of three 1 , 000 -foot installations of experi¬ 
mental single-conductor oil-filled cable 
that was being subjected to high tempera¬ 
tures. This cable was installed in conduit 
and subjected to 76 kv to ground by 
means of a tap to a 132-kv three-phase 
overhead line. After a net time of 8 V 2 
years of testing, the cables were removed, 
and extensive investigations were made on 
samples from various locations. 

The three cables are identified as 
22-0.386, 5-0.400, and T-0.500, the num¬ 
ber in each case being the insulation 
thickness in inches. Cable 22-0.386 had 
oil feed through both a hollow core and 
flutes in the inside surface of the sheath, 
while the other two cables had oil feed 
through a hollow core only. 

As indicated in the earlier paper, the 
conduit in which these cables were in¬ 
stalled was in a very abnormal location 
and had unexpectedly large variations 
longitudinally in heating characteristics. 
As a result, the cables were subjected to 
widely different temperatures longitudi¬ 
nally. The temperatures were determined 
from direct resistance measurements of 
the average conductor temperatures at 
two- to three-week intervals and by 
measurements of longitudinal variations 
in duct temperature on two dates. As a 
result of this nonuniform temperature 
distribution, samples of cable were avail¬ 
able that had been subjected to maximum 
conductor temperatures ranging from 95 
to 140 degrees centigrade and to periods of 
heating to 100 degrees centigrade or 
higher ranging from 0 to 27,000 hours. 
The heating to which each of the three 
cables was subjected at the hottest and 
coolest locations along the conduit is 
summarized in Figure 3.. 

After 8 X A years of testing, cable 
22-0.386 failed because of overheating at 
the hottest part of the duct run. Figure 
4 of the previous paper shows how the 
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Figure 3. Time of heating at or 
above various temperatures for 
experimental oil-filled cables 
operated at 76 kv to ground 


power factors of the cables varied during 
the tests. Cable £-0.386 was electrically 
stable up to the time of failure, and radial 
power factors measured on samples of this 
cable taken from the coolest and the hot¬ 
test parts showed practically no changes 
due to all the testing. 

On the other hand, cable £-0.500 had 
developed considerable increase in power 
factor. A sample from the cooler part of 
the conduit showed power factors at 60 
degrees centigrade of the tapes of 0.03 
near the conductor and near the sheath, 
with values dropping down to 0.005 in 
the middle of the insulation, while a 
sample from the hotter part of the length 
had a power factor of 0.025 or 0.03 
radially through the insulation. The pri¬ 
mary trouble with this cable was the de¬ 
velopment of an excessive amount of 
sheath expansion, which increased the 
internal sheath diameter by 0.06 to 0.26 
inch (2 x / 2 to 12 per cent) with the greater 
expansions occurring at the hottest re¬ 
gions. This allowed core oil of high power 
factor to be drawn radially through the 


insulation. These excessive amounts of 
sheath expansion were due mainly to the 
very high sheath temperatures en¬ 
countered in these tests and to the fact 
that the type of alloy used for the sheaths 
has abnormally high rates of creep, espe¬ 
cially at the higher temperatures. Fracture 
is likely to occur after expansions of four 
or eight per cent in sheaths, except that 
the percentage is lower for calcium-type 
sheaths. This very unusual combination 
of very high power factors for the core oil 
and excessive sheath expansion is unique 
and, according to world-wide experience, 
is not at all to be expected in commercial 
installations. 

An interesting phenomenon brought out 
by these tests, although not directly re¬ 
lated to the effect of temperature on the 
insulation, was the fact that, at locations 
where the gap between the sheath and the 
insulation resulting from the sheath ex¬ 
pansion exceeded about 0.15 inch, severe 
electric discharges occurred between the 
outer surface of the unshielded insulation 
and the inside surface of the sheath. ' 


Table II. Effect of Temperature Steps Upon Ionization Factor 


Percentage of Cables Tested Showing Increases in Ionization Factor Over 

Initial Value of 

Percentage 

Temperature 0.0005 or 0.0006to 0.0011 to 0.0051 to' 0.0101 to 0.0201 to of Cables 
Step—C less . 0.0010 0.0050 0.0100 0.0200 0.0300 That Failed 


lflne Shielded Cables With 108 to 143 Mils of Insulation 
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Six Unused Belted 13-Kv Cables Made in 1937-39 . 
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Five Used Belted 13-Kv Cables Made in 1924-28 
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These discharges burned numerous deep 
pits in the inside surface of the sheath 
and burned holes through the outer two 
to five tapes of the insulation. No visible 
evidence of damage was found below the 
sixth tape from the outside, and all indi¬ 
cations were that the discharges had 
little if any effect on the power factor of 
the insulation below that tape. These 
cables were subjected to lightning and 
switching surges having crest voltages as 
high as 600 kv, and it is possible that 
these surges caused the initial breakdown 
of the oil gap. From other investigations, 
it seems possible also that gas was evolved 
from the paper during the very high tem¬ 
peratures. 

The results of measurements of the 
tearing strength of the paper insulating 
tapes from samples of cable that had been 
subjected to various temperatures are 
summarized in Figure 4. During prepa¬ 
ration of this figure, the temperature 
treatment to which each sample had been 
subjected was reduced to the equivalent 
temperature for a period of 12 months, 
using the assumption that the rate of 
deterioration in physical strength of the 
insulation would double for each eight 
degrees centigrade increase in tempera¬ 
ture. Since the tearing strength of the 
tapes when new had not been measured, 
the initial values for each cable were 
taken as the average results for all 
samples of tape that had been subjected 
to maximum temperatures of lower than 
85 degrees centigrade. 

A definite but rather gradual decrease 
in tearing strength with increasing tem¬ 
perature is shown by these data. The 
indications are that temperatures equiva¬ 
lent to at least 117 degrees centigrade for 
12 months would be required to produce a 
reduction in tearing strength of 50 per 
cent (approximate allowable limit for 
useful life, especially in connection with 
removal and reinstallation). 

The failure in cable £-0.386 occurred 
at a location where the conductor tem¬ 
perature had been at least 140 degrees 
centigrade for approximately 100 hours 
prior to the failure. The examination 


Table III. Increase in Solid Losses During 
! Aging Tests of Three-Conductor Cable 



Percentage of Cables Tested Show¬ 
ing Maximum Increases in the Aver- 


age of 

Radial Power Factors at 



60 C of 



0.001 

0,0011 0.0051 

0.0101 


or 

to to 

to 

Cables 

Less 

0.0050 0.010 

0.0272 

Shielded*.... 

.,...23.. 

• • •«54.• 4 .. .23 


Belted....., 

_45., 

*45. 

...10 


* Reduced insulation thicknesses. 
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indicated that the final failure was of the 
cumulative heating type, but the radial 
power factors of adjacent samples were 
low as in new cable. The exact mecha¬ 
nism of failure is not well understood, but 
it seems likely from other Chicago tests 
that the high temperature may have re¬ 
sulted in the evolution of some gas from 
the paper. The failure would then have 
been initiated by ionization of the gas 
with subsequent development of a cumu¬ 
lative heating condition. 

Aging tests of six oil-filled experimental 
cables with a conductor size of 500,000 
circular mils and 450 mils of insulation 
have been in progress since 1936 in an 
indoor laboratory. The cables have been 
subjected to various steps of heating up to 
100 degrees centigrade as shown in Table 

I. Heating was applied partly continu¬ 
ously and partly in daily cycles. During 
some test periods a test voltage of 95 
kv to ground was applied, and some test 
periods were without superimposed volt¬ 
age. As Table I shows, the changes of 
the insulation, judging from the results 
of power-factor measurements, were small 
(0.003 or less). 

These tests were continued at an aver¬ 
age copper temperature of 110 degrees 
centigrade. After nine weeks at this tem¬ 
perature step without voltage, 95 kv was 
applied, and then a failure occurred in 
one joint due to the effect of overheating. 

Experience in aging tests with over¬ 
voltage and heating currents on both solid 
and oil-filled types of cables for extra high 
voltages has shown in many cases that 
trouble caused by overheating may de¬ 
velop more readily in joints and potheads 
than in the cable. This may be due to the 
use of large amounts of insulating ma¬ 
terials, which decrease the dissipation of 
heat, or due to loosening of metal parts, 
or other causes. This finding emphasizes 
die need for careful study of the limita¬ 
tions of the accessories in the determina¬ 
tion of emergency ratings for extra high- 
voltage cables. 

From a consideration of the results of 
these investigations together with other 
earlier data, the following conclusions 
may be drawn: 

1. Oil-filled cables may be subjected con¬ 
tinuously to conductor temperatures of the 
order of 100 degrees centigrade for at least 
30,000 hours without producing any serious 
increases in power factor. 

2. The maximum safe temperature for the 
insulation of oil-filled cable for long periods 
of time is probably limited by deterioration 
in the physical strength of the paper rather 
than by changes in electrical properties. 
From this standpoint the cable will with¬ 
stand 115 degrees centigrade for one year or 
100 degrees centigrade for at least 30,000 
hours. 
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Figure 4. Effect of temperature on tearing 
strength of paper tapes from experimental 
oil-filled cables 


(The preceding two conclusions are of con¬ 
siderable interest in connection with other 
oil-impregnated insulation, especially that 
normally used in transformers, but it must 
be noted that in oil-filled cable the amount of 

air present is relatively very small.) , 

«• 

3. At some temperature that is definitely 
well above 100 degrees centigrade and is 
probably between 120 and 140 degrees 
centigrade, there is danger of electrical fail¬ 
ure of the cable occurring without previous 
changes in power factor. Joints and pot- . 
heads may give trouble at lower tempera¬ 
tures. 

4. If oil-filled cables are operated for long 
periods of time at sheath stresses or tem¬ 
peratures in excess of those for which they 
were designed, excessive sheath expansion 
may occur. 

Maximum allowable temperatures for 
oil-filled cable may, therefore, be as high 
as follows: for usual conditions—85 and 
105 degrees centigrade for normal and 
emergency loading, respectively; for war¬ 
time conditions—95 and 115 degrees 
centigrade for normal and emergency 
loading, respectively. 

Aging Tests of Three-Conductor 
Solid-Type Cable 

A great amount of information on the 
combined effect of voltage and tempera¬ 
ture upon the stability of solid-type cables 
has been obtained in aging tests of three- 
conductor cables for operation at 9 or 12 
kv, three-phase. As described in the 
previous paper, the tests consisted es¬ 
sentially in subjecting test lengths of 100 
feet or more between pressure-tight 
terminals for four weeks to 24 kv, three- 
phase, continuously with 20 superimposed 
load cycles ranging in maximum tempera¬ 
tures from 60 to 115 degrees centigrade. 
The compact terminals were filled with 
heavy mineral oil, such as is used in solid 
cable. 

Since the previous paper, 23 more 
cables have been tested. Since the incep¬ 
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tion of these series of tests in 1935, a 
total of 30 cables has been tested with 
pressure-tight potheads; five cables have 
been tested with open potheads, and four 
cables with old rosin compound made 
prior to 1920 have been subjected to 
similar but milder tests. Of the 30 cables 
tested with pressure-tight potheads, 17 
were shielded cables and 13 were standard 
belted 13-kv cables with 141 mils of 
conductor insulation and 78 mils of belt 
insulation. 

The net insulation thicknesses of the 
shielded cables ranged from 90 to 143 
mils. Added to these walls of insulation 
were in most cases two or three special 
shielding tapes over the conductor and 
one special shielding tape oyer the insula¬ 
tion. The special shielding tapes were 
either metalized paper tapes or carbon 
black tapes. Based on the results of 
these aging tests, such as stability 
throughout tests with 125 mils of insula¬ 
tion, an insulation thickness of 141 mils 
including special shielding tapes has been 
adopted as standard for operation on the 
Chicago 12-kv system as compared with 
net insulation thickness of 172 mils recom¬ 
mended by the Association of Edison 
Illuminating Companies Cable Specifica¬ 
tions. 

Table II shows the effect of the stand-' 
ard aging tests with pressure-tight pot¬ 
heads upon the development of ionization 
in 25 representative cables. A' great 
superiority in stability of the shielded 
over the belted cables is evident in spite 
of the reduced insulation thicknesses of 
the shielded cables, especially if the five 
cables with extremely thin insulation are 
eliminated from comparison. The nine 
shielded cables with insulation of 108 mils 
or more showed less increase in ionization 
than 0.005 throughout these aging tests. 
As was expected, more severe deteriora¬ 
tion occurred in the cables with extra 
thin insulation. In many cases shielded 
cables showed only small increases in 
ionization or even decreases in the 115-de¬ 
gree-centigrade step after deterioration in 
the 80- and 100-degree-centigrade steps, 
possibly due to redistribution of com¬ 
pound at the extra high temperatures. 

Belted cables showed, in general, 
progressing deterioration in successively 
higher temperature steps. Also, higher 
percentages of the cables tested reached 
greater degrees of deterioration. How¬ 
ever, in contrast to shielded cables, they 
showed, in general, considerable recovery 
during days with voltage only and during 
cycles at only 60 degrees centigrade fol¬ 
lowing the high-temperature cycles. 

Failures occurred only in used belted 
cables and only in the 100- or 115-degree 
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Figure 5. Increase in ionization factor at 
room temperature during aging tests 

step. The three failures that occurred 
were all due to ionization. 

Figure 5 gives some indication of the 
rate of deterioration with increased tem¬ 
peratures, as it shows the average increase 
in ionization above the initial values for 
all cables in the various temperature steps. 
Since in many cases where deterioration 
occurred in shielded cables only one con- 


lines containing only cables made recently 
at emergency temperatures of 100 de¬ 
grees centigrade or somewhat more; 
but some serious deterioration may occur 
at such temperatures on lines containing 
cables made, say, 14 or 18 years ago. 
The margin of safety is greater for the 
shielded cables. This conclusion agrees 
fairly well with the emergency tempera¬ 
ture of 98 degrees centigrade recom¬ 
mended for 12-kv operation in the AEIC 
Simplified Practice Schedule. 


developed hot spots or showed otherwise 
the greatest degree of deterioration. The 
conclusion may be drawn that occasional 
overloads will not affect seriously the di¬ 
electric losses of the impregnated tapes 
themselves. 

In accordance with the results of the 
electrical measurements, visual examina¬ 
tion of aged cables gave evidence that 
deterioration was mainly due to ioniza¬ 
tion. Deteriorated samples showed dry¬ 
ness and wax, and in the case of more 
deteriorated belted cables carbon also. 


ductor was affected, both the increases 
for the worst conductors and the average 
increases for all three conductors are 
shown for the shielded cable. For the 
belted cables, only the average increases 
for all three conductors are given. The 
very small effects of the various tempera¬ 
ture steps and especially of the 115-de¬ 
gree step are apparent for shielded cables 
with more than 108 mils of insulation. 
For unused belted cable the curve be¬ 
comes progressively' steeper with higher 
temperatures. The used belted cables 
tested showed greater changes but a 
flatter slope; the reasons for the shape 
of the curve are not completely clear. 

Taking all data into consideration, and 
noting that the tests were made at twice 
operating voltage, one should not expect 
serious deterioration due to ionization on 



As discussed in the previous paper, 
thermal failures (cumulative heating) due 
to steep dielectric loss-temperature curves 
may occur at even moderate temperatures 
in local spots of some old rosin cables, but 
such failures should not be expected in 
cables made later, even at temperatures 
as high as 120 degrees centigrade, except 
under abnormal conditions. 

War conditions will necessitate increas¬ 
ing use of American wood pulp for insu¬ 
lating tapes instead of the Swedish wood 
pulp used heretofore. For this reason, 
comparative aging tests were made on 
samples insulated with Swedish wood pulp 
add similar samples insulated with Ameri¬ 
can wood pulp. The samples were pur¬ 
posely made with very thin insulation in 
order to obtain definite deterioration. 
While, as expected, all samples showed 
serious deterioration, the test results as 
well as examinations and tests after com¬ 
pletion of the aging tests showed no ap¬ 
preciable difference in stability of the two 
types of paper. Experimental lengths of 
various makes with reduced insulation 
thicknesses with American and Swedish 
wood-pulp paper insulation have been 
installed on heavily loaded 12-kv lines and 
will be removed after a few years of serv¬ 
ice for further comparisons. 


Figure 6 shows typical pressure read¬ 
ings during the 20 heat cycles in the stand¬ 
ard aging tests. The pressures dropped 
sharply in successive cycles of the same 
maximum temperatures. In general, the 
highest pressures occurred in the first 
week of 60- or 80-degree cycles rather 
than in subsequent cycles to higher tem¬ 
peratures. These data lead to the con¬ 
clusion that severe overloads applied to 
cable that previously carried heavy loads 
will not produce excessive pressures, as¬ 
suming that joints are not oil-filled and 
connected to reservoirs. 

The expansion of the sheath produced 
by the heat cycles is summarized in 
Figure 7. As should be expected, a com¬ 
parison of this figure with Figure 5 sug¬ 
gests a relation between sheath expansion 
and progress of ionization. These ex¬ 
pansions are not sufficient to cause frac¬ 
ture in sound sheath. However, there 
were some cases in these aging tests where 
leaks occurred in the thin portions of ec¬ 
centric sheath in old cables. None of 
these leaks occurred before the 100-degree 
step. These observations in the aging 
tests suggest that it must be expected 
that in service sudden overloads may 
open up cracks in thin or defective 
sheaths. 


Figure 6. Maximum pressures in various tem¬ 
perature steps during aging tests of a typical 
sample of 500,000-circular-mil three-con¬ 
ductor shielded cable 


Compared with the effect of these over¬ 
load tests on ionization, the effect on the 
solid losses of the cables was small. As 
Table III shows, the great majority of 


It is difficult to generalize as to allow¬ 
able temperatures for three-conductor 
cable for operation at about 12 kv, mainly 
due to the. variety of cables in service. It 
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Table IV. List of Cables on Which Movement Studies and Measurements Have Been Made in Chicago 


Conductor 


Kv Between Conductors Size- 


No. 

— i 

Rated 

Operating 

Circular 

Mils 

No. 

1... 

... 6 .. 

. 4.... 

... 375.000.. 

..3.... 

2... 

... 6.. 

. 4.... 

... 375,000.. 

..4.... 

3... 

... 13.. 


... 350.000.. 

'..3.... 

4... 

... 13. 


... 500,000.. 


5... 

.. 9.. 

. 12.... 

... 500,000.. 

..3.... 

6 ... 

.. 13.. 


... 350,000.. 

..3.... 

7... 

.. 35.. 

. 12.... 

... 350,000.. 

• «3«• • • 

8 ... 

.. 69.. 

. 66.... 

...2,100,000.. 

.. 1 .... 

9... 

.. 69.. 

. 66.... 

...2,100,000.. 

.. 1 .... 

10... 

.. 69.. 


...1,000,000.. 

.. 1 .... 

11... 

.. 69.. 


... 750,000.. 

««X • •«• 

12... 

..138.. 

.132.... 

...1,100,000.. 

.. 1 .... 

13... 

..132.. 

.132.... 

... 600,000.. 

.. 1 .... 

14... 

. .132.. 


... 600,000.. 

.. 1 .... 

15... 

. .132.. 


... 600,000.. 

.. 1 .... 

16... 

...138.. 

.132.... 

.... 250,000.. 

.. 1 .... 


Specified Thickness—Mils 


Type of Cable and 
Conductor 

Insulation 

Sheath 

No. of Field 
Measurements 
Taken 

A/W* 

Ratio 

Outside 

Diameter 

in 

Inches 

On 

Conductor 

Belt 

(Belted, ordinary 

.... 94.... 

.. 63... 

.. 109) 


(0.144 

...1.98 

l Belted, “compack” 

.... 94.... 

.. 63... 

.. 109) • 


• 10.148 . 

...2.05 

Belted 

.... 94.... 

.. 63... 

.. 125 . 

... 

. 0.148 . 

...2.35 

Belted 

....141.... 

.. 78... 

.. 125 . 

. 11. 

. 0.119 . 

...2.27 

( Belted, ordinary 

....141.... 

.. 78... 

.. 125) 


(0.138 . 

...2.53 

1 Belted, “compack” 

....141.... 

.. 78... 

.. 125) ‘ 


• 10.142 . 

...2.44 

Shielded, "compack” 

....141.... 

. , - ... 

.. 117 . 

. 69. 

. 0.149 . 

...2.31 

Belted 

....141.... 

.. 78... 

.. 125 . 

. 28. 

. 0.119 . 

...2.27 

Belted 

• *..297•«»• 

..109... 

.. 141 . 

. 22. 

. 0.083 . 

...2.98 

Solid, segmental conductor 

....688.... 


.. 156 

. 30. 

. 0.117 . 

...3.48 

Oil-filled, hollow core 

....315.... 

. . - . . a 

.. 141 . 

.. 82. 

. 0.145 . 

...2.82 

Solid, standard stranding 

....688.... 

, . -- , . . 

.. 141 . 

. 17. 

. 0.087 . 

...2.87 

Solid, standard stranding 

....750.... 

. . - . . 

.. 141 . 

.146. 

. 0.0696 

...2.85 

Oil-filled, hollow core 

....719.... 

. . - . . . 

.. 156 . 

. 45. 

. 0.0772. 

...3.30 

Oil-filled, hollow core 

....719.... 

. . - , . . 

. .100+90. 

. 26. 

. 0.0426. 

...3.22 

Oil-filled, hollow core 

....719.... 

. . - . . , 

..250** . 

. 7. 

. 0.0445. 

...3.03 

Oil-filled, hollow core 

..,.719.... 

. . - . . . 

.'. 156 . 

. 2. 

. 0.0533. 

...2.89 

Oil-filled, hollow core 

....560.,.. 


.. 133 . 

. 31. 

. 0.0325. 

. ..-2.44 


* A/W ratio is the ratio of the total copper area in the cross section of the cable expressed in circular inches to the weight per foot of cable expressed in pounds. 
** Contains fluted oil channels 94 mils deep. 


seems, however, from data in this paper 
that from the standpoint of the insulation 
(including radial expansion of the sheath), 
the normal and emergency temperature 
limits are, respectively, about as follows 
for limiting cable types: for modem 
shielded cable—85 and 110 degrees centi¬ 
grade; for 1920-25 belted cable—75 and 
90 degrees. For single-conductor cable, 
the limits may be the same as for shielded 
cable. For wartime conditions, the tem¬ 
peratures could be increased perhaps seven 
degrees for normal daily loading and ten 
degrees for emergency loading. For some 
old cables with relatively heavy insulation 
(usually containing relatively large 
amount of voids), allowable emergency 
temperatures during wartimes might well 
be 120 degrees or even higher, depending 
•on cumulative heating characteristics and 
condition of sheath. With the very high 
cable temperatures, troubles may occur 
with the joints due to expansion of com¬ 
pound or movement against manhole 
wall, and so forth. 

II, Limitations Due to the Sheath 

The main objective in studying sheath 
life is to find out how to get a reasonably 
long life out of the sheath under any and 
all loadings up to the maximum that the 
insulation will stand. The loading and 
resulting temperature ranges determine 
the cable movement, which in turn deter¬ 
mines the sheath life in the manholes. 

The earlier paper presented some data 
on magnitudes of cable movement found 
in the field and theories relating thereto. 
In addition, some information was given 
regarding the relation between sheath life 

1942, VOL. 61 


and cable movement as determined by the 
influence of cable size and construction, 
by sheath material, and by installation 
conditions in ducts and manholes. Fur¬ 
ther data and discussions on movement 
and sheath life are given herein. 

As indicated in the previous paper, most 
underground circuits having material 
variations in daily temperatures—which 
is the usual case—are limited in rating for 
day-in-and-day-out (normal) loading more 
by the sheath than by the insulation. 
For example, the insulation might limit 
the normal daily temperature to 85 de¬ 
grees centigrade for a given cable, while 
for the accompanying conduit tempera¬ 
tures and character of daily variation in 
load, the resistance of the sheath to 
cracking in the manhole may limit the 
copper temperature to 77 degrees. The 
problem of sheath cracking in manholes 
is affected by so many variables that it is 
hard to lay down any definite rules and 
positive numerical conclusions. Never¬ 
theless, a great deal of data have been 
gathered which lead to more or less general 
conclusions that may serve well in guiding 
design and operating practices. 

Laboratory Tests 

.. Laboratory tests are mainly useful in 
determining the general engineering rela¬ 
tions between sheath life and cable move¬ 
ment for different variables. The tests 
relating sheath life to magnitude of move¬ 
ment and to cable training in the man¬ 
hole have all been made on pieces of 
cable 4 (Table IV) from one length which 
had copper-bearing lead sheath and corn- 
pack conductors. The tests were made in 
the dummy manhole described in the 
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previous paper with the cable fireproofed 
in the standard manner there described, -sf 

The relationship between sheath life 
and cable movement is shown in Figure 8 . 
Where the movement at each duct mouth 
is 0.75 inch or less, the life appears to be 
inversely proportional to roughly the 1.5 
power of the movement. For movements 
of over 0.75 inch the life is less than 
would be indicated by this relation; the 
limited data available indicate that in 
this range the life is inversely proportional 
to something more than the square of the 
movement. 

In one set of tests in the dummy man¬ 
hole, the one variable was the offset be¬ 
tween the center line of the joint and the 
center line of the cable in the duct. The 
numbers of cycles to sheath cracking for 
offsets of 9 x / 2 , 19, and 28 V 2 inches were, 
respectively, 3,100, 6,800, and 10,000 
cycles. Apparently, then, increasing the 
offset is very helpful in lengthening the life 
of the sheath. Of course, there is the 
attendant problem of finding enough room 
for the wider manholes thereby required. 
Also, as indicated in the previous paper, 
the magnitude of the daily movement at 
the duct mouth is affected by the re¬ 
straint of the cable in the manhole; and 
with large offsets this restraint would be 
decreased somewhat to nullify part of the 
apparent advantage in longer offsets. 

In another set of tests the one variable 
was the length of the manhole, the offset 
being 19 inches. For lengths of 7 V 2 , 10, 
and 13 feet between duct mouths the cor¬ 
responding number of cycles to sheath 
cracking was, respectively, 4,700, 6,800, 
and 6,900 cycles. Apparently, if the off¬ 
set is kept constant, increasing the length 
of the manhole is of material value only 
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Figure 8. Relation of sheath life in dummy 
manhole to cable movement 

up to a certain point. Beyond that 
point, apparently, the strain on the sheath 
is not much affected. 

A number of tests have been made to 
determine the effect of fireproofing on the 
life of ithe sheath. The standard fire¬ 
proofing compound in Chicago is a cement, 
sand, and asbestos mixture. The stand¬ 
ard method is to apply this mixture over 
plain felted asbestos tape which is one- 
eighth. inch thick and wrapped in a single 
butted layer over the sheath. With such 
fireproofing the life of the sheath in the 
dummy manhole does not seem to be m uch 
different, according to tests, from the life 
with no fireproofing at all. Omission of 
the asbestos tape, however, resulted in 
reductions of about one third in the life 
in the dummy manhole in a pair of tests 
at a movement of 0.75 inch and in a pair 
at a movement of 0.25 inch. Apparently, 
a thick solid fireproofing will shorten the 
life of the sheath, particularly if the fire¬ 
proofing itself cracks in service. 

In 1940 it was decided that the tests 
in the dummy manhole apparatus should 
be supplemented by tests on short pieces 
of cable and on small strips of sheath in 
which the magnitude of the cyclic defor¬ 
mation of the sheath could be more ac¬ 
curately controlled than is possible in the 
dummy manhole test. It was thought 

Figure 9. Variations in sheath strain along 
cable for typical 13-fev belted cable in ten- 
foot manhole with 0.75-inch movement at 
each duct mouth 


that the better reproducibility and rela¬ 
tive cheapness of tests of this type would 
make them preferable for comparative 
tests of many variables in materials and 
conditions. In order that the results of 
such a test be applicable to service con¬ 
ditions, however, it is necessary that the 
type and the magnitude of the deforma¬ 
tion be approximately the same as occur 
in service or in the dummy manhole test. 
Therefore, an investigation was started to 
determine the cyclic deformation of the 
sheath at various locations along the 
cable during tests in the dummy manhole 
apparatus. The investigation was later 
expanded to obtain deformation data for 
use in analyzing the effect upon the sheath 
life of variations in installation conditions 
and type of cable. 

After trials of different schemes, it was 
found that the most satisfactory method of 
determining the cyclic sheath deformation 
was to measure the change in distance be¬ 
tween the ends of small' copper rivets 
soldered to the sheath at three-inch inter¬ 
vals along both the front and the back of 
the cable. A small conical hole was drilled 
in the end of each rivet, and the distance 
between the holes in adjacent rivets was 
measured with a dial gauge reading to the 
nearest 0.001 inch, thus giving an accu¬ 
racy of ±0.03 per cent. The tests were 
made on fireproofed cables. 

The early tests showed that the defor¬ 
mation at any given location along the 
cable might vary considerably during a 
given dummy manhole test. As a result, 
it was found necessary to measure the 
sheath deformations after various periods 
during the test and to take the average of 
all measurements at a given location as 
being the effective deformation at that 
location. 

Figure 9 shows the variation in sheath 

Figure 10 (right). Curvei for estimation of 
average movement and distribution of meas¬ 
urements with respect to curves 


deformation or strain along the cable for 
a typical test on cable 4 (Table IV). As 
shown by Table V, the maximum sheath 
strain for this cable under these conditions 
ranged from 0.35 to 0.42 per cent, and 
usually occurred in the three-inch section 
adjacent to the joint wipe. The results 
of tests on the same type of cable under 
different training conditions are also 
shown on Table V. The equivalent lives 
in the dummy manhole test and the 
maximum sheath strains were in all cases 
in the correct relative order; that is, 
higher deformations give shorter lives, 
but the number of measurements is in¬ 
sufficient to determine the relation be¬ 
tween sheath strain and life. 

When shielded cables were adopted as 
standard for use on the 12-kv system in 
Chicago in 1940, some tests in the dummy 
manhole were made to see whether the 
lives under bending were of the same order 
as for the belted cables which were previ¬ 
ously used. As shown by Table V, the life 
of the shielded cable with standard train¬ 
ing and 0.75-inch movement at each duct 
mouth was only about 4,300 cycles, or 63 
per cent of the average life for all compar¬ 
able tests of belted cable. With 0.50-inch 
movement at each duct mouth, the life 
of the shielded cable was about 5,400 
cycles or one half of that for belted cable. 

For both values of movement the meas¬ 
ured sheath strains were slightly higher for 
the shielded than for the belted cables, but 
the differences were insufficient to ac¬ 
count for the differences in equivalent 
lives in the dummy manhole test. The 
shorter lives of the shielded cables appear 
to be connected with the fact that the 
sheaths bulge and wrinkle under the re¬ 
peated bending to a much greater extent 
than do those of the belted cables. Pre¬ 
liminary investigations suggest that this 
may be due to 

(a). A tendency for the metal binder tape 
to concentrate the sheath deformation at 
certain spots. 
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(b) . The failure of the usual metal binder 
to hold the conductors as firmly together 
as does the belt on a belted cable. 

(c) . The tendency for the slightly thinner 
sheaths used on the shielded cables (117 
mils as compared to 125 mils on the belted 
cables) to wrinkle more easily. 

The effects of these factors are being in¬ 
vestigated further in an effort to deter¬ 
mine what changes in construction of the 
shielded cables will be necessary to obtain 
longer sheath lives. 

Field Data 


Table V. Tests in the Dummy Manhole Apparatus of Three-Conductor Cables on Which 

Sheath Strains Were Determined 


Movement Maximum 

°* Manhole at Duct Sheath Strain— Cycles to 

Cable Length—Feet Cable Training Mouth—Inch Per Cent Sheath Failure 


Belted .10 .. Standard .. 0.75.0.42. 7,080 

Belted .10 .. Standard .. 0.75.0.35. 7,520 

Belted . 7.5 .. Standard .. 0.75.0.60 . 5,620 

Belted . 7.5 .. ■ Standard .. 0.75.0.70. 3,900 

Belted .10 1 .. Joint blocked to prevent ..(0.75 .0.33. 8,400 

Belted .10 j lateral movement 10.75.0.33. 8,400 

Shielded.10 .. Standard .. 0.75.0.45. 4,310 

Shielded.10 .. Standard .. 0.75.0.60.About 4,000 

Shielded.10 .. Standard .. 0.50.0.50. 4,970 

Shielded.10 .. Standard .. 0.50.0.33 5,740 


The theory of cable movement, without 
which field data on movement are largely 
unintelligible and unusable, has been ex¬ 
tended somewhat and brought into better 
agreement with the field data since the 
previous paper was published. The most 
interesting discovery is that long lengths 
of cable do not move any more than short 
lengths, within certain limitations. The 
graph in Figure 10 illustrates the present 
findings based on field measurements. 
For copper temperature ranges up to 25 
degrees centigrade, all lengths in excess of 
250 feet have only as much movement as 
a 250-foot length. This effect is probably 
due to snaking and anchoring of the cable 
in the duct or to duct friction. 

The curves in Figure 10, which are al¬ 
most entirely empirical, can be matched 
fairly well by using in formula 2 of the 
previous paper a value of D, the duct- 
friction coefficient, equal to about 1.6. 
This happens to be about the right value 
for the static coefficient of friction of cable 
in precast concrete duct, indicating that 
static friction, as well as complete anchor¬ 
ing, may be an important factor in limit¬ 
ing cable movement. When the coeffi¬ 
cient of sliding friction, about 0.5, is used 
in the formula, the calculated movements 
are much higher than those found in serv¬ 
ice and exemplified in Figure 10 and, of 
course, would be still higher with sliding 
friction coefficients of 0.2 or 0.3, such as 
are sometimes reported. One case is 
known where the ducts are clogged with 
fine silt for several lengths on one part 
of a heavily loaded line, while on other 
parts of the line the ducts and cable are 
identical but free of silt. The daily range 
of movement at the duct mouth in this 
latter part of the line is about three times 
as great as in the silted ducts. 

These points are strikingly illustrated 
by observations on a 500,000-drcular-mil 
single-conductor 69-kv fine having lengths 
up to about 1,000 feet in four-inch ducts. 
The data, for which the author is in¬ 
debted to Cincinnati Gas and Electric 
Company, are given in Table VI. The 
lengths on which measurements were 
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taken, given in column 1, range from 529 
feet to 995 feet. In column 2 the meas¬ 
ured total movement for both ends of each 
length for a copper temperature range of 
38 degrees centigrade are given. It is 
especially interesting that the longer 
lengths had no more movement than the 
shorter lengths; in fact, the shortest 
length moved more than the longest 
length. The second interesting point is 
that, as shown by column 3, the observed 
movement was only about as much as 
would have been produced by 410-foot 
lengths, according to calculations using 
formulas for determining cable movement 
given in the previous paper. The re¬ 
mainder of each length was apparently 
immobilized by anchoring. The length of 
cable that actually moved, 410 feet, is 
somewhat longer than the corresponding 
value of 250 feet found for the cables 
studied in Chicago. One probable reason 
for this is that the Cincinnati cable was 
not fireproofed at the time of the field 
observations, whereas all Chicago cables 
are fireproofed. The absence of fireproof¬ 
ing increases the movement noticeably. 

Data obtained early in 1942 for the 
Cincinnati line (with fireproofing on the 
cable in the manholes) showed for daily 
copper temperature ranges of about 18 
degrees centigrade that the range of 
movement at the duct mouths was al¬ 
most the same for 250- and 496-foot 
lengths as for 850- and 981- and 1,025-foot 
lengths.. Also, it was found that slopes 
of six per cent for some of the conduit did 
not affect the daily movement. 

Similar data on relatively small move¬ 
ment have been furnished by the Mon¬ 
treal Light Heat and Power Consolidated 
for its recent installation of 650,000-cir- 
cular-mil 120-kv oil-filled single-conductor 
cable. Lengths of 682 to 960 feet had 
movements of l /s to 7 /» inch a£ a duct 
mouth for daily copper temperature 
ranges of 16 to 22 degrees centigrade. 
The largest movement was found for the 
682-foot length and occurred with the 
22-degree range. 

The dashed portions of the curves in 
Figure 10 are for daily temperature ranges 
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exceeding 25 degrees centigrade, which 
seldom occur in service. For this reason 
this portion of the curves is not well veri¬ 
fied by field data. However, it can be 
said that the actual movements measured 
in Chicago have on the average been no 
greater than indicated by the curves. 
Any revision in this portion of the curves 
is expected to be toward smaller values of 
movement, especially for the longer 
lengths exceeding 250 feet. * 

The probability curve in the left-hand 
comer of Figure 10 gives the relation be¬ 
tween the actual field data and the plotted 
curves. It may be seen that 46 per cent 
of all the field data are within 25 per cent 
above or below the values shown in the 
graph, while a few cases may be 100 per 
cent above or below the graph. Of course, 
it will be the lengths that have more than 
average movement that will tend to have 
relatively short lives before cracking of 
the sheath in the manhole. A rough 
analysis indicates that some lengths will 
start to crack after a period equal to one 
fourth or one third of the average life of 
the cable on the line, and after a period 
equal to one half the average life about 
one sixth of the original lengths will have 
cracked. If each length is replaced as it 
cracks, the indications are that the rate of 
cracking will increase up to a period equal 
to about two thirds the average cable 
life, after which it will tend to level off or 
even decrease somewhat. If the sheath 
limits the life of the line to about 20 
years, for example, then the annual rate 
of sheath cracks may become 50 or 75 
per 1,000 lengths. 

As indicated by the title of Figure 10, 
no significant difference has been found 
in the movement in service of cables of 
the sizes indicated operating at 4, 12, and 
66 kv. This is in accordance with ex¬ 
pectations, since the ratio of conductor 
cross section to total cable weight is 
about the same for all these cables (see 
Table IV), and the movement, should, 
therefore, be about the same. 

Cable of a given size is found to have 
about as much movement in 3.5-inch 
duct as in four-inch duct, and probably 
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also in three-inch and five-inch duct, al¬ 
though this latter is not well verified. 
Since, lengths of cable in service are 
usually at least 250 feet long, limitation 
of the movement by anchoring .is always 
a factor, and the negligible influence of 
duct size found to date indicates perhaps 
that anchoring occurs about as readily in 
large ducts as in small ones. Another 
way of looking at it is that the coefficient 
of either static or sliding friction is not 
much different for a cable in a large duct 
than in a small one, provided the cable 
can be installed in the smaller duct with¬ 
out actually jamming or tending to jam. 
The movement would therefore be ex¬ 
pected to be about the same in both cases. 
Similarly, according to scanty data, the 
material of the duct does not seem to make 
much difference. 

It has been suggested that three-con¬ 


siderable movement at one end and prac¬ 
tically none at the other. The cause may 
be suspected to be variable friction along 
the duct, but it is not practicable to prove 
it. Similarly, the various other factors 
may be suspected, but no way has yet 
been found of isolating and proving 
them. 

Considerable data have been obtained 
on cables not covered in the curves 
of Figure 10. Figure 11 shows data 
for 500,000-circular-mil three-conductor 
shielded cable operated at 12 kv (cable 5, 
Table IV). Such cable has about the 
same ratio of copper cross section to the 
total cable weight as the cables covered 
in Figure 10. However, for the larger 
temperature ranges the cable movement 
is somewhat less, and this characteristic 
tends to counterbalance the relatively 
smaller life to cracking in manholes for 


POINTS ARE FIELD MEASUREMENTS ON 
, 500.000 CM. J CONDUCTOR 

' 0,8 - 9KV SHIELDED CABLE 

* 1 OPERATED AT 12 KV. IN 

4-INCH DUCTS 

CURVES ARE AVERAGE MOVEMENT 
FOR BELTED CABLE 
(FROM FIGURE 10 ) 




i 

/ 

/ 

X 

xjM 

S 

s' 

1 

•> 




LENGTH OF 
CABLE SECTION 
IN FEET 
400 

Cup -a 
250 -V 


200 -x 

150 -• 
100 -♦ 


5 10 15 20 25 50 55 

COPPER TEMPERATURE RANGE • DEGREES CENTIGRADE 


Figure 11. Comparison of move¬ 
ment of lengths of shielded cable 
with average movement of belted 
cable 


ductor cable constructed with a short lay 
should move substantially less than 
similar cable with a long lay. No signifi¬ 
cant difference has been detected based 
on field measurements on the usual run of 
belted cable and on some belted cable 
made some years ago with relatively short 
lay. These cables, of course, had the 
belt insulation and sheath tightly aro und 
the conductors. If, on the other hand, the 
three-conductor cable is of the shielded 
type, and the binder and sheath are not 
particularly tight, then the cable in ducts 
may move less with shortening of the lay. 
Even in this case there would still remain 
the thermal expansion of the lead sheath 
itself, which might produce substantial 
movement of the sheath at the duct 
mouth. Also, no significant difference 
has been found between cables having 
“compack” sector conductors and those 
having ordinary sector conductors. 

It is not claimed that the factors dis¬ 
cussed in the foregoing three paragraphs 
have no effect at all. What is meant is 
that their, effects are not large enough to 
be detected individually in data on cable 
in service, because of the inherent vari¬ 
ability of such data. For example, a single 
length of cable is often found to have con¬ 
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this cable as compared to belted type 
cable for a given movement at a duct 
mouth. Further field measurements are 
to be made. Other figures similar to 
Figure 11 could be plotted to show the 
data, for example, for field measurements 
on 350,000-circular-mil three-conductor 
13-kv and 35-kv belted cables (cables 6 
and 7, Table IV). These two cables have 
lower cross-section-to-weight ratios; and 
the field measurements at temperature 
ranges of about 10 or 20 or 30 or 42 de¬ 
grees centigrade brought out that the 
movements were actually lower than on 
Figure 10. Similarly, cables 8, 10, and 
11 of Table IV, that is, single-conductor 
69-kv cables of the ordinary type, have 
lower cross-section-to-weight ratios than 
the cables of Figure 10, and their meas¬ 
ured movement averages somewhat less. 
Figure 10 is used for predicting the prob¬ 
able movement of cables such as cables 
6, 7, 8, 10 and 11 because of convenience 
and the assurance that the movement 
values will be conservatively high. 

A direct relationship between cable 
movement and sheath life in service is not 
usually determinable except in special 
cases. As an example of the latter, the 
69-kv cable in Chicago may be cited. 
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There are over 4,000 lengths of 750,000- 
and 1,000,000-drcular-mil single-conduc¬ 
tor solid-type 69-kv cable on the system. 
Practically all of it has been in service 
about 14 years, and no sheath cracks due 
to movement have occurred. The daily 
temperature variation has been about 8 
or 10 degrees centigrade throughout the 
life of the cables, and from Figure 10 the 
corresponding movement is found to be 
not more than about 0.15 inch at each 
duct. The manholes are all about ll l / 8 
or 12 feet long, and the offset between the 
center of the cable at the duct mouth and 
center of joint is about 19 inches. On the 
basis of the usual distribution of measured 
cable movements for a given load, as 
shown on Figure 10, it has been computed 
that the average life of a cable line should 
be at least three times the period between 
installation and the occurrence of the 
first cracks. From this it may be con¬ 
cluded that the average life of the sheath 
on these cables will be at least 45 years. 
From this it is reasonable to conclude at 
once that any cable, excepting three-con¬ 
ductor shielded cable, having the same 
over-all diameter (2.8 inches—see Table 
IV) and ratio of copper cross section to 
total weight and installed in 12-foot man¬ 
holes and subjected to not more than ten 
degrees centigrade daily temperature 
variation would have a life of at least 45 
years. 

If the expected daily temperature varia¬ 
tions were to be larger, say 20 degrees 
centigrade, the probable life could be 
estimated as follows: From Figure 10 the 
daily movement would be about 0.37 
inch. From Figure 8 the life under test 
conditions at 0.37-inch movement is 
roughly one third the life at 0.15 inch. 
From the estimates at the end of the pre¬ 
vious paragraph, divided by three, it ap¬ 
pears that the sheath life in service with 
a 20-degree range would be, perhaps, 15 
years. 

The big and outstanding point is that 
small increases in loading are reflected 
through the square law in sizable in¬ 
creases in temperature range; and these, 
in turn, cause large cable movements, be¬ 
cause the cable movement increases 
faster than the first power of the tempera¬ 
ture range. Furthermore, the sheath life 
decreases much faster than the first power 
of the increase in movement. 

It has been found next to impossible to 
determine directly the numerical relation 
between cable movement and the actual 
sheath life of three-conductor cable in 
service. A rather unsatisfactory alterna¬ 
tive which was perforce adopted, might 
be used by any utility in studying its own 
operating records for a given type of 
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cable. This method results in data such 
as shown in Figures 13 and 14 of the pre¬ 
vious paper. Such data may be extra¬ 
polated for higher loads, using a relation 
such as in Figure 8. 

Referring to Figure 8, detailed studies 
of over 300 sheath cracks and history in 
service of the cables involved indicate 
that the number of daily cycles to crack¬ 
ing for cable in service is less than the 
number of cycles to cracking in the 
dummy manhole for a given movement. 
The ratio may be roughly 50 per cent. 
The duration of each dummy manhole 
cycle, is only 70 seconds as compared 


Table VI. Data on Movement of Long 
Lengths of Single-Conductor Cable in 
Cincinnati 


Total Move¬ 
ment for 38 C 
Actual Temperature 
Cable Variation— 

Length—Feet Inches 

Calculated Length 
of Cable to Produce 
Same Movement 
as Measured- 
Feet 

750... 

.2.0 . 


840... 

.2.50. 

.420 

095... 

.2.375 _ 

.400 

529... 

.2.625. 


598... 

.1.875. 

.290 

812... 

.2.25 . 


R74 

a 37T. 

.tun 

Average 410 


with 24 hours for cable in service. The. 
longer time for one thing results in rela¬ 
tively more plastic flow of the sheath. 
Some field results indicate that vibration 
or special conditions in the manhole may 
in some cases lower the life in service 
considerably below the usual value. An¬ 
other factor tending to decrease the 
sheath life in manholes as compared to 
life in test is that the sheaths in manholes 
on well-loaded lines are at higher tem¬ 
peratures than sheaths in the laboratory; 
this influence would become larger with 
wartime loading of cables at increased 
temperatures. 

In estimating the effects of the higher 
loads due to the present emergency, it 
should be kept in mind that the cable has 
been in service for some time, and pos¬ 
sibly one third or more of the sheath life, 
for example, has been spent. This 
should mean, for example, that with new 
daily loading, which would for a new cable 
give say ten years’ life, one may obtain 
only five or seven more years’ life for the 
cable in service, and a relatively high rate 
of sheath cracking may occur within a 
year or two. 

On the other hand, the effect.of emer¬ 
gency loads that may be carried for a 
day or two once a year is practically 
negligible, assuming movements up to 


about two inches. Some of the tests in 
the dummy manhole disclose no material 
effect on the life of the sheath when the 
movement was changed from the regular 
test value of 0.75 inch to 2.00 inches for 
one cycle every 170 cycles. The calcula¬ 
tions based on data such as in Figure 8 
indicate that the equivalent movement 
during emergencies should have no large 
effect on the sheath life. Of course, in¬ 
cidental to such a movement at the duct 
mouth, there should be room for the cable 
to move freely in the manhole without 
damage to the accessories or buckling of 
the cable. 

Mitigation of Sheath-Crack 
Troubles 

One result is certain to come from the 
heavier loads to be carried by existing 
cables in these days: sheath cracks will 
be much more numerous than in the past. 
The use of cable for repairs is going to 
be accelerated, unless means can be 
found to 

(а) . Lengthen the life of present sheaths. 

(б) .' Repair them without the use of re¬ 
placement cable, or both. 

A direct line of attack now being tried 
in Chicago is to stop the cable from mov¬ 
ing at the duct mouth. Specially designed 
grips of the woven basket type were laced 
to the cable at each duct mouth and 
anchored there with an adjustable ten¬ 
sioning device. The tension was brought 
up till the movement had been reduced 
to a negligible value. Incidentally, prior 
to* making this installation, the force re¬ 
quired to restrain the daily movement of 
three-fourth inch at the duet mouth was 
actually measured by dynamometer at 
the location of the test and was found to 
be around 1,000 to 1,500 pounds. After 
one year’s trial no damage to the sheath 
because of the grips has been detected. 
One trouble is that the cable cools during 
the winter, and the grip is loosened, with 
the result that the cable can move back 
and forth at the duct mouth during the 
cooler part of the year unless extra trips 


are made to adjust the tension. The trial 
is being continued. 

Another possible line of attack is to 
reduce the maximum strain in the lead. 
The strains have been measured at a few 
locations on cables in service and agree 
pretty well with the strains found in 
laboratory tests. The maximum strain 
occurs adjacent to the joint wipes for 
normal cable training with the joints 
mounted to slide freely toward the man¬ 
hole wall and back. If the joint is blocked 
so that it cannot slide, two things seem 
to happen. The cable movement is re¬ 
duced because of the increased resistance 
to it in the manhole, and the strain is 
distributed more uniformly throughout 
the bends in the cable, thus reducing the 
maximum strain. A discussion of this 
latter effect is given in the previous paper. 
In two dummy manhole tests, the aver¬ 
age sheath life with the joint blocked was 
about 20 per cent more than with normal 
installation. The movement was three- 
fourths inch at each duct in both cases. 
In some field trials the joints were blocked 
in several manholes, and the movement 
decreased about 30 per cent. This sug¬ 
gests that the two factors together would 
double the life of the sheath, and so 
blocking of the joints should certainly be 
investigated further. One point not yet 
solved is the means for successfully taking 
care of effects of seasonal variations 
of conduit and cable temperatures. 

A different line of attack is to develop 
some satisfactory method of repairing 
cracked sheaths. Experience in Chicago 
has been that solder patches and tight 
sleeves are quite unsatisfactory, mainly 
because, by the time a sheath crack is 
found in service, the entire length of 
sheath in the manhole is nearly worn out. 
After being patched, it cracks somewhere 
else in a year or two. From experimental 
work originated by W. B. Elmer, formerly 
of Boston Edison Company, and taken 
up in Chicago, it has been found that if a 
short section of sheath in each training 
bend is removed and replaced by a 
flexible insert, such as a Sylphon bellows, 
the strain on the remainder of the sheath 


Figure 12. Thermal resistance of 
Insulation of three-conductor see- 
tor-shielded cables. 
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becomes almost negligible. In one Chi¬ 
cago test a cable was run to failure with 
the joint blocked. The life was 8,417 
cycles. At the end of the test, four six- 
inch Sylphons were installed in the bends 
near the joint and near the duct mouths, 
with the lead sheath removed under the 
Sylphons. The remaining sheath was 
clearly fatigued almost to failure. The 
cable was tested for an additional 16,805 
cycles without any failure occurring. The 
deformations were measured and found 
to be concentrated in the Sylphons, being 
negligible in the remaining lead sheath. 
The question of mechanical problems 
and corrosion problems with the Sylphons, 
especially the latter problem, has not been 
completely solved so far as long life is 
concerned, but seems adequately solved 
for use at least during an emergency period 
of a couple of years. 

One disadvantage of Sylphon repairs is 
that the line has to be taken out of 
service, the joint disassembled to install 
the Sylphons, and then rebuilt. The ideal 
repair from the standpoint of economy 
and speed would be to make a flexible in¬ 
sert out of some sort of hand-wrapped 
material in tape or strip form. Several 
of the most promising materials selected 
from the synthetic rubbers and plastics 
have been tried, with unsatisfactory re¬ 
sults. The best results so far have been 
obtained with Glyptal 1,782 tape applied 
with Glyptal 1,276 cement. When tested 
on cable trader water with pressure and 
vacuum cycles applied to the cable and 
moisture detectors under the hand-ap¬ 
plied tape, lives of 28,000 cycles and over 
43,000 • cycles were obtained on two 
samples. The severity of manhole con¬ 
ditions, however, would substantially 
shorten the life of the material in actual 
. service. Something better is desired, but 
it seems that Glyptal could probably be 
used if necessary with fairly satisfactory 
results. 

Allowable Operating Temperatures 

As a result of the studies discussed in 
parts I and II, the conditions for various 
types of cable in Chicago were recon¬ 
sidered early in 1942, and new maximum 
allowable conductor temperatures were 
adopted as shown in Table VII. In ad¬ 
dition special higher values were adopted 
for use during the war period. These 
wartime values are based on the assump¬ 
tions that: 

(a) . The life of the cable system will be 
used up at a much higher rate than usual. 

(b) . The rate of troubles in cables in serv¬ 
ice will increase. 
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Table VII. Maximum Allowable Operating 
Temperatures for Impregnated-Paper-Insu- 
lated Lead-Covered Cables Adopted for 
Use in Chicago in 1942 


_ _ 1T 

Maximum Allow- 


able Conductor 


Temperature— 


Degrees Cent!- 

Oper- 

grade 

Emer- 

ating 

Volt- 

gency 

age— 

Normal Opera- 

Volts 

Type of Cable Operation tion 


120-240.. All.00 (100) 

4,000.. All.85(95) 

12,000. .Belted made prior 

to 1931.78 (85) 

12,000.. Belted made in 1931 

and later.78 (85) 

12,000. .Single-conductor 
and shielded 


three-conductor.. .78 (85) 
33,000. .Shielded, three-con¬ 
ductor cable with 
joints filled with 
“soli d" cos- 

pounds .71 (77) 

66,000. .Single-conductor, 
solid-type cable 
with joints filled 
with “solid” com¬ 
pounds .65 (68) 

66,000.. Oil-filled; single¬ 

conductor and 
three-conductor.. .78 (85) 
132,000.. Oil-filled; single¬ 
conductor .78 (85) 


115 (135) 
105 (120) 

90 (100) 

95 (105) 

105 (120) 


84 (90) 


70 (75) 

105 (115) 
100 ( 110 ) 


The values in parentheses are for use under war¬ 
time conditions only. 


These temperatures for Chicago condi¬ 
tions are given only as an example of 
what one company is doing and are not 
considered to be necessarily applicable 
for other systems in which the installation 
and operating conditions are different. 
In general, the temperatures for normal 
operation of the higher-voltage cables were 
limited by the danger of excessive sheath 
cracking in manholes, while the temp¬ 
eratures for emergency operation of all 
cables and for normal operation of low- 
voltage cables were limited by danger of 
deterioration of the insulation or of ex¬ 
cessive radial expansion of sheaths. 

III. Heating Characteristics of 
Cables and Conduits 

Three-Conductor Shielded Cable 

Incidental to the accelerated aging 
tests on three-conductor shieided-type 
cable, mentioned in Part I, the thermal 
drop between the conductors and sheath 
was determined. The method was to 
average the results from at least four tests 
for each sample, the tests being made at 
the various temperatures from 60 to 115 
degrees centigrade. The thermal drop 
was determined by the usual method of 
dividing the temperature difference be¬ 
tween the conductor and sheath by the 
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sum of the losses in the conductor and 
half the dielectric loss in the insulation. 

Calculated values of thermal resistance 
were determined from the geometric di¬ 
mensions of the cable using a thermal 
resistivity of 600 degrees centigrade per 
watt per centimeter cube. The values 
calculated by the D. M. Simmons 3 
method are appreciably below the meas¬ 
ured values, as indicated in Figure 12. 

An empirical method of calculation was 
developed. It is based essentially on heat 
flow radially from only the backs of the 
sector conductors to the sheath. This 
method uses the usual formulas for one 
single-conductor cable with an empirical 
multiplier as follows: . 

Rt = 0.00522plog, ^ (1) 

R t =the thermal resistance of insulation in 
ohms per foot 

p» the thermal resistivity of insulation 
D 0 =the inside diameter of the sheath 
Di —the diameter over the copper of the 
cabled conductors 
D a *=* the average of D„ and D< 

K equals six times the insulation thick¬ 
ness for conductors with corners of small 
radius, such as 500,000-circular-mil “corn- 
pack” conductors. For conductors with 
more rounded corners, K has been found 
to be greater up to about nine times the 
insulation thickness. 

As indicated in Figure 12, this method 
gives a fair agreement with the measured 
results. The general idea is that the 
thermal resistance of air gaps and of con¬ 
tacts between the various materials in 
series between the conductor and sheath 
all add to the thermal drop to more or 
less counterbalance the low resistivity of 
the metal shielding tapes and binder 
tapes. The results in the figure apply to 
cables having a net measured insulation 
ranging from 89 to 140 mils. The total 
measured distance between conductor and 
sheath, however, was some 20 to 40 mils 
larger. 

Apparently for three-conductor shielded 
cables with relatively small insulation, the 
effect of the regular three-mil copper 
shielding tape on carrying heat out from 
the inner portion of the cable is small. 
This point was checked further by tests 
on one sample of cable with wires in the 
center filler space. The results of meas¬ 
urements of resistance of these wires 
generally indicate that the rise in tem¬ 
perature of the wires above the sheath 
temperature was about ten per cent less 
than the rise of the temperature of the 
conductors above sheath temperature. 

For thicker insulations, K in the above 
formula would probably be less than indi- 
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cated, that is, the copper shielding tape 
would be of relatively more benefit in 
keeping down the temperature rise. 

Thermal Resistivity of the Sheath 

During the aging tests of the three-con¬ 
ductor cables in the still air in the labora¬ 
tory, sheath temperatures were deter¬ 
mined. From these data the surface 
thermal resistivities were determined, and 
results are shown for four typical cables 
in Figure 13. 

1. One striking point is that for tempera¬ 
ture rises of the sheath of 20 degrees or less, 
a cable of about two-inch diameter might 
have a surface thermal resistivity above the 
usual assumed value of 1,200. 

2. There is considerable variation between 
the sheaths. The tests shown indicate a 
range of about 25 per cent for some cables 
of practically the same diameter. 

3. The resistivity drops with temperature 
rise, as may be expected, the decrease be¬ 
tween a 10-degree rise and a 40-degree rise 
being about 30 per cent- 

Increasing Carrying Capacity 
of Conduits 

In making a new design of conduit, it 
may be found from the standpoint of the 
desired loading of the cable that the 
originally proposed design of conduit 
would be inadequate. This situation may 
be remedied, for example, by spreading 
the ducts or by increasing the number of 
ducts and spreading out the cables by 
placing them in some of the outside ducts. 
Sometimes the problem arises as to 
whether for a given number of ducts the 
amount of heat that may be generated 
in them may be increased better 

(а) . By placing soil of low thermal re¬ 
sistance around the conduit instead of the 
soil found in the street. 

(б) . By simply having the conduit in¬ 

stalled at a greater depth below the street 
surface. ' 

This problem arises particularly where 
conduits are to be installed in soil con¬ 
sisting largely of slag or fine sand or 
miscellaneous backfill in the first two, 
four, or six feet of soil below the street 
level. 

In the first method the special backfill 
material of low thermal resistivity is 
placed for a space of two feet on each 
side of the conduit and above the conduit 
for the distance from the street surface 
down to the bottom of the conduit. In 
such case the distance from the top of the 
conduit to the street surface may be 
the usual figure of about 2*/j feet. In the 
other method the cover over the conduit 
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Figure 13. Surface 
thermal resistivity of 
lead' cable sheaths 
(by tests in still air in 
laboratory) 



may become several feet, and the distance 
from the street surface to the bottom of 
the conduit may become, say, nine feet. 
There are two distinct technical advan¬ 
tages of this second method: 

1. The conduit is brought closer to the 
ground water level. 

2. The maximum temperature in the sum¬ 
mer will be less for the base earth tempera¬ 
ture than for conduit installed at the usual 
depth. 

Sometimes soil conditions are such that 
. even the replacement of so-called poor 
soil with a good soil will not solve the 
problem, because relatively little water 
is drawn into the sorcalled good soil to 
produce a low thermal resistance and good 
thermal dissipating characteristics for the 
conduit. The advantage of the lower 
value for maximum earth temperature for 
summer conditions is of particular inter¬ 
est, because the rating of the cable limits 
the loading more frequently in the sum¬ 
mertime than in the wintertime. 

One set of calculations on the economics 
involved showed that for installations of 
either a 6-duct conduit dr a 12-duct con¬ 
duit, the cost per kilovoltamperes of 
allowable carrying capacity was appreci¬ 
ably less for the second scheme as com¬ 
pared with scheme (a). (Replacement of 
poor soil with soil of good thermal con¬ 
ductivity has been found very helpful 
in some cases for existing conduits.) 

The method to be used for a new instal- , 
lation, however, depends to a large extent 
upon the conditions prevailing in the par¬ 
ticular case. The gain obtained from in¬ 
creasing the depth of the conduit would 
be somewhat counterbalanced by the in¬ 
crease in required depth of the manholes 
and extra troubles that would accrue from 
water encountered in the manholes. Also, 
in some localities, rock is hit at relatively 
small depths. 

Existing installations of other utilities 
may be of such a nature as to have a bear¬ 
ing on the method to be used. For instal¬ 
lations in approaches to bridges, soil of 
poor conductivity may be very deep so 
that method (6) is not applicable. In 
this case method (a), with or without 
spreading out the cables by special duct 
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formations, is effective. If further in¬ 
crease in current-carrying capacity of 
cables is desired for such locations, larger 
sizes of cables than are normally used 
along the remainder of the lines may be 
installed, thereby decreasing the losses in 
the conduit. For conduits under construc¬ 
tion where poor soil is encountered in spots 
along a relatively small portion of the 
distance between manholes, replacement 
of soil has been found advisable. 

Temperatures of Conduit 

In the past usually most of the cables 
in a given conduit operated with, daily 
maximum loads below the normal ratings. 
This phenomenon is recognized in estab¬ 
lishing the ratings. If it were known that' 
the several cables in a conduit were to 
operate part of each day throughout their 
lives at full normal rating, then the calcu¬ 
lated normal ratings of each design of 
cable would be less than are usually 
established. 

With wartime conditions, the maximum 
daily loading of cables usually increases. 
Also, the daily load factor usually in¬ 
creases. This means a substantial in¬ 
crease in the average amount of heat 
generated over each 24-hour period.and 
a corresponding increase in conduit tem¬ 
peratures, even though no increase in 
normal ratings of . the cables may have 
been established. The resulting copper 
temperatures may become much greater 
than occur in peacetimes, and even exceed 
the temperatures given in standards by 
several degrees or more. 

In the previous paper an allowable 
limit of about 50 degrees centigrade was 
mentioned for the empty ducts of con¬ 
duits in order to avoid 

(a). Excessive .drying out of the conduit 
and soil. 

(fib An increase in heating constant. 

(c). Resulting excessive conduit and cable 
temperatures. 

Further field data have been studied. 
An analysis of heating characteristics of 
several conduits installed in soil of typical 
moisture content did not indicate an in- 
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Factors Which Influence the Behavior of 

Directional Relays 

TROY D. GRAYBEAL 
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Synopsis: Very little material dealing with 
the-factors (such, as network dissymmetries) 
which lead to incorrect operation of direc¬ 
tional relays has appeared in the technical 
literature. Practical experience has been 
the guide as to the relative merits of the 12 
possible connections which utilize either 
line-to-neutral or line-to-line voltages and 
line currents or the differences of line cur¬ 
rents to actuate the relay elements. In this 
article a graphical method for analyzing 
directional-relay operation is developed, 
Utilizing circle diagrams and symmetrical 
components, and the method is applied to 
general cases to ascertain the effects of net¬ 
work dissymmetries. 

Since the relay volt-ampere expressions in 
terms of symmetrical components are too 
complicated to show the relative merits of 
the 12 connections, the expressions also are 
given in terms of the modified symmetrical 
components introduced by Edith Clarke and 
now widely used in network-analyzer studies 
of unbalanced faqlts. Circle diagrams based 
upon these modified components show con¬ 
clusively that the ordinary 90-degree, 30- 
degree, and 60-degree connections are more 

Paper 42-90, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
summer convention, Chicago, Ill., June 22-26, 
2942. Manuscript submitted July 11, 1941; 
made available for printing April 20,1942. 

Tsoy D. Graybeal is instructor in electrical engi¬ 
neering, University of California, Berkeley, Calif. 

The author acknowledges his indebtedness to J. C. 
Balsbaugh of Massachusetts Institute of Tech¬ 
nology, Robert L. Prank of the Bulldog Electric 
Products Company, and Paul Morton of the Uni¬ 
versity of California, for important material and 
suggestions. 


free from disturbing influences than the 
other nine and therefore give more reliable 
operation in most practical applications of 
directional relays. The particular connec¬ 
tion whidh will be most reliable at any given 
location can be determined by the methods 
given here when the constants of the power 
network are known. 


T HE demand for reliable and continu¬ 
ous service from modem power sys¬ 
tems has made it essential that short 
circuits and other faults cause as little 
disturbance as possible to the system as a 
whole. Ideal protection would consist of 
relays which would locate accurately the 
faulted equipment and cause only such 
equipment to be disconnected from the 
system when short circuits occur. Since 
overcurrent and distance relay elements 
as used in loop and parallel feeder net¬ 
works cannot differentiate between faults 
on the incoming and outgoing sides of a 
breaker, directional elements br relays 
must be used for this purpose. To pre¬ 
vent unnecessary loss of load and undam¬ 
aged apparatus, and to prevent undue 
damage to the faulted equipment, the 
directional relays must be designed and 
adjusted to operate correctly for as many 
conditions of operation as possible on all 
types of faults, and in particular for 


crease in heating constant for various 
temperatures up to 50 degrees. 

A longitudinal duct temperature survey 
made in June 1941 along a conduit section 
showed temperatures along the portion 
of the length not affected by the presence 
of the manholes of 39 to 61 degrees centi¬ 
grade. This conduit is located in miscel¬ 
laneous fill consisting chiefly of cinders. 
This fill, being of a porous nature and well 
drained, normally holds very little mois¬ 
ture. The heating constant was found to 
be poor, but an analysis indicated no 
change from the previous year when the 
duct temperatures were much lower be¬ 
cause of lighter loads on the cables. Other 
data, including experiences of over 20 
years ago in Chicago, were also considered. 

All of the data indicate that in many 
cases the allowable duct temperature 
limit of 50 degrees is too low, and at least 
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for wartime conditions the maximum tem¬ 
perature for normal loading may be 55 
or 60 degrees centigrade and five de¬ 
grees higher for emergency loading. 

Some factor of safety should be allowed 
for temperature variation between man¬ 
holes, if duct temperatures are measured 
by the usual method at one spot along the 
conduit section. For the case where the 
idle duct temperatures were 39 to 61 de¬ 
grees in the conduit section, the tempera¬ 
ture 20 feet from the duct mouth was 
only 47 degrees, or 14 degrees lower than 
the maximum value. Such variation can 
be expected in conduit runs installed in 
soil of poor thermal conductivity when 
operating at temperatures of 50 degrees or 
more. Even in soil having good thermal 
characteristics, some variation, such as 
15 or 25 per cent, in heating constant be¬ 
tween two manholes may be expected, 
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those conditions which are of most fre¬ 
quent occurrence. A comprehensive 
knowledge of the behavior of directional 
relays of a system is necessary in order 
that this result may be achieved. 

Of the many types of directional relays 
which are manufactured, this paper is 
limi ted to those which operate on the 
wattmeter principle. Other types in 
which voltage restraint coils are used are 
closely related, from the standpoint of 
operating principle, to distance relays. 
These have been treated in detail by 
J. H. Neher 1 who has developed excellent 
methods for analyzing the performance 
of different forms of the distance relay. 

The behavior of a wattmeter-type di¬ 
rectional relay depends upon the vector 
volt-amperes supplied to the relay ele¬ 
ment. The magnitude and angle of this 
quantity is obtained from the product, in 
the vector sense, of the current and the 
conjugate of the voltage at the relay. 
The torque developed by the relay ele¬ 
ment is proportional to \Vl\ cos (0-W>)'. 
The angle between the relay voltage and 
current is 0, and <f> is the “relay angle,” 
which is the angle between the current 
and voltage applied to the relay for which 
given magnitudes of these quantities 
cause maximum torque to be developed. 
The relay angle is positive if the current 
leads the voltage for this condition. 

The vector volt-ampere product may 
be expressed in terms of symmetrical 
components. The different terms of the 
expression then are evaluated separately 
and combined to indicate the direction of 
the relay torque. The coefficients of the 
several volt-ampere terms are given in 
Table I for both single-phase and poly- 


according to many field measurements. 
In this case, if the rise of the conduit tem¬ 
perature above base earth conditions is 
like a typical case in peacetime, that is, 
16 degrees, then the variation is only four 
degrees; but, if the cable loading is up 
and the average conduit-temperature rise 
is 32 degrees, then the variation in duct 
temperatures may become about eight de¬ 
grees—a large amount. 
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phase relays for all 12 possible connections 
which utilize either wye or delta voltages 
and either wye or delta currents to actuate 
the relay elements. “Line-to-neutral” 
voltages are referred to as wye voltages 
and “line-to-line” voltages as delta volt¬ 
ages. Likewise, “line” currents are wye 
currents and the “differences of line cur¬ 
rents” are delta currents. 

In order to study the effects of network 
dissymmetries, it is necessary to consider 
special network conditions beginning 
with the simpler cases. The general net¬ 
work representation illustrated in Figure 1 
is used. In most cases, the impedance Z z 
is considered zero, since it has no effect 
whatever upon the distribution of the 
total fault current between sides M and N. 
The effect of Z z is to modify the voltage 
V M which appears at the relay. Since the 
important consideration is the phfl g» of 
V M with respect to the relay current, Z z 
has no effect unless its angle is different 
from that of the impedance Z M . In most 
actual power networks these angles will 
not differ greatly. 

The simplest possible case is repre¬ 
sented by Z z =Z 1{f =0, Zi—Zi—Zo, and 
Z M —Z N in all three sequence networks. 
When these conditions are substituted 
into the general relay volt-ampere ex¬ 
pressions of Table I, four of the connec¬ 
tions show inherent tendencies toward in¬ 
correct relay operation. If a particular 
connection will not give satisfactory per¬ 
formance in such a simplified system, it is 
of little use in a large complicated power 
network. Such connections, therefore, 
are not considered further and are 
omitted from Tables II and III. 

Determination of Relay Behavior 
By Means of Circle Diagrams 

Circle diagrams make possible visuali¬ 
zation of the relations which must exist 
between the various sequence quantities 
as fault resistance or network constants 
vary. Thus, in Figure 3 drawn for the 
line-to-ground fault in terms of sym¬ 
metrical components, the positive-se¬ 
quence voltage vector is constrained to 
fall within the semicircle CEBf 0 for any 
value of fault or network resistance; with 
a purely reactive network the vector falls 
on the circumference. Similarly, the sum 
of the negative- and zero-sequence volt¬ 
ages must always fall within the semi¬ 
circle OAC, and the curreht within the 
semicircle 01 f F. The ranges of possible 
variation, of the sequence voltages and 
currents are shown by the diagram to be 
confined to definite areas which are deter¬ 
mined by the network reactances. This 
situation would be very difficult to visual- 
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(b). Equivalent circuit which represents 
either the positive-, negative-, or zero- 
sequence network of the actual system 


Figure 1 


ize from the symmetrical-component equa¬ 
tions alone. 

The nature of the circle diagrams may 
be recognized from the circuits of Figure 2 
in which the fault resistance is the variable 
parameter. These are series circuits in 
whjch E J0 (the positive-sequence voltage 
at the point of fault before the occurrence 
of the fault) is the driving voltage. In 
any circuit of this type, the current 
vector, as well as the vector voltage across 
any constant impedance portion of the 
circuit, describes a circle as the resistance 
varies. 

For a line-to-ground fault, the voltage 
Ejo is laid off horizontally to scale and 
divided at point C (Figure 3) according to 
the ratio CEf 0 /OC= Xi/(Xi+X 0 ). If the 
magnitude of the fault current is known 
or assumed, the vector 0I f is constructed 
to scale so as to form a chord to the semi¬ 
circular current locus. Then the lines 
OA perpendicular to I fi AE parallel to I f , 
and EE f0 perpendicular to I f are drawn. 
The vector OB, which represents the 
voltage drop across both the negative- 
and zero-sequence networks, is con¬ 
structed at an angle'with I f equal to the 
angle of the negative- and zero-sequence 
network impedances combined in series. 
The line DEf 0 is drawn to intersect the 
line AE at the angle of the positive- 
sequence impedance to locate the end of 
the positive-sequence voltage vector Vi. 
The vector BD represents the voltage 
drop 3 1/Rf consumed by the fault resist¬ 
ance. The two voltage vectors — Vi and 
— Vo lead the total fault current by the 
angles 0j and 0o respectively, and the 
lengths are such as to complete the paral¬ 



lelogram 0(— Vi)B{— Vo). The division 
of' current in either sequence network is 
such that In and I N lag the corresponding 
sequence voltage drop by the angles of 
the corresponding sequence impedances 
Z u and Z N respectively. The location of 
all the circular loci in terms of the network 
impedances is given in detail in Figure 4, 
and the mathematical basis for the dia¬ 
gram in appendix A. 

The two semicircles OAC and CEE f0 
(Figure 3) are the lod of the two voltages 
.(— Vj— V 0 ) and V x respectively, when the 
resistances of the sequence networks are 
neglected. When resistances are con¬ 
sidered, the ends of the two corresponding 
voltage vectors must lie somewhere inside 
the two semicircles. It is impossible for 
either of the two voltages — Vj, — V 0 or 
their vector sum, when laid off from 0, 
to fall above the semicircular arc OAC. 
Likewise, the positive-sequence voltage 
Vi cannot fall below the semicircular arc 
CEEf 0 as long as the networks are induc¬ 
tive in nature. 

The angles between the fault current If 
and the negative- and zero-sequence volt¬ 
ages are independent of the fault resist¬ 
ance. The angle between the positive- 
sequence voltage and the fault current 
varies with the fault resistance, but is 
restricted to the range zero to 90 degrees 
with the current lagging; If the imped¬ 
ance Z„ is more resistive than Z N , the 
current coming to the fault from side M 
will lead the total fault current, and the 
current coming from side N will lag the 
total fault current. The vector sum of 
these two components must, of course, 
make up the total. The current I^- N 
coming from side N cannot lag the volt¬ 
age — Vz by more than 90 degrees. It 
follows, therefore, that In- N can never lag 
Ep by more than 90 degrees unless the 
zero-sequence network is more reactive 
than the negative-sequence network. In 
the same way, h-M can never lead the 
total fault current If by an angle greater 
than the angle of the zero-sequence net¬ 
work. As a limiting case, it may lag the 
voltage —Vo by as much as 90 degrees 
and thiis lie in the third quadrant. If 
the currents I u and I N are equal in all 
three sequence networks, the maximum 
angle between them is given by the expres¬ 
sion (90°—02+0 O ). These limitations as 
to the possible ranges of the sequence 
quantities are of value in the determina¬ 
tion of the direction of relay torque from 
the relay volt-ampere expressions, par¬ 
ticularly when the expressions are used to 
judge the relative merits of the various 
relay connections. 

Impedance between the relay and poinl; 
of fault affects principally the magnitude 
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Table I. Coefficients of All Terms in the Symmetrical-Component Expressions for Vector Volt-Ampere Input to a Relay 

Volt-Ampere Terms* 


Relay 

Connection 


Current- 

Voltage 


Relay Product (conjVi)Ii (conjVt)Is (conjVi)lo (conjVj)Ii (conjVt)Is (conjV*)Io (conj Vo)Ii (conjVo)I* (conjVo)I> 


E 

s 

O » 

d 

at d 

M S 
d o 

5 

s» 

£ 


Zero-degree 


60-degree ordinary 


60-degree alternate 


a 

b .. 

c 

Poly- 

(conj Vail a . 
(conj Vb)Ib . 
(conj V t )Ie . 

1Z 0 .... 

1Z 0_ 

1Z 0 .... 

3Z 0 .... 

1Z 0 .... 

1Z240. 

1Z120.... 

1Z 0 .... 
1Z120.... 
1Z240. 

1Z 0 ... 
1Z120... 
1Z240... 

a 

-(conj Vo)A ; 

1Z60 .... 

1Z300.... 

1Z180.... 

1Z60 ... 

b 

— (conj Vj) l e . 

1Z60 .-... 

1Z180.... 

1Z300.... 

1Z180... 

c 

— (conj V e )/ a . 

1Z60 .... 

1Z60 ;... 

1Z60 .... 

1Z300... 

Poly- 








3Z60. 




a 

— (conj Vo)/,, . 

1Z300.... 

1Z60 .... 

1Z180.... 

1Z300.. . 

b 

— (conj Vb)Ia ■ 

1Z300.... 

1Z300.... 

1Z300.... 

1Z60 ... 

c 

-(conj V e )h . 

1Z300.... 

1Z180.... 

1Z60 .... 

1Z180. . . 

Poly- 






phase.. 


3Z300.... 





1Z 0 

1Z 0 .... 
1Z 0 .... 

1Z 0 .... 
1Z240.... 
1Z120.... 

1Z 0 
1Z240. 
1Z120. . .. 

1Z 0 .. 
1Z120.. 
1Z240.. 

..1Z 0 
..1Z 0 
..1Z 0 

3Z 0 




. ,3Z 0 

1Z300.... 
1Z300.... 
1Z300.... 

1Z180.... 
1Z60 .... 
1Z300.... 

1Z60 .... 
1Z300.... 
1Z180.. .. 

1Z300.. 
1Z60 .. 
1Z180.. 

.. 1Z180 
..1Z180 
.. 1Z180 

a/ann 




.. 3Z180 

1Z60 .... 
1Z60 .... 
1Z60 .... 

1Z180.... 
1Z60 .... 
1Z300.... 

1Z300. 
1Z180.... 
1Z60 .... 

1Z60 .. 
1Z180.. 
1Z300.. 

..1Z180 
.. 1Z180 
.. 1Z180 

3Z60 .... 




. .3Z180 


a 

ti 

II 


00-degree ordinary 


30-degree ordinary 


u 

Q 


30-degree alternate 


90-degree. 


a 
& 

§ 

3 

2 § 

u p 30-degree 

m a 

|o 

> 

l 

i 


30-degree alternate 


Zero-degree. 


I 

« a 
So 

V £ 

Q o 

j» a 60-degree, 


!> 

i 

a 


60-degree alternate 


— (conj Va)I a . 

— (conj Vb)I\> . 

— (conj Vc)Ie • 


VSZ90 

i/3Z90 

VSZ90 


.V3Z90 . 
.VSZ330. 
■VSZ210. 


,V3Z90 . 
.VSZ210. 
.V§Z330. 


.V3Z270. 
.V2Z30 . 
.V3Z150. 


V3Z270. 
V5Z270. 
V3Z270. 


.3V3Z90.....3V5Z270 


(conj Va)/« . V3Z30_V3Z150_VSZ270_V3Z210.... V3Z330. 

(conj Kb)/o . V5Z30 . ...V5Z30_V3Z30 . ...V3Z330-VSZ330. 

(conj Vc)Jk. V3Z30_V3Z270_V3Z160_VSZ90_V3Z330. 


.3V5Z30 ..3VSZ330 


, — (conj Va)/6 . VSZ330_V3Z210_V3Z90_V3Z150_VSZ30 

-(conj Vs)/« . V3Z330_V3Z90_V3Z210... .V3Z270_V3Z30 

. — (conj Vc)la .. VSZ330_VSZ330_VSZ330_VSZ30_VSZ30 


.V3Z270 
,V3Z150 
.VSZ30 


.VSZ90 

.VSZ330 

.VSZ210 


.VSZ270 

.VSZ160 

.VSZ30 


.3V3Z330........3V§Z30 


(conj Vo )/a . V3Z90 
(conj Vj,)/s . V 3Z90 
(conj Ke)/c . V5Z90 


.V3Z270. 
,V3Z160. 
■V3Z30 . 


....3V3Z90 

- (conj Va)Ic . V 3Z30 
-(conj V 6 )/ x . V3Z30 

- (conj V c )/fl . V3Z30 


.V5Z330. 
.V5Z210. 
.V3Z90 . 


.3V3Z30 . 

(conjVJ/a. V3Z330. 
(conj Vt)/ C . V5Z330. 
(conj V c )/A . V3Z330. 


,V3Z30 . 
.V3Z27Q. 
.V3Z160. 


..V5Z90 .. 
..VSZ210.. 
..V3Z330. . 

.. VSZ270. 

.. V 3Z270. 

.. VSZ270. 

.VSZ90 . . 

..VSZ330. 

.VSZ210. . 

.,VSZ270 
..V3Z30 
..V5Z160 


..3VSZ270 



. .V3Z30 .. 

. .vszifio.. 
..V3Z270.. 

.. V§Z330. 

.. VSZ330. 

.. VSZ330.. 

. ..V5Z30 . . 

.V3Z270. . 

.VSZlfiO. . 

..VSZ330 
;.VSZ90 
..VSZ210 


..3VSZ330 



. .V3Z330.. 
..V5Z90 .. 

. .V3Z210. . 

.. V§Z30 ....... 

.. V3Z30 

.. v§zso . 

.V5Z330. . 

.V3Z210.. 

. .VSZ30 
..V3Z160 
..V3Z270 


.3V3Z330.3V5Z30 


. (conj Va)/a. 

3Z 0 . . .. 

3Z180.. 


3Z 0 

. (conj Vb)Ib- 

3Z 0_ 

3 ZOO . 


3Z 0 

. (conj Vc)/c. 

3Z 0 .... 

3Z300. 


3Z 0 


9Z 0 .... 


* 

9Z 0 

. — (conj Va)Ib. 

3Z60 .... 

3ZI20. 

. 3Z240_ 

3Z300 

. — (conj Vb)Ic. 

3Z60 .... 

3Z 0 . 

. 3Z 0_ 

3Z300 

. - (conj Vc)Ia. 

3Z60 .... 

3Z240. 

. 3Z120. 

3Z300 

* 

9Z60 .... 



9Z300 

. -(conj Va)Ic. 

3Z300.... 

3Z240... 

. 3Z120_ 

3Z60 

. - (conj Vs)/ a. 

3Z300.... 

3Z120. 

. 3Z240.... 

3 ZOO 

. — (conj Vc)Ib. 

3Z300_ 

3Z 0 . 

. 3Z 0 .... 

3Z60 


9Z300.... 



9Z60 


* To find the symmetrical-component expression for the total vector volt-ampere input to any relay, take the sum of all the column headings, each multiplied by the 
corresponding coefficient taken from the row opposite the relay considered. The voltage and current components in the network at the point where the relay is 
located must be used in these expressions. 


of the voltages at the relay. As the im¬ 
pedance Z/y becomes larger and larger as 
compared with Z M and Z N) the negative- 
and zero-sequence voltages at M get 
smaller and smaller in magnitude. They 
are modified in phase only when the angle 
of Zgf is different from the angle of Z M . 
In general, these angles will not differ 
greatly, and the predominate effect of 
impedance between the relay and fault 
point is to decrease the negative- and 
zero-sequence voltages and to increase 
the pQsitive-sequence voltage. In an ex- 
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tren^e case where all'the resistance of side 
M is between the relay and fault point, 
and all the reactance beyond the relay, 
the negative-sequence voltage —Vt- M 
would lie on a semicircle with — V 2 as the 
diameter. The relay voltage — F 2 - m, 
therefore, may lie somewhat outside the 
semicircle OAC, but only in rare cases. 
The relative importance of Zjy is deter¬ 
mined by how far back electrically from 
the fault point the relay is located. It 
becomes more important as the ratio 
z Rf/Z M increases. This ratio is larger for 
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a line connected into a large power-system 
network than for a line of the same con¬ 
stants connected into a small power- 
system network. 

The diagram of Figure 3, together with 
others drawn for different network con¬ 
ditions, shows it is impossible to design a 
directional-rday scheme which will oper¬ 
ate correctly for all possible faults on a 
normal power system. Erratic operation 
may be expected, if the angles of the im¬ 
pedances measured opposite ways from 
the fault point are greatly different, or if 

AIEE Transactions 

































































the angle of the impedance between the 
relay and point of fault is considerably 
different from that of the total impedance 
Z M . In general, the relay on the mor e 
reactive side of the fault is less liable to 
operate incorrectly. 

When load currents are present, they 
must be added vectorially to the fault 
components in the positive-sequence net¬ 
work. Load currents increase one of the 
components h—u or I\- N and decrease 
the other. In cases where the load cur¬ 
rent is comparable in magnitude with the 
fault current, the total positive-sequence 
current may be modified in phase suffi¬ 
ciently to cause incorrect relay operation. 
The relay most subject to this effect is 
the one at the receiving end of the line, 
since at this point the two components 
of positive-sequence current flow in 
opposite directions. 

In order to obviate the effects of load 
current, some form of overcurrent device 
must be used in conjunction with the 
relay to prevent operation unless over¬ 
current or fault current exists in the 
system. The current balance scheme, 
which is commonly used for the protec¬ 
tion of paralleled feeders, makes use of 
two current transformers, one. in each 
feeder, with secondary windings con¬ 
nected so that the relay receives the 
difference of the two secondary currents. 
In this case, the relay current is given by 
the expression J/(l—/) which is independ¬ 
ent of normal load current, // is the 
total fault current and / is the fractional 


length of the feeder from the relay to the 
point of fault. This scheme, however, is 
applicable only to feeders or other appa¬ 
ratus operating in parallel. In other 
cases where the load component of cur¬ 
rent may be comparable in magnitude 
with the fault components, the only work¬ 
able scheme is the use of “ground relays” 
which operate on zero- or negative-se¬ 
quence quantities only. 

The ease with which directional-relay 
operation may be determined by use of 
the ' circle diagram is exemplified, by 
Figure 5 which shows the behavior of an 
ordinary 90-degree-connected polyphase 
relay on a line-to-ground fault. The circle 
diagram is constructed from the network 
impedances in the manner outlined pre¬ 
viously to give the magnitude and phase 
of the sequence voltages and currents at 
the relay. From Table I, the volt- 
ampere expression to be evaluated is 
[(conj Vi) Ji|90+ (conj V 2 )/ 2 |270]. The fac¬ 
tor 3 V'S is omitted since the actual magni¬ 
tude of the relay torque is unimportant. 
If the load current is small compared 
with the fault currents, Ji is equal to 
/ 2 , and the expression may be written 
(conj Vi—conj V 2 )/i| 90. The relay torque 
then is proportional to the sum of the 
projections of the two voltages on the 
current vector I x rqtated through the 
angle (90 °— <f>). Since both of these 
projections are positive for the conditions 
depicted in Figure 5, correct relay opera¬ 
tion is indicated. 

An alternative method which may be 


used to advantage when the volt-ampere 
expression consists of only two terms, 
makes .use of the position of the current 
vector where the two voltage projections 
on the current are equal in magnitude but 
opposite in sign. A line in this position 
is designated an "equiprojection” line, 
and represents that phase position of the 
current for which the torque developed 
by an element having a relay angle of 
zero degrees is zero. If the relay angle 
<f> is not zero, the zero-torque line is <j> 
degrees leading the equiprojection line. 

The equiprojection line is located by 
dropping a perpendicular from 0 to the 
line joining the ends of the two voltages 
Vi|90 and (—V 2 | -90) . Since the relay 
operates correctly if the current lags the 
zero-torque line by less than 180 degrees, 
correct operation is indicated in Figure 5, 
where the current is near the position for 
maximum torque for the two voltages 
concerned. 

For the ordinary 90-degree-connected 
polyphase relay, the equiprojection line 
will coincide with Efo if the positive- and 
negative-sequence networks are identical. 
Thus, disregarding the secondary effects 
of load currents, the direction of the relay 
torque is independent of the fault resist¬ 
ance for this connection. 

When the volt-ampere expressions con¬ 
sist of more than two terms, or when the 
two terms do not involve the same cur¬ 
rent, the first method described must be 
used. An example of thi s character is 
given in detail in appendix B. 
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POSITIVE 

SEQUENCE 

NETWORK 




, 

a 

1 

NETWORK 


n« 

T 

l/2 ZERO 

i 

SEQUENCE 

NETWORK 


*!-> 


j|V 


p 

NETWORK 


I' 


NEGATIVE 

SEQUENCE 

NETWORK 


b 


Bf 

\AA 

to 


(c), Line-to-line fault 
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p 
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Figure 2 (left). Se¬ 
quence network con¬ 
nections representing 
line-to-ground and line- 
to-line faults 


(d) 

(d). Line-to-line fault 
in terms of modified 
symmetrical components 


Polyphase Directional Relays 

A three-phase relay is less subject to 
erratic operation than are the three single¬ 
phase relays otherwise used on a three- 
phase system, since an. incorrect opera¬ 
tion of any one relay will result in an in¬ 
correct switching operation. That the 
three single-phase relays will behave dif- 
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Table II. Coefficients of All Terms in the Modified Symmetrical-Component Expressions for Vector Volt-Ampere Input to a Relay 


Relay 

Connection 


Relay 


Current- 

Voltage 

Product 


Volt-Ampere Terms* 

(conj Vet)Iet (conj Va) 1/9 <con| V«)Io (conj V/9)I« (conj V/3)I/J (conj V/J)I» (conj Vo)I« (conj Vo)I/5 (conj Vo)I# 


t 

3 

O tn 
v d 
>» o 

£'■8 
4> U 
fcfl P 

|g 

oO 

? 


60-degree ordinary. 


60-degree alternate. 


SO-degree ordinary.. 


I 

6 

i 

f 

4) 

bO 

a 

-M 

*3 

O 


30-degree ordinary. 


30-degree alternate. 


0) ^ 


to 

§ 


£3% 90-degree. 
i £ g 

O 


1 

0 

o 

‘i « 

% o 

■51 

•II 

& 

O 

Q 


60-degree. 


60-degree alternate. 


a 

6 

c 

Poly¬ 

phase 

a 

b 

c 

Poly¬ 

phase 

a 

b 

e 

Poly¬ 

phase 

a 
b 
c 

Poly¬ 

phase 

a 

b 

c 

Poly¬ 

phase 

a 

b 


c 

Poly¬ 

phase 


a 
b 
c 

Poly¬ 

phase 

a 
b 
c 

Poly¬ 

phase 


•(conj V a )Ib 
• (conj Vb)I e 
■ (conj V e )r a 


•(conj V a )/e 

• (conj Vi)/ a 

• (conj V e )Ib 


•(conj Va)Ic 
■ (conj Va)Ib . 
■(conj Vo)fc . 


(conj VX)tc . 
(conj Vb)Io , 
(conj Vc)/i . 


•(conj VA)Ib 
■(conj Vb)Ic 
■(conj Vc)Ia . 


(conj V*)Ia. 
(conj Vb)lB . 
(conj V B )Ia . 


•(conj Va)Ib. 
•(conj Vb)Ic. 
■(conj Vc)lA. 


•(conj V a) tc. 
(conj Vb)Ia. 
(conj Vc)Ib. 


1 

2- 

1 

~V 

1 

2‘ 


1 

2* 

1 

2- 

1 

'V 

3 

4' 


3 

2‘ 

3 

V 

9 

V 


3 

?• 

3 

2- 

9 

V 


3 

"i- 

3 

?• 


9 

I' 


0. 

0. 

9 

z- 

9 

3* 


_ vs 

O. 

..- 1 . 

.... 0 . 

vs 

1 

vs 

4- 

0 . 

3V5 

• • 2 - 
l 

.. 5 ., 

. o.. 

4 • 

VS 

2 ' 

3V3 

4 . 


4 • 

V3 

2 . 

0 . 

..-l. 

. 0 . 

l 

VS 

vs 

4. 

3V5 

• 2 “ 
1 

• 2 -‘ 

. 0 .. 

- 2 • 

VS 

4’ 

3VS 

4 • 

0 . 

. 0 . 

.... vs. 

3VS 

4. 

3VS 

3 

•~ 2 * 

3 

VS 

4‘ 

VS 

3>/S 

1 2' 

0 ., 

4 

3VS 

2 . 


.... 2 - 

0 . 

. 0 .. 

vs 

«... « . 

0 . 

_ 3V3 

3 

• 2 - 
3 

vs 
2 ‘ 
_ VS 

3VS 

■ 2 ‘' 

. 0 ., 

4 

3V3 

4. 


4 ■ 

0 . 

3VS 

. 0 ., 

3 

vs 

--'A' 

ICO 

* ° £1 

• 2 1 
3 

• 5" 

. 0 ., 

vs 

-~ 2 ‘ 

3V5 

4 


4 • 

. -VS. 

. 0 .. 

0 . 

vs 

. 0 ., 

3V5 

4. 

_V3 

. 0 .. 

3V3 

3VS 

• T . 

. 0 .. 

4 

3V3 

. 2 • 


0 . 
_3VS 

3*5 

9yS 
4 1 

0 . 
3 V3 
2 • 
3VS 
4 • 
9VS 
4 - 


0_ 

0. 

0. 

0. 

0. 

0 ..... 


3V3 
2 * 
3V5 
4 - 
0 . 

9VS 
4 • 

3V5 
’ 2 * 
0 . 
3VS 

9VS 
‘ 4 ' 


0. 

3 

3‘ 

0. 

3 

V 

0. 

0. 

3 

V 
3 
3: 


3 

'!• 

3 

4 ‘ 

0 


3 

4' 

9 

?' 


2‘ 

3 

3' 


9 

3- 


3 

3- 

3 

'3' 

0. 


3 

5 


2 

9 

3 

3 

2 

3 

2 

3 

'3 

9 

3 


0. 

VS 
‘ 2 • 
VS 
2 • 

0 . 

0 . 

VS 
■ 2 ? 
VS 
2 1 


vs 

vs 
' 2 
VI 
"2 


-vs 

vs 

2 

vs 


vs 

vs 

2 

vs 

2 

0 

0 . 
0 . 
0 . 
0 . 


1 

2‘ 

1 

2- 

-1. 

0. 

1 

2 ' 

-1. 

1 

2 * 

0. 


■T.- 

f . - 

0.-1“ 

0.-3 

I.- 

0.-1 

■I.-i 

0.-3 


0.-VS 

3 ’ VS 

5. "2 

3 VS 

*2 . 2 

0. 0 


0 

0 

0 


* To End the modified symmetrical-component expression for the total vector volt-ampere input to any relay, take the sum of all the column headings, each multi¬ 
plied by the corresponding coefficient taken from the row opposite the relay considered. The voltage and current components in the network at the point where the 
relay is located must be used in these expressions. 


ferently is indicated by the expressions of 
Table I. The cross-product terms (such 
as (conj Vi)I it (conj Vi)J 0 , and so forth) are 
identical in all three expressions for a 
particular connection except that they are 
rotated through different angles before 
being combined with the other terms. 
Thus, negative torque may be produced 
in one relay even though the other two 
operate correctly. Since the polyphase 
relay consists of three single-phase ele¬ 
ments mounted on a common shaft, the 
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cross-product terms in the volt-ampere 
expressions cancel. The relay is governed 
completely by the three terms (conj Vi) Ji, 
(conj Vs) It, and (conj Vo) Jo. The latter term 
is zero in all cases except for ground 
faults, and then appears only in the ex¬ 
pressions for the wye-voltage wye-current 
connections. 

The wye-voltage delta-current connec¬ 
tions give exactly the same relay opera¬ 
tion as the corresponding delta-voltage 
wye-current connections. Therefore, 
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neither set has any advantage over the 
other. Likewise, for faults not involving 
ground, the wye-voltage wye-current con¬ 
nections have no advantage over the 
delta-voltage delta-current connections. 
On ground faults the wye-voltage wye- 
current connections would give somewhat 
better performance. The angle of the 
(conj Vo) Jo term usually is such that it rep¬ 
resents positive torque, and the relay is 
somewhat more free from the disturbing 
influence of normal load current. 
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The relative merits of the 30-degree, 
60-degree, and 90-degree connections may 
be studied by application of the circle 
diagram. The conditions existing during 
a line-to-ground fault are illustrated by 
the diagram of Figure 3. For the line-to- 
line fault, the diagram is similar, the 
essential difference being that point C is 
situated at or near the center of the line 
OEf 0 , and V 0 does not appear at all. 

Since the positive-sequence voltage can 
never be less in magnitude than the 
negative-sequence voltage, the zero-se¬ 
quence voltage, or the vector sum, the 
term (conj Vi)fi usually will govern the re¬ 
lay behavior. A possible exception exists 
with the wye-wye connections. For a 
ground fault on a circuit which is grounded 
at one end only, the zero-sequence current 
at the relay might be considerably greater 
than either of the other two components, in 
which case the (conj V 0 ) Jo term would take 
precedence. For this special condition 
the relay would be less subject to incorrect 
operation than in more general networks. 

For the 90-degree connections, the 
volt-ampere input to the relay is 
k [(conj F 1 )/ 1 |90+(conj F 2 )/ 2 1-901. Neg¬ 
lecting load current, h is very nearly 
equal to h in any actual power network. 
The expression therefore may be written 
Hi (conj Vi—conj V 2 )|90. When only 
two terms are present in the volt-ampere 
expression, the relay torque may be 
obtained from the projections of the 
two voltages on the current vector 
rotated counterclockwise through the 
angle <j>. For almost all conditions, Vi 
will lag E f0 by an angle of from 0 to 45 
degrees, and —Fa will lie somewhere in 
the first quadrant as shown in Figure 3. 
Thus, the 90-degree connections will 
nearly always give correct bperation if 
the relay angle <£ is properly chosen, 



The ordinary 30- and 60-degree con¬ 
nections give performance comparable 
with that of the 90-degree connections. 
The voltage Vi will, in general, lag the 
voltage — V 2 , so that rotation of Vi 
counterclockwise and — Vi clockwise tends 
to interchange their relative positions 
without appreciably affecting the torque 
produced. The relay angle <f> should be 
zero or slightly positive for the 30-degree 
connection and positive for the 60- and 
90-degree connections, perhaps 45 to 50 
degrees for the latter, to insure correct 
relay operation for the greatest number 
of practical situations. 

The 30- and 60-degree alternate con¬ 
nections are definitely inferior to the 
ordinary connections. To obtain the 
relay torque by means of the circle dia¬ 
gram, the two voltage vectors must be 
rotated in directions opposite to those for 
the ordinary connections. Thus, the 
voltages become widely separated in 
phase. One of the torque terms will 
usually be negative and the relay more 
subject to incorrect operation. 

Modified Symmetrical Components 
and Relay Operation 

In order that the relative merits of the 
several relay connections may be ascer¬ 
tained and compared when single-phase 
relay elements are considered, the system 
network impedances must be assigned 
different values, and the direction of the 
relay torque ascertained for each condi¬ 
tion. The criterion as to the best con¬ 
nection is the range or allowable varia¬ 
tion in both the magnitude and angle of 
the impedances that will not result in 
incorrect relay operation. 


Figure 5. Graphical determina¬ 
tion of the operation on a line- 
to-ground fault of a polyphase 
directional relay used with the 
ordinary 90-degree connection 
Relay operates correctly for any 
relay current which lags the zero- 
torque line by less than 180 
degrees 


The direction of the relay torque is 
governed by the angle of the relay vector 
volt-ampere input for the particular relay 
and connection considered. The result¬ 
ant torque is the algebraic sum of the 
separate components represented by the 
terms in the relay volt-ampere expression. 

Values of network impedances which 
represent limiting cases from the stand¬ 
point of relay behavior are the only ones 
that need be considered critically when 
the effects of different forms of network 
dissymmetry are evident from the circle 
diagram. This is the case only when the 
relay volt-ampere expression contains 
very few terms. When symmetrical com¬ 
ponents are used for the determination of 
relay behavior in a generalized system 
network, the effects of dissymmetries are 
very obscure since many of the sym¬ 
metrical component volt-ampere expres¬ 
sions contain as many as nine terms. 
Modified symmetrical components 2 not 
only provide a simpler circle diagram but 
also reduce considerably the number of 
terms in the relay volt-ampere expres¬ 
sions. For instance, the symmetrical- 
component expression for relay a of the 
ordinary 90-degree connection contains 
six terins as compared with two terms in 
the modified symmetrical-component ex¬ 
pression. Thus, the use of modified sym¬ 
metrical components makes possible a 
much more accurate evaluation of the 
relative merits of the several relay con¬ 
nections. 

The circle diagram of the line-to-ground 
fault based upon the circuit of Figure 2b 
in terms of modified symmetrical com¬ 
ponents is illustrated in Figure 6. The 
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Table III. Coefficients of All Terms in the 
Modified Symmetrical-Component Expressions 
for Vector Volt-Ampere Input to a Relay 
During a Line-to-Line Fault 


Volt- 

Ampere* 

Terms 


d «. «a. 

o '5! 


Relay 

Connectioi 

Relay 

Current- 

Voltage 

Product 

** 

£ 

& 

(conj V0)I 

Common 

Pactor 


j —(conj V a )Ib. 

i 

VS” 

0.J 

60-degree 

1 

*••! 

0 

ordinary 

J 6..— (conj Vb)Ie • 

“VS" 
0 .. 

Wye-voltage 

1 c.. —(conj V c )fa . 

Wye-current J 

Poly- 

[ phase. 

—V3.. 

1 3 

60-degree j 

f —(conj V a )7 c . 

1 

V 5 *” 

0 ® 
0..J 

alternate 

| b.. — (conj Vb)Ia• 

0 .. 

0 

Wye-voltage * 

c .. — (conj V e )Ib . 

V5” 

1 § 
1 **4 

Wye-current | 

Poly- 1 


phase.... 

V5.. 

i 5 

A **4 


r o.. —(conj Va)I q . 

0 .. 

0 

90-degree 

ordinary 

| 6.. —(conj Kb)7(,. 

—V5.. 

-1 3 

Delta-voltage 

Wye-current 

| e.. — (conj Vc)7 0 . 

1 Poly¬ 
phase. 

1 1 

<. < 

COI col 

x ”i ' 
0-1 

30-degree 

f a -(conj Vji(I e . 

0 .. 

1 3 
1,- -5 

ordinary 

| b. . ..(conj Kb)7„; 

0 .. 

0 

Delta-voltage 

1 c ... .(conj Vc)h. 

-V5.. 

1 3 

Wye-current 

1 Poly- 

, 1 


phase..... 

1 

-V3-• 

30-degree 

a ..;— (conj Va) h- 

0 .. 

■1 

alternate 

1 —(conj Vb)Ic- 

V5.. 

0 

Delta-voltage 

1 e.. —(conj Vc)Ia. 

0 .. 

Wye-current 

Poly- 

1 



phase... 

V3” 


90-degree 

Wye-voltage 

Delta-current 


60-degree 

Delta-voltage 

Delta-current 


/ «....(conjl'a)iA.-V3.. 
1 . 1 

b. 


0..1 

3 


1. 


•3 


,(conj Vb)lB. — 

V3 

c....(conjK e )/ c . 

Poly¬ 


phase. 


,-V5.. 0. 


3 

•2 


a. . — (conj Va)Ib. 0 .. l..| 

b . . — (conjV/j) fc. —VS.. — 1..§ 

c. . — (conj Vc)Ia- —VS. l..§ 

Poly- l 

phase..,:.— V3.. l..| 


60-degree 

alternate 

Delta-voltage 

Delta-current 


a.. —(conj y4)7(7. 0.. l..| 
A.-(conj Va) 7 a. V3.. l..| 


c.. — (conj Vc)Ib- 
Poly¬ 
phase.. 


V5 -1 | 
V... 

4 


* To find the modified symmetrical-component ex¬ 
pression for the total vector volt-ampere input to 
any relay, take the sum of the two column head¬ 
ings, each multiplied by the common factor and the 
oorresponding coefficient taken from the row op¬ 
posite the relay considered. The voltage and cur¬ 
rent components in the network at the point where 
the relay is located must be used in these expres¬ 
sions. 


point C is determined by the ratio 
OC/CEei-fo—(X q/2)/Xi. Since the /3-net- 
work is open, the voltage Vp is constant 
and equal to —j (Vj — Va) —jEf 0 for any 
value of fault resistance. For complete¬ 
ness, this vector is superposed on the 
diagram. 


The Ordinary 60-Degree Connection 

The volt-ampere expression for relay c, 
the one principally affected by a line-to- 
ground fault, does not lend itself readily to 
general treatment, since it consists of six 
terms. However, a detailed study of the 
conditions existing in a large number of 
specific cases indicates that the 60-degree 
connection will give correct relay opera¬ 
tion except for extreme conditions of net¬ 
work dissymmetry. As long as the vector 
sum of 7o and /« is a vector in the third 
or fourth quadrants, the Vp products 
yield positive torque. The V 0 and V a 
products yield positive torque for most 
positions of the currents / 0 and I a in the 
fourth quadrant, particularly those near 
E a - /0 . In most cases the currents will 
not fall outside the fourth quadrant and 
the relay will operate correctly. 

The 60-Degree Alternate Connection 

This connection is inferior to the ordi¬ 
nary 60-degree connection. Relay 6, the 
one subject to operation on a line-to- 
ground fault, has exactly the same volt- 
ampere expression as relay c for the 
ordinary 60-degree connection, except for 
the sign of the two terms involving Vp. 
Thus, regardless of the value chosen for 
the relay angle, some of the torque terms 
will be negative, and the relay subject to 
incorrect operation. 

The Ordinary 90-Degree Connection 

On a line-to-ground fault, relay a is the 
one principally affected. The volt-ampere 
expression consists of two terms which 
involve Vp, I a , and Jo. Since Vp is con¬ 
stant, the variations of /« and J 0 are all 
that need be considered. If the power 
network is symmetrical so that the relay 
components of current are inphase with 
the fault components, incorrect relay 
operation can never occur, if the relay 
angle <f> is between zero and 90 degrees. 
It can be shown that the current Im 
must always lie inside a semicardioid 
along the vertical axis (Figure 7), and 
inside a semicircle in the third quadrant. 
In most instances the relay current will lie 
in the fourth quadrant, but, because of 
network dissymmetries, may fall outside. 
If the a network is mostly reactive, and 
the zero network resistive as viewed one 
way from the point of fault and reactive 
as viewed the other way, the zero-sequence 
current on the reactive side will lie in the 
fourth quadrant 

For the 90-degree connection the im¬ 
pedance between the relay and point of 
fault has no effect on the relay perform¬ 
ance except as a secondary effect arising 
from modifications in Vp at the relay due 
to the flow of normal load current in the 
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0 network. Since the relay is affected by 
load currents, the total component /« at 
the relay must include the component 
due to loads as well as the fault com¬ 
ponent. 

The Ordinary 30-Degree Connection 

The terms of the volt-ampere expres¬ 
sion for relay b which contain Vp are 
identical (except for the factor x / 2 ) with 
those for-the ordinary 90-degree connec¬ 
tion. The additional two terms which 
must be considered involve V a and will 
usually represent the greater portion of 
the relay torque. 

In the general case for any network 
condition, the voltage V a must lie within 
the two semicardioidal regions illustrated 
in Figure 7. Thus the maximum angular 
range of V a is 270 degrees. This range is 
shifted by 90 degrees from the 270-degree 
current range and would seem to indicate 
that the relay angle should be approxi-. 
mately equal to +90 degrees. For the 
usual practical network conditions, how¬ 
ever, the voltage V a will lag slightly the 
voltage E a - /0 , and the current will lie in 
the fourth quadrant at an angle of per¬ 
haps 60 to 80 degrees lagging E a -. /0 . 
Therefore, the relay angle should be only 
slightly positive or zero for most cases. 
The torque represented by the last two 
terms will, in general, be positive and 
add to that of the other two. 

The Alternate 30-Degree Connection 

The Volt-ampere expression for the 
alternate 30-degree connection—relay c — 
is identical to that of the ordinary 30- 
degree connection—relay b —except for 
the sign of the two terms containing Vp. 
Thus, the torque represented by these 
terms will in most cases be of opposite 
sign from that represented by the other 
two. This connection is more subject to 
incorrect operation than the ordinary 
30-degree connection. 

The 90-Degree Wye-Voltage Delta- 

Current Connection 

For this connection, relays 6 and c both 
operate on a line-to-ground fault, but in 
different ways as shown by the expres¬ 
sions of Table I. Except for the second 
term, one expression is the negative of the 
other. In many instances the second 
term would represent only a minor part 
of the total relay torque, and the two re¬ 
lays would function oppositely. This ef¬ 
fect might occur even in a symmetrical 
network with the rtday located near the 
fault point. This connection is definitely 
unreliable on ground faults. On other 
types of fault where the current Ip is 
present, the torque represented by the Ip 
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Figure 6. Circle diagram of a line-to-ground 
fault in terms of modified symmetrical com¬ 
ponents 
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Figure 7 (left). 
Circle diagram show¬ 
ing the limits of. 
variation of the relay 
current and voltage 
for either a line-to- 
ground or iine-to- 
line fault expressed 
in modified sym¬ 
metrical components 


/ 

/ 

RELAY (o^/(90* Y A) 

Figure 8. Maximum 
ranges of eqiiipro- 
jection-line angular 
*variation on a line- 
to-line fault as influenced by fault or network 
resistances 

The arcs with arrowheads indicate the 
maximum angular range of the equiprojection 
lines of each relay of the connections listed 
in Table III. Limitations as to the allow¬ 
able variation of the network constants are 
Z z =0 and angle of Z B/ » angle of Zi 


terms in the general expressions would 
not be zero and, since these components 
of torque are of the same sign for both 
relays, better behavior of the two relays 
would be obtained. 

The 60-Degrbb Delta-Voltage 

Delta-Current Connection 

Relay a for the delta-voltage delta-cur¬ 
rent connection behaves in much the same 
way as relay a for the ordinary 90-degree 
connection, the chief difference being that 
for the former there is no zero-sequence 
torque term. In some ways this is an 
advantage, because the operation of the 
relay is independent of the zero-sequence 
network, except as a secondary effect 
arising because of modifications in the cur¬ 
rent l a - On the other hand, this relay 
connection would give operation more 
subject to the influence of normal load 
current, because it operates on Vp and 
/« only. Normal load current reduces to 
equal components of /« and Ip in time 
quadrature with each other. 

Relay b behaves in much the same way 
as relay a. In general /« and V a will both 
lie in the foqrth quadrant, and the torque 
represented by the first term will be posi¬ 
tive and add to that of the second. For 


both relays the relay angle <£ should be 
positive, perhaps about 45 degrees for 
usual network conditions. 

The 60-Degree Alternate Delta- 
Voltage Delta-Current 
Connection 

Comparing the volt-ampere expressions 
for this connection with those for the 60- 
degree delta-voltage delta-current con¬ 
nection, the signs are opposite for those 
terms involving the voltage Vp. Thus, 
the two relays tend to function oppositely 
on line-to-ground faults. 

Relay c is actuated by two opposing 
torques, since the two terms will, in 
general, represent torque of opposite 
sign. The absolute values of the two 
vector volt-ampere components are of 
comparable magnitude, and incotxect 
operation of this relay is quite likely to 
occur. This connection is definitely in¬ 
ferior to the 60-degree delta-voltage delta- 
current connection. , 

Relay Operation on a Line- ‘ 
to-Line Fault 

Circle diagrams for the line-to-line 
type of fault are quite similar to those for 


the line-to-ground fault, although some¬ 
what simpler, because they do not in¬ 
volve the zero-sequence network. Since, 
in the equivalent representation of Fig¬ 
ure 2d, the a network is open, the voltage 
V a is constant. The voltage Vp follows 
the locus circle which has Ep~ /0 as the 
diameter. 

T 

When the conditions for a line-to-line 
fault are substituted into the general 
volt-ampere expressions of Table II, each 
reduces to two terms. By factoring out 
the proper numerical factor, the coeffi¬ 
cients of the terms nvolving Vp are re¬ 
duced to unity, and the coefficients of 
the terms involving V a to either \/3 or 
1/ V3. Since V a is constant and equal to 
E a - f0 (except as influenced by normal 
load current), this procedure aids in the 
comparison qf the various terms. The 
simplified expressions are given in Table 
III. 

For the relay to operate correctly, the 
sum of the two torque components must 
be positive. Since the same current is 
involved in both components, it is neces¬ 
sary only that the algebraic sum of the 
projections of the two voltages on the cur¬ 
rent vector be positive to meet this con¬ 
dition. 
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To ascertain the effect of the possible 
current and voltage variations on the re¬ 
lay torque, the equiprojeetion-line method 
for the determination of relay behavior 
may be used to advantage. The equi- 
projection line represents that phase posi¬ 
tion of the current where the projections 
of the two voltages on the current vector 
are equal but of opposite sign. For any 
two given voltages, the equiprojection 
line is drawn from the origin perpendicular 
to the line which joins the ends of the two 
voltage vectors after one has been rotated 


tion lines show how the equiprojection 
lines were located. When just one voltage 
is involved in a relay volt-ampere expres¬ 
sion, the equiprojection line is perpen¬ 
dicular to that voltage. The current 
angular range for correct relay operation 
is 180 degrees lagging the equiprojection 
line. Since the relay angle must be chosen 
such that the relay current will give posi¬ 
tive torque, the angular range of the 
equiprojection line must be subtracted 
from 180 degrees to give the range of cur¬ 
rent variation for correct operation of the 


Ep- f0 in the first and second quadrants. 
The maximum angular ranges of the equi¬ 
projection lines are increased as shown in 
the table. 

From the preceding considerations, the 
ordinary 90-degree connection is superior 
to any of the others. However, most of the 
connections are not so bad as they appear 
from the equiprojection-line angular varia¬ 
tions, since these ranges are possible 
only for conditions of extreme dissym¬ 
metry which do not frequently occur in 
actual power networks. 



Figure 9. Illustrative 
example of the graph¬ 
ical determination 
of directional-relay 
behavior showing 
the operation of the 
ordinary 60-degree 
connection on a 
line-to-ground fault 




through 180 degrees. Since the effect of 
the relay angle <f> may be included by 
rotation of the equiprojection line through 
the angle <f>, the maximum angular varia¬ 
tions of the equiprojection lines may be 
studied independent of the relay angle. 
The proper value of the relay angle for 
any. one of the different connections is 
such that the relay will yield positive 
torque for the range of currents most fre¬ 
quently encountered in actual power sys¬ 
tems. 

For the case where the impedance Z z 
is zero and the impedances Z Rf and Z x 
have the same angle, the maximum angu¬ 
lar ranges of the equiprojection lines may 
be obtained from Figure 8. For this case, 
the current vector must lie either in the 
first or fourth quadrant, but usually in 
the fourth. The positions of the equi¬ 
projection lines indicated are the limiting 
positions, the angular ranges being indi¬ 
cated by arrows. The dotted construc¬ 


relay. The relay which yields the small¬ 
est maximum angle between equiprojec¬ 
tion lines offers the largest range over 
which the current angle may vary. Thus, 
the maximum angular range of equipro¬ 
jection lines is a criterion of the quality 
of the connection. The maximum angular 
ranges as determined from Figure 8 for 
the above-mentioned network conditions 
are given in the first column of Table A. 

The figures of this table indicate that 
the three ordinary connections, the alter¬ 
nate 60-degree connection, and the 60-de¬ 
gree delta-voltage delta-current Connec¬ 
tion are the best. The latter connection 
gives very satisfactory operation on line- 
to-ground faults but is somewhat inferior 
on line-to-line faults. The converse is 
true for the alternate 60-degree connec¬ 
tion. 

When the restriction is removed that 
the impedances Z Rf and Z\ have the same 
angle, the voltage Vp may lie anywhere 
within a semicircle above Ep- f0 and a 
semicardioid below Eg- /C . When the 
other restriction, that the impedance Z z 
is zero, is* removed, the maximum angular 
ranges are still further increased. The 
voltage Vp may then lie anywhere within 
a semicardioid below Ep- f0 in the fourth 
quadrant and a semicardioid above 


Conclusions 

Only three of the 12 relay connections 
which utilize wye or delta voltages and 
wye or delta currents seem to have definite 
merits for directional-relay applications. 
These three connections are the ordinary 
60-degree (wye voltages and wye cur¬ 
rents), the ordinary 90-degree (delta 
voltages and wye currents), and the ordi¬ 
nary 30-degree (delta voltages and wye 
currents). While it is not possible to 
state definitely which of these three con¬ 
nections is best for all possible faults, it 
would seem that the ordinary 90-degree 
connection is somewhat more free from 
disturbing influences than the other two. 
None of the twelve connections will give 
relay operation essentially independent 
of the type of fault as is the case with the 
90-degree delta-voltage delta-current con¬ 
nection when applied to distance relaying. 

For all the various connections, normal 
load current is the most disturbing in¬ 
fluence with regard to correct relay opera¬ 
tion. In many instances it may be impos¬ 
sible to obtain satisfactory results on 
ground faults without the use of "ground 
relays” which operate on negative- or 
zero-sequence quantities only. Some of 
the other factors besides the type of relay 
connection and normal load current in the 
system which influence directional relay 
operation are: 

1. Type of fault. 

2. Different angles in the positive-, nega¬ 
tive-, and zero-sequence impedances as 
viewed from the fault point in the same 
direction from the fault. 

3. Different angles in the impedances as 
viewed from the fault point in opposite 
directions in either sequence network. 

4. Impedance between the relay and point 
of fault, particularly if the angle of this 
impedance is different from that of the total 
impedance as viewed from the point of fault. 

5. Fault resistance. 

6. Mutual impedance between the two 
parts of the system oh opposite sides of the 
fault in networks of like sequence. Coupling 
Of this nature is present in all except pure 
radial power networks. 
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Table A 


or 


Maximum Angular Range of 
Equiprojection Lines 
(Degrees) 


Network Conditions and 
Restrictions 

Relay Connections 

Z*«=0 
Angle of 
ZRf=Angle 
of Zi 

Z,«=0 None 

Ordinary 60-degree... 

- 60.... 

.. 82....127 

Alternate 60-degree... 

.... 80.... 

..108....116 

Ordinary 90-degree... 

.... 60.... 

.. 66.... 74 

Ordinary 30-degree... 

.... 90.... 

..180....270 

Alternate 30-degree... 

....180.... 

..180....270 

90-degree wye-voltage 
delta-current. 

....120.... 

..130....130 

60-degree delta-voltage 
delta-current.. 

....115.... 

..180....270 

Alternate 60-dcgree 
delta-voltage delta-cur- 


rent. 

...180_ 

..180....270 


While most of the factors are not of 
sufficient importance to cause incorrect 
relay operation if only one influence were 
present, they are cumulative in the sense 
that several of these factors present at the 
same time may very easily result in in¬ 
correct directional relay operation. 

Appendix A. Derivation of the 
Circle Diagram for the Line-to- 
Ground Fault in Terms of 
Symmetrical Components 

From the conditions existing at the point 
of fault: 




Efo 


^ Z\-\-Zz-\-ZiyJr3Rf 


E/o 


: tt> 


Ri H--E 2 + 2?o+32?/H-.7 {Xi + X 2 -f- .Xo) 

Letting the subscripts x and y indicate 
components of If in the X and Y directions 
respectively, one obtains by cross-multiply¬ 
ing and equating the reals and imaginaries 

It(R\ -|--K2-l"l?0 - t"3i?y) — 

I y (X l +X i +X 0 ) = E fo (2) 

I x (X\-^r Xi-\-Xo) -+-jT y (2Ci -|-i?2 ~f" =0 

(3) 

Elimination of Rf from these two equa¬ 
tions gives the current-locus equation: 


- 1 


r , , I r ■ E f0 I 8 

* +l V+ 2(X 1 +X 1 +X 0 )_ 


———-T (4) 


This equation defines a circle which 
passes through the origin. The center is 
on the Y axis at the point 

0, ■ ] 

’xxt+xt+x,)! 

The positive-sequence voltage Vi is de¬ 
fined by the equation 


[ 


(Vi- x +jVi- v )=E fe - 
_ Ef 0 (Ri+jXi) 


(Ri+Rt+Ro+ZRf) +j(X 1 +X i +X 0 ) 


( 6 ) 


Cross-multiplying, equating the reals and 
imaginaries, and eliminating Rf from the 
resultant two equations gives the locus 
equation of the positive-sequence voltage. 




Tr „ Xi+2Z 2 -(-2Zo l 2 , 
Vl ~*-Efo ^ Xl +x- + xj] + 




Tjr * Rl 1* 

1_V f ° 2(X 1 +X,+Xo)] 
f Ri'+Xt* 

L4(Z 1 +Z 2 -fZ 0 ) 2 

Zi - 1* 

'2(Xi+X t +X 0 ) 


—Efc 


2 


- Ef t 


” 1 * 


(7) 


This equation defines a circle with center 
at the point 


t 


.g/ 0 (Xi+2X 2 +2;ro) EfpR\ ~| 

2(^-|-^ 2 -i-Zo) ’ 2(Zt+Z 2 -f-Zo)J 


and of radius 
Ef 0 Zi 

2(X 1 +^ 2 +Zo) 

It intersects the X axis at the two points 

[E/o, 0] 

and 


~ E fo (X 2 +Xo) 

_X l +X 2 +X 0 


:•] 


These two intercepts, being independent of 
2?i, R 2 , and 2?o. depend only upon the re¬ 
actances of the network. 

It is more convenient to treat the vector 
sum of the negative- and zero-sequence 
voltages as a single voltage. The separate 
components may then be obtained easily 
after the diagram is thus constructed. For 
convenience; let 


(-V i -Vo) = V=I f (Z i +Zo) 
or 

(V x +jVy) 

. ■ EfolRi+Ri+jjXt+Xo)) 

Ri-\-R2-\-Ra’{'3Rf)rj(Xi-\-X 2 -\-Xo) 


( 8 ) 


(9) 


Cross-multiplying, equating the reals and 
imaginaries, and eliminating Rf from the 
resultant two equations gives the locus 
equation of the negative of the vector sum 
of the negative- and zero-sequence voltages. 

r Xt+Xo 

\_ x f0 2(Xx+X*+Xe)\ + 


Vy+Efo 


R 2 +R 0 I 2 

2(Zx+Z 2 +Zo). 


Vi=Ef 0 —I\Zi 


(5) 


_ nR2+R Q )'+(X2+X a )* l 

~ -L 4(Xi+* 2 +*o) 2 J 

<«» 


This equation defines a circle with center 
at the point 

f" Ef 0 (X 2 -\-Xo) —Ef 0 (Rt+Ro) ~j 
[ZWi+Xi+X*)’ 2(Zi+X 2 -(-Zo)J 


and of radius 


EfolZj-j-Zol 


2(Xi+Xi+Xo) 

It intersects the X axis at the two points 
[0, 0] 
and 


~ EfpjXt+Xo) 
JiXt+Xt+Xo) 




which, being independent of Ri, Rz, and Ro, 
depend only upon the reactances of the net¬ 
work. 

Simultaneous solution of the two voltage 
locus equations—the equation of Vi and the 
equation of (—V 2 —Vo)—gives the points of 
intersection of the two circles 

■E fo [(X l + Xi +XoKX i +Xo)+ 

__ (Ri-\-Rj-\-Ro) (i? 2 +i?o)] , 

. (Rt+Rt+Roy+iXx+Xz+Xoy 
Eum +R 2 +R a )(X 2 +X 0 ) - 


CXt +X 2-f-^o) 0^2+ Ro) ] 


(Ri+r 2 +r»)*+(x:i+x 2 +x 0 )* 


} 


and 


Ef 0 (Xz+X0) 
_Xi+X 2 +Xo 




The second point is the point of inter¬ 
section of the two voltage locus equations with 
the X axis. Since this point is determined 
only by the reactances of the three sequence 
networks, it is independent of the resist¬ 
ances of the networks, as well as the fault 
resistance. As the resistances of the se¬ 
quence networks approach zero, the two 
points of intersection approach each other, 
and the two locus circles approach tangency. 
The second point is always on the X axis, 
while the first may be either above.or below • 
the X axis depending upon the relative 
values of the sequence-network resistances 
and reactances. The first point represents, 
conditions on the loci when the fault re¬ 
sistance is zero. 

The derivation of the circle diagram for 
the line-to-line fault in terms of symmetrical 
components, and the derivation of circle 
diagrams for both types of faults in terms of 
modified symmetrical components follow 
closely the method used for the derivation 
of the circle diagram of the line-to-ground 
fault. All are based upon the circuit dia¬ 
grams illustrated in Figure 2. 


Appendix B. Illustrative Example 
of the Graphical Determination of 
Directional-Relay Behavior 

To illustrate the use of circle diagrams 
and' symmetrical components for the deter¬ 
mination of directional-relay behavior, the 
following example is given in which the im¬ 
pedances of the equivalent-network repre¬ 
sentation of Figure 1 are per-unit values 
-taken from an actual power network. 
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=Z 2 -g =0.0201900 

Zo-z =0.240190-0 

=2b- x =0.128)70.5 

Zo-x =0.2141876 

=Z 2 —jj/= 0.097|34^0 

Zo- fl/ = 0.2381327) 

=Zh- M =0.214154.9 

Zo-m =0.489 l^O^ 

=Z 2 -. V =0.188188.5 

Zo-n =0.18818875 

=Zb-„ =0.188188.5 

Zb-j, = 0.188 j8&5 

=Zb =0.124175.5 

Zo = 0.383184 j6 


Z.+Zb+Zb=0.629|81.0=0,098+70.621 
Z 2 +Z 0 =0.505|^i=0.067+J0.501 

Type of fault: Line-to-ground 
Relay connection: Ordinary 60-degree 
Relay angle <t>: 0 degrees 

Construction of the Circle Diagram 
The purpose of the circle diagram is to 


0 from - V 2 to give the voltage — Vi- M - 
~ The zero-sequence voltage drop is 
_ |/o-jfl(0.238). This drop is subtracted 

0 from -Vo to give the voltage — Vo-m- 

- Graphical Determination 
5 of the Direction of Relay Torque 

The method for the graphical deter- 
0 mination of the direction of relay 
~ torque is applicable to any case whether 
the sequence voltages and currents are ob¬ 
tained from the circle diagram, by calcula¬ 
tion, or by use of the network analyzer. 
Once the vector diagram of the sequence 
quantities is constructed to scale, the direc¬ 
tion of relay torque is obtained by graphical 
evaluation of the torque represented by 
the terms of the volt-ampere expressions 
of Table I for the relay and type of con- 


obtain the relative magnitude and phase of 
each of the sequence voltages and currents 
at the relay in the form of a vector diagram. 
The direction of the relay torque then is 
found by graphical evaluation of the torque 
components represented by the terms of the 
volt-ampere expressions of Table I. 

In Figure 9, the vector E/ 0 is laid off 
horizontally to scale, and the point C located 
from the ratio OC/OE fo = (X 2 +Zo)/(Zi+X 2 
-MTo) *0.501/0.621 = 0.806. The center of 
the fault current-locus circle is on the ver¬ 
tical axis below 0 by the amount £/ 0 /[2X 
(Xi+Zj-f Xo) ]=0.806. This point may be 
taken at any convenient distance below 0, 
and the actual current scale left undeter¬ 
mined unless the current magnitude is re¬ 
quired for other purposes. 

The fault current vector 7/ is drawn lag¬ 
ging Ef 0 by 81.0 degrees, the angle of the 
impedance of the three sequence networks 
in series. The lines OA and BEj 0 are per¬ 
pendicular to the fault current, and the line 
A CB is parallel to the fault current. The 
line Ef 0 Vi is drawn at 75.5 degrees with AB 
to locate the end of the positive-sequence 
voltage vector Vi. Since the fault resist¬ 
ance is zero, this point also represents the 
terminus of the vector sum of the negative- 
arid zero-sequence voltages —Vi and — Vo. 

The voltages — V 2 and — Vo are drawn lead¬ 
ing the fault current by 75.5, and 84.6 de- 
'grees respectively. The length of these 
vectors are such that they add vectorially 
to give the vector Vi. 

The current components h-M, and h- N 
(equal to h-M and h-N respectively) are 
obtained most easily from lie magnitude 
ratios 7 2 _ w = (0.188/0.385)1/=0.4887/ and 
h-N** (0.214/0.385)7/=0.5567/ from which 
the corresponding current parallelogram is 
constructed. Likewise, the zero-sequence 
current components are obtained from the 
magnitude ratios Io-m= (0.188/0.632)7/= 
0.2987/ and 7 0 _*= (0.489/0.632)7/=0.7727/. 

The sequence voltages at M are found by 
adding the corresponding impedance drops 
to the sequence voltages at the point of 
fault. The positive-sequence voltage drop 
is 171 - 3 , 1 ( 0 . 097 ). This drop is added to Vi 
at the angle 34.0 degrees leading the current 
h-M to give the voltage V x - M . Since h-M 
is equal to h-M, the same voltage drop in 
both magnitude and phase is subtracted 


nection considered. 

For the ordinary 60-degree connection, 
the relay most affected by a line-to-ground 
fault is relay c. The volt-ampere expression 
for this relay (see Table I) may be written 
(conj V0 |60(/i+7 2 +/ 0 )-(conj V 2 ) 1120(7+ 
h +7o)—(conj Vo) |0 (h+h+h). Thus, the 
three sequence currents at the relay may be 
combined and the resultant treated as a com¬ 
mon reference current for the determination 
of the behavior of the relay. With reference 
to Figure 9, the voltage Vi _ m is rotated clock¬ 
wise through 60 degrees and then projected 
on the current vector (7+7 2 +7o)ai. Like¬ 
wise, the voltage —Vz-m rotated clockwise 
through 120 degrees, and the voltage — V 0 -m 
are projected on the same current vector. 
This process gives the three line segments 
OF, OG, and OH which are proportional in 
length to the components of relay torque 
represented respectively by the Vi, V 2 , and 
Vo terms of the volt-ampere expression. 
Since the three line segments extend down¬ 
ward from 0, each represents positive torque. 
The sum of the three is, therefore, positive, 

' and correct relay operation is indicated. 

. The behavior of the relay at N is obtained 
by a similar process in which the current 
vector (7 1 +7 2 +7o) tf and the voltages Vi, V 2 , 
and Vo are used. The three components of 
torque are represented by the line segments 
Of, Og, and Oh. In this case, Oh represents 
negative torque. The resultant of all three 
however is positive, so that correct opera¬ 
tion of the relay at N also is indicated. 

Notation 

Efo —Positive-sequence voltage at the point 
of fault before occurrence of the fault 
E a -fo, Efi-fi—a and /S components of the 
voltage at the point of fault before the 
occurrence of the fault 
Ij —Total fault component of current at the 
fault . 

h, 7 2 , To—P ositive-, negative-, and zero- 
sequence components of current at the 
relay, or in the fault if so specified 
/«, Tj, I 0 — a, j8, and zero components of 
current at the relay, or in the fault if so 
specified 


j?i, R t , J?o—Resistance components of Zi, Zj, 
and Zb// 

Vj, V 2 , Vb—Positive-, negative-, and zero- 
sequence components of voltage at the 
point of fault, or at the relay if so specified 
conj V—Conjugate of the voltage vector V 
X\, X 2 , Xo —Reactance components of Zi, Z 2 , 
and Zo 

Zi, Zb, Zb—Total equivalent impedance of 
the positive-, negative-, and zero-sequence 
networks as measured at the point of 
fault 

0i, 6i, 0o —Angles of the impedances Z u Zb, 
and Zo 

<f )—The "relay angle”; that is, the angle 
between the current and voltage applied 
to the relay for which given magnitudes 
of these quantities cause maximum torque 
to be developed. The angle is positive if 
the current leads the voltage for this 
condition 

When necessary to distinguish between 
components of current or voltage at different 
points in the network, subscripts based upon 
Figure lb are used. Thus, h-M is the posi¬ 
tive-sequence component of current at point 
M and Vi-m is the corresponding component 
of voltage. 

Impedances of the different parts of the 
network are designated by the subscripts 
indicated in Figure lb. Thus, Zi-jy'is the 
impedance between the relay and point of 
fault in the positive-sequence network. 

Wyb and Delta Currents and Voltages 
I a, 7b, Ic — Delta currents 
la, h, Io —Line or wye currents 
Va, Vb, V c —Line-to-line or delta voltages 
V a , V 6 , V c —Line-to-neutral or wye voltages 
Va = V c -V„ I a ~ h h 

V*=V a -V c 7fl = / a —7 e 

V c =V b -V a I 0 ~I b -I a 
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The Combination of Probability Curves 

in Engineering 


ROGER I. WILKINSON 

ASSOCIATE AIEE 


1. Introduction 


E NGINEERS axe quite familiar with 
simple' probability distributions 
showing the relative likelihoods of occur¬ 
rence of the different values which a vary¬ 
ing physical or electrical quantity may as¬ 
sume. As the complexities of machines 
and circuits in modern design increase, it 
becomes highly desirable to be able to 
estimate the probability distribution re¬ 
sulting from the joint presence of two or 
more sources of variation. This paper 
will undertake to present something of 
the theory of making such combinations, 
and its application to a number of prac¬ 
tical examples. 

2. Simple Probability Distributions 

If a variable quantity x may take only 
values which are separated by finite inter¬ 
vals, it is known as a discrete variate. If 
there is no such restriction on the variable 
it is a continuous variate. We shall let 
p x be the probability that the discrete 
variate takes the value x, and 6(r)dr be 
the probability that the continuous vari¬ 
ate lies between r and r + dr. 

To summarize in short compass the 
salient characteristics of any variate, dis¬ 
crete or continuous, it is convenient and 
customary to calculate the moments of 
its probability distribution. The ith 
moments taken about the zero of the 
variates are usually designated by fx/, 
and are given by: 


Likewise the 4th moments take n about the 
average value (£ or f) of the variates are 
designated by and are given by: 


2 (x-x)% 

*=all values 

' f (r-ffetfdr 

r=all values 


( 2 ) 


Certain transfer formulas are available 
relating the ju/’s and the im's of the first 
four moments; they are often of value 
since it may be more convenient first to 
calculate from data or theory the mo¬ 
ments about one of the two reference 
points (0 or the mean), and then obtain 
the other if desired. These formulas are: 

MO = Mo'“l 

Ml —0 

Mi=M2'-(Ml')* } (3) 

Ms = Mj'-3mj / Mi # +2(mi0 3 

Ms - M4' —4 mj , Mi'+6m2'(mi')*—3(mi ')« 

A closely related set of descriptive 
functions which we shall want to use are 
known as semi-invariants. If, the *th 
semi-invariant be designated Xj, then 


X 0 =Mo' = MO=l 
Xi = Mi' 

Xj=»M? 

Xj = Ms 

X 4 «=M4—3m2 S 


(4) 


Discrete 

Mi'* 2 x l p x 

x— all values 
Continuous 

Mi'* f Sotfdr 

r—all values 


( 1 ) 
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The Oth moment as seen by equations 1 
is merely the sum of all values of the prob¬ 
ability function and by definition must 
equal unity. 

The first moment about zero, fii, of a 
variate is its arithmetic mean or average 
value X or f; it thus indicates the general 
position of the variate along the scale of 
measurement. 

The second moment ju® of a variate 
about its mean is a measure of the disper¬ 
sion of the distribution. /z 2 is known as 
the variance, <r — VM 2 is called the stand¬ 
ard deviation. 

The third moment about the mean is a 
measure of the asymmetry of a variate's 
distribution; the asymmetry or skewness 
is defined as 


the peakedness of the mode of a distribu¬ 
tion. This gives rise to the parameter 
known as the excess or kurtosis of a dis¬ 
tribution; it is defined as 


A--*-* 
M 2 2 cr* 


( 6 ) 


k= 


Ms 


M2 Vl v 


Ms 

8 


(5) 


8 12 16 20 . 24 28 30 

POLE LIFE-YEARS 


0 4 

Figure 1. Two “mutually exclusive" universes 


The fourth moment about the mean is 
a measure of the length of the tails and 


If the first few moments (or their 
associated parameters, mean, standard 
deviation, and so forth) serve to describe 
a, probability distribution with consider¬ 
able accuracy, then two distributions 
with a number of identical corresponding 
moments should closely resemble one 
another. To fit (or smooth) an observed 
probability distribution by an appropriate 
analytical curve form with unspecified 
constants, we first determine the lower 
moments of the analytical curve in terms 
of these constants. Then equating corre¬ 
sponding theoretical and observed mo¬ 
ments gives relationships from which the 
constants of the fitting curve can be calcu¬ 
lated. As many moments must be 
equated as there are unknown constants 
to be determined. For example, the 
value of the first moment or arithmetic 
mean a in the Poisson fitting distribu¬ 
tion, d c e~ a /x! would be set equal to the ob¬ 
served mean of a set of data which this 
type of curve was appropriate to fit. 

A variate’s true distribution, if we 
could but determine it, would, except for 
rare instances, have a smooth unimodal 
form. Hence it will usually be desirable 
to smooth by the method of moments or 
in some other fashion a variate’s rough 
observed distribution before entering upon 
its combination with other variates. 

3. Laws of Combining 
Probabilities 

Two or more events may occur inde¬ 
pendently, they may be mutually exclu¬ 
sive, or they may be correlated. If two 
events are independent, and the proba¬ 
bility in favor of the first event is Pi, and 
in favor of the second is pt, then the proba¬ 
bility they will both occur is the product of 
their individual probabilities, p\p%. If 
either event a, or event b, or event c, and 
so forth, can happen, and the occurrence 
of one precludes the happening of an¬ 
other, they are known as mutually exclu¬ 
sive events. If events a, b, c, d... are 
mutually exclusive, the probability that 
either a or b, for instance* will occur is the 
sum of their individual probabilities, 

Paper 42-145, recommended by the AIBE com¬ 
mittee on communication for presentation at the 
AIEE summer convention, Chicago, Ill., June 
22-26, 1942. Manuscript submitted April 29, 
1942; made available for printing June 10, 1942. 

Rogbr I. Wilkinson is a member of the technical 
staff, probability research department. Bell Tele¬ 
phone Laboratories, Inc., New York, N. Y. 
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Pa + P> Correlated events lie between 
the limitin g cases of independent and 
mutually exclusive events, and the laws 
of combining their probabilities are de¬ 
termined by the amount and kind of de¬ 
pendence between them. 

4. Combining Variates With 
Mutually Exclusive Probabilities 


When two or more mutually exclusive 
variates are combined, the result is a 
“ min gled" universe made up of variate r 
(with probability distribution p T or 6(r)dr) 
h proportion of the time, and variate s 
(with probability distribution q s or 4>(s)ds) 
j proportion of the time.... The distri¬ 
bution functions of the resultant z of such 
mutually exclusive variates are: 

Discrete Variates 
F(z) =hp z +jq z + . . . 

Continuous Variates 
F(z)dz=hff(z)dz +j4> (z)dz + . . . 

The moments of the resultant z taken 
about zero are readily expressed in terms 
of the moments of the component vari¬ 
ates, as 



uu'—hui r / +jVis / + • • • 
ju te '==A^2r / -h7At2s / + * • • 


hm r '+juu'+ ... 


( 8 ) 


These equations permit us to express the 
parameters of z in terms of the parameters 
of its components as follows: 


2=*hr+j3+ . . . 

<r t *°[h(<r r *+f*)+j('r s *+3*)+ . . . 

-2*] 1 /* 

[&(JW+3<r r W 3 ) + 

. <Tg* 

i(W+3<r s *W !1 )+ • • • ~ 

(3«r,**+S s )l 

Pit — [A ( @ 2 T <r r 4 +4k r <r r ¥ -(- 6<7 7 *f 2 + 

<Tg 

? 4 ) +j(0!s<r* 4 +4£ s ff s s 3+6 <r s 2 i 2 -H 4 ) + 
. . . — (4k z <rz t z-{-6a’z i z 2 -\-z i )] 


(9) 


Example—Length of Life of Outside 
Plant 

A public utility serving a given area uses 
two kinds of poles in its outside plant. One 
kind, r, has an average life of 14 years with 
a standard deviation of 2.5 years, and the 
other, s, has an average life of 18 years with 
a standard deviation of 3.5 years. As 
shown in Figure 1 variations about the aver¬ 
age life are Substantially according to the 
normal law 

l . («-*)» 

,n ‘ . 

If approximately 20 per cent of the poles in 
the plant are of the r type, what is the dis¬ 
tribution of life lengths on which the ac¬ 


counting department may base its pole 
depreciation rate? 

Solution. The distribution of the over¬ 
all life length will be, according to equation 7, 


F(z) =0.20 


<r r \/2ir 


1 (—3>» 

0.80- 7=e *«•»* 

<r s v2?r 


0.20 

2.5-\/2t 


(»-»)» 
e *(*•«)* + 


0.80 

3.5\/2ir 


e a(*.*)* 


This distribution is shown in Figure 2 and 
is, of course, merely the weighted sum of the 
ordinates of the two mutually exclusive 
components. The parameters of this com¬ 
posite distribution are readily found from 
equations 9. For example, the average 
length of life of the whole pole plant is 


g=0.20(14)-H).80(18) = 17.2 years 

and the standard deviation of the universe 
of individual pole lives is 

<r 2 = [0.'20(2.5 2 +14 a )-{-0.80(3.5 s -f-18 a ) - 

17 . 2 *]V*=, 3.69 years 


5. Combining Independent 
Variates 

In order to determine the resultant of 
any chosen values of two or more inde¬ 
pendent variates, the process by which 
they combine must be specified. This is 
expressed analytically by the equation of 
relation; it is written 

2 =$(r, s, t.. .) (10) 

For a particular choice of r, s, t ... (de¬ 
noted by subscripts) we have Zi = £(ri, 
Si,k ...). The probability of their joint 
occurrence is then, by section 3, the prod¬ 
uct of their individual probabilities of 
occurrence: 

Discrete Variates 
F(zi) —prpspt 

Continuous Variates 
F(zi)dz=8(ri)dr<l>(si)dsp(ti)dt . .. 

Equations 11 give the probability for ob¬ 
taining z by just one particular selection 
from usually a number of mutually exclu¬ 
sive combinations of r, s, t ... which 
when substituted in equations 11 will pro¬ 
duce the given value of z—zi. Hence by 
the law of combining mutually exclusive 




Figure 2. Composite universe formed from 
two "mutually exclusive" universes 


events, the total probabilities of obtaining 
Zi are 

Discrete Variates 
F(zi) — ^PrPsPt • • ■ 

Continuous Variates 
F{z x )dz - §>6(r)dr<t>(s)dsp(t)dt. . . 

where the symbol § indicates the summa¬ 
tion of all eligible cases. Since Zi is any 
value of z, equations 12 are the desired ex¬ 
pressions for the probability distribution 
of z. 



S.l Step-by-Step Combination of 
Independent Variates 

It is clearly possible to obtain a distri¬ 
bution of the resultant F(z), by writing 
out in tabular form all the ways of forming 
each value of z, then taking the products 
of the individual probabilities of occur¬ 
rence for each way as in equations 11, and 
finally s limmin g the probabilities accord¬ 
ing to equations 12. Such a procedure 
does not give the result in a general or 
analytical form for use in subsequent ap¬ 
plications, but it does have the immediate 
advantage of providing the solution to a 
particular problem. 

When more than two elemental vari¬ 
ates axe to be combined, it is nearly al¬ 
ways possible first to combine two, then 
combine their resultant with the third 
elemental variate, and so on. The com¬ 
bination of any two variates is then done 
by means of a two-way or “square” table 
displaying the values of one variate (say s) 
with their corresponding probabilities of 
occurrence in the horizontal direction as 
column headings, and the values and prob¬ 
abilities of the other variate (say r) in 
the vertical direction, as line headings. 
An outline of this form is shown in Table 
I. There is no theoretical need that the 
range of the variate r represented by n 
should equal the next range r it and the 
subsequent r ranges, or that the r ranges 
should be the same as the s ranges. Prac¬ 
tically, however, such a selection is usu¬ 
ally made. 

For discrete variates the unit differ¬ 
ence between successive r’s and s ’s will 
generally be just one unit on the natural 
scale of measurement, such as one call, 
one object, one occurrence; otherwise the 
exactness of the solution will have been 
lost. 

The step-by-step combination of con¬ 
tinuous variates will seldom be wholly 
exact, because the variates’ ranges must 
be broken down into a number of discrete 
intervals, each of which is represented by 
a single more or less typical value. How¬ 
ever by taking these intervals smaller and 


9^4 
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Table I 


0(ry) 

0(r«) 

0(r t ) 



( i ? (su)=0(ri)-^(s 1 ) 

U(fj, Ji)«2i 2 
( F(zsi )=0(r i )-(f,(s l ) 


■ £(fi» •y«) =sa i2 

F{zu) =d(r 1 )‘<j>(si) 

etc. 

etc. 


Ufo, *)=Z 3 i 
I F( S! 3i)=0(rt)'<f>(si) 


s—Variate 

St 

4>(si) 


&L Si ) =Z» 

F(zu) =6(fi) ’4>(si) 


®n 

0(sn) 


£( r i s n) =2 in 
F(Zi*)=0(fi)*<KSn) 


j £( r mi Si)~ 

l F( s m)—Q(r m )'<l>(si) 


£( r m> $n) ~ z mn 
F( z nm) ' £(*n) 


ie errors in the resultant may 
to any required amount, 
nail areas opposite each pair of 
; in Table I are shown two en- 
the upper left corner is the 
which results from substituting 
the equation of relation z#= 
t is, of course, the value of z 
lid occur if these particular 
■* and s were present. In the 
; corner is entered the product 
o probabilities shown at the 
d line headings, that is 0(r f )X 
is upon the completion of the 
clitics of r have been combined 
:o the equation of relation with 
if s . If any restrictions are to 
d oil the association of certain 
with those of s, the proper areas 
omitted from the table. If m 
►* and n classes of s are made, 
all have mn z values each with 
ed probability of occurrence, 
tribution F{z) may now be 
a manner identical with that 
Duping observed data, that is, 
mis are chosen, the proper val- 
! assigned to each, and the prob- 
occurrcnce in each interval 
iy adding the probabilities for 
:’s falling therein. The cumu- 
•ibution and the moments and 
5 of z may then be calculated in 
/ay if desired. 

;nple sum or difference of the r 
tes is to be found, dividing each 


into intervals of the same width as sug¬ 
gested aboye will expedite the working. 
In Table I all the values of a particular 
z w =r+s for the sum case (or r—s for 
the difference case) will lie along one di¬ 
agonal. The values of will lie on 
the next diagonal above; the values of 
ZbH-i on the next diagonal below and so on. 
Hence 

1. There is no need to write in the z 
values in the body of the table. 

2. The sum of the probabilities shown in 
any z diagonal is the total probability of 
occurrence of that value of s. 

Each such sum may then be written con¬ 
veniently at the edge of the square table 
opposite the end of its diagonal; this is 
the desired probability distribution. 

Example— PBX Trunk Engineering 

A group of trunks is to be provided for 
two-way use between a department store 
PBX (private branch exchange) as in Figure 

3. There will be ten "outgoing” telephones 
at the store, originating on the average two 
three-minute trunk calls each in the busy 
hour. In addition, a sufficient number of 
stations will be provided at the store for 
incoming service only, to handle the 200 
H/j minute customers’ calls which are made 
in the average busy hour. How many 
trunks should be installed so that the 
customers may receive P =0.01 service? 

Solution . Each of the 10 outgoing tele¬ 
phones will have a probability p of 

H^§2=>0.10 of being in use at any random 
60 

instant. The probability that exactly s 
will be so engaged is the binomial term 





where « = 10 and £=0.10. Since a large 
number of sources will originate the incom¬ 
ing calls their distribution will be well 
represented by the Poisson expression 


, , . ae 

Trunking arrangement between g r =0(r) =•—— 

PBX arid central office r 


where 

a =average simultaneous calls 

_2oouyo_ 50 

60 

We now construct the square Table II, 
first calculating the various values of 0(r) 
and <fy(s) from the above formulas to insert 
as column and line headings respectively. 
The $ values have been reversed from the 
usual ascending tabular order so that the 
constant z diagonals will end at the right- 
hand edge of the table. The product of 
each pair of probabilities is re¬ 

corded in the body of the table and the 
diagonals summed as shown to give the 
desired F(z) distribution. The cumulation 
of F(z), designated P( 5z), is also given. 

From this last column we read the answer 
desired: To insure that the customers will 
not find the lines to the store busy oftener 
than 0.01 of the time, we must provide 13 
trunks [P(5 13) =0.0083]. 

5.2 The Exact Analytical 
Combination of Independent 
Variates 

If the probability distributions repre¬ 
sented by the symbols p T , p s -. .and 8(r)dr, 
<!>($)ds ..., in equations 12 are expressed 
as mathematic functions, it may well be 
that in numerous cases the summation 
operation indicated by § can be per¬ 
formed analytically, thus giving the re¬ 
sultant F(z) in similar analytical form. 
We must remember that § represents a 
very special summation in which the rela¬ 
tionships expressed by the equation of 
relation 10 are maintained. We may 
insure this by solving for one of the. vari¬ 
ates, say r, in equation 10, obtaining 

r=/(z, s, t . . .) 

and 

dr 

ds 

and substituting these in equations 12 
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Then the remaining independent variates 
may be summed over all ranges consistent 
with the value of g selected. Equations 
12 then assume the completely definitized 
forms: 


Discrete Variates 
F(«) =22 . . . "Epfe, 3 , t) 

« t 


PtPt • 


Continuous Variates 
F(z)dz— 

*//-/ 0[/(z, s, l .. .)]X 


t t 

d[f(z, s, t .. .)] 
dz 


4 >{s)dsyp(t)dt . 


(14) 


5.21 Analytical Addition of 
Discrete Variates 

The basic equation 14 for discrete vari¬ 
ates can of course be applied whatever the 
equation of relation, and often its straight¬ 
forward use is the simplest procedure. 
However for the addition, which is by far 
the commonest case, of discrete variates a 
method involving frequency arrays is 
found to be very powerful. 

For our purpose, a frequency array is 
an expression containing the index A, 
which when expanded in powers of A, will 
give as the coefficient of A T , the proba¬ 
bility of occurrence of exactly r successes 
or events. Thus for the Poisson distribu¬ 
tion the frequency array is since, 

when expanded in powers of A, it yields 
the individual Poisson terms 






= e ~ m l 1+mA +^r A*+ 
£! 


m 


m 


3! A>+ '' • + 7 F A ’ + ' 


■) 


We note that the probability of finding ex¬ 
actly r events occurring with an average 
occurrence of is the coefficient of A T , 
that is m T e~ m /r\ 

Secondly by substituting e a for A, we 
obtain the “moment array” of the vari¬ 
ate, which possesses the properly that 
when it is expanded in powers of a, the 
successive moments of the distribution 
taken about zero are given as the co¬ 


efficients of 

2! 3! 


Moreover the 


moment array with respect to the meqn id- 
stead qf the origin of the variate can be 
written by adding tiie factor e” a ( mean j. 
Thus the Poisson moment array with 
respect to the mean would be 
Expanding we find 
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Hence the first, second, third, fourth ... 
moments of the Poisson variate about its 
mean are 0, tn, m, tn+3m 2 ... respec¬ 
tively. In Table III are given for four 
discrete variates common in engineering, 
the expressions for the frequency and 
moment arrays and the corresponding 
parameters. 

The important characteristic of fre¬ 
quency arrays which we can make use of 
in adding discrete variates is that the 
array of their sum is the product of the 
individual arrays. Thus to add two Pois¬ 
son variates r and s with distributions p T 
and p s , we multiply their frequency arrays 
giving 

Array of z=*r+s is [e aT ^ A ~^][e a, ^ A ~^], 


F{z)dz—dz 



8[ -\~4>(s)ds 
s/s 


(16) 


Quotient Combination, z=- 

s 




F(z)dz=*dz I 0(zs)s<l>(s)ds 


(17) 


The combinations of a great variety of 
continuous variates even in just the three 
type groups above can be imagined. We 
shall take up a few cases which illustrate 
the method of working. 


5.22.11 Linear Combination of 
Distributions Limited in Both 
Directions—Square-Topped 


This when expanded in powers of A gives 

0— (. a r+*a)gA( a r+*i) — g~ 


( 


1-Kor+a.M+ ^j?^ A*+ 


2! 

(a r +g a )» 

3! 


A 3 + 


•••) 


But by definition the coefficient of A* is 
the probability of exactly z occurrences. 
Hence 


F{z) 


(a r +a,)^-< a ^) 

z! 


If we have two square-topped variates 
r and s with distributions 

$(r)dr = —— dr 
b—a 

4>(s)ds=*—— ds 
h-g 

what is the distribution of s, when z— 
r+j? Consider first the simple case of 
a>h and h—g>b—a (or h+a>b+ 
g), as shown in Figure 4. From equation 
15 we write immediately, 


which demonstrates the truth of the fa¬ 
miliar statement that the sum of two 
Poisson variates is a third Poisson variate 
whose average equals the sum of the com¬ 
ponents’ averages. This same result 
could have been found by direct applica¬ 
tion of equation 14. 

The sum distribution of the binomial 
and Poisson variates found step-by-step 
in Table II can readily be checked by the 
frequency array method. In a similar 
fashion the analytical expression for the 
sum and the moments of the sum of any 
two or more discrete variates can be ob¬ 
tained. The individual variates, whose 
frequency arrays are given in Table III 
will be found to simulate quite a number 
of the simple discrete distributions found 
in practice. The table could, of course, 
be extended indefinitely. 


5.22 Analytical Combination of 
Continuous Variates 


The application of equation 14 to the 
three most common equations of relation 
between two continuous variates yields 

Linear Combination, z=*r**s 


z f.‘ 


F(z)dz as dz I 8(z=* s)<f>(s)ds 


(15) 


Product Combination, z—rs 


F(z)dz ■ 


dz i r 

b-a h-g J 


ds 


r=all values 


We need now to select carefully the limits 
of integration for 5 which include all the 
admissible values of s but no others. 
There will be three cases. 

Case 1. When z lies between o-j-g and 
b+g 

1 1 

Fi(z)> 


1 1 f 

--- / ds 

b-ah-gj 


-ihik <*-*-*> 

Case 2. When z iies between b+g and 
a+h 


F*{z) 


_— — f 

b—a h-g J 


ds 


tmg—b 


1 1 « ' 1 
= 7 — 7— (b-a )-~— 
b—a h—g. h-g 


Case 3 . When z lies between a+h and 
b+h 

h 

ds 

t—*—b 


Ft(z) 


h 

— ( 
b-a h-gj 


= 7“ 7~—" (b+h-z) 
b—ah—g 


The distribution of the resultant z is 
shown in Figure 4, and, as one might have 
expected, shows discontinuities at the 
points b+g and a+h. Clearly the re¬ 
striction of a > h would make no change if 
it were lifted. We insure (although not 
absolutely) our selection of the proper 
limits for s by checking that the area 
under F(z) is unity, that is 


Area 


b+t a+h 

= Fi(z)dz+J* F*(z)dz+ 

a+e b+o 


b+h 

J n F 3 (z)dz=l 

a+h 


If instead of h+a>b+g we had taken 
h+a<b+g, the equations for F x (z) and 
Fb(z) would remain unchanged for the end 
intervals, while F 2 (s) for the central inter¬ 
val of z would become 

h 

Fi’{z)dz= ~"^ - f ds 
b-ah-gj 

**■« 

1 1 „ * 1 

= 7-7- (ft-*)-7- 

b—ah—g b—a 

- Finally, it may be observed that when 
a+h=b+g, that is the two variates r 
and s have the same range, the central 
interval of s disappears entirely, leaving 
simply an isosceles triangular distribution 
whose average is 2—f+S, and whose 
range is the sum of the corresponding 
ranges of the r and s Variates. 

The distribution of the difference be¬ 
tween two square-topped variates is ob¬ 
tained in a manner very similar to that 
used in determining their sum. Like¬ 
wise, the distribution form resulting-is 
very similar to the sum distribution; an 
example is shown as the lower diagram of 
Figure 4. 


Example—Minimizing Noise in Tele¬ 
phone Circuits 

Series capacitors are used in each side of 
the talking circuit at several points in local 
crossbar central office practice to isolate 


e(r) 

AND 

♦W 


F(z) 


P(z) 


PRIMARY P AND 3 DISTRIBUTIONS 


-1 





g h a b 

-S'- -r- 


SUM OFr AND 3 




a+g b+g a+h b+h 
z®r+s 

DIFFERENCE OF r AND S 


a-h b-h a-g b-g 
z=r-s 

Figure 4. Unear combination of "square- 
topped" distributions 
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Figure 5. Individual and cumulative normal 
distribution 


various d-c circuit elements. In order to 
insure satisfactory longitudinal unbalance 
characteristics (to mimimize noise) the two 
capacitors comprising a pair need to have 
very nearly identical capacitances. Suppose 
stock capacitors available for this purpose 
vary in capacitance with equal likelihood 
over the range 2.2 microfarads *2.5 per cent. 
What will be the expected (or average) 
unbalance in the two sides of the circuit 
due to this cause? What is the probability 
the unbalance will exceed 0.08 micro¬ 
farad? 

Solution. Since the two capacitor ca- . 
pacitance distributions are identical, the F(z) 
distribution will be an isosceles triangle, 
ranging about the mean s =0, from 
—2(0.025) (2.2) = —0.11 microfarad to 
+0.11 microfarad. The expected unbalance 
will be found by determining the average 
of the absolute deviations from z=0. In 
the notation used above and seen on Figure 
4, this is 


Let the variates r and s have the normal 
distributions 


1 (r-y) a 

Krj= 7= « 2'r* (18) 

0>v 2ir 

and 

l _kz£L a 

HS) ~WTr‘ -V (19) 


We desire the distribution of s=r-f-s. 
Substituting directly in equation 15 gives 


+ 00 


F(z)dz 


-dz^ 8(z— 


s)4>(s)ds 


i ” — ra 
00 


/ I _ (Lzlzfl* 

-7= e X 

o>V2 v 


1 («-?) * 
e~ *»«* ds 


<r* 




1 [*-(N-S)] a 

- .— g 2(<rr*+<r« a ) dz 

ff r 2 +0-g 2 V 2 t 


( 20 ) 


Quite obviously this resultant distribution 
is of the same normal form as were the 
two components, since if we set 


z=f+s 


**= VV r 2 +«r* 2 


( 21 ) 

( 22 ) 


b—g 


we obtain 


F(z)dz= 



e 2(r s a 


(23) 


=0.0367 microfarad 

when 6=^=2.2+0.055 =2.255, and a=> 
g =2.2—0.055=2.145. Similarly the proba¬ 
bility that the unbalance a will exceed 0.08 
microfarad is given by 

o-u 

P(>0.08)= / P(|z|)ds=---x 

J ‘ ' ( b-a)(h-g )* 

O.M 

0.11 

(6 —g —z)ds=0.0744 

0-08 

5.22.12 Linear Combination of 
Normal Variates 

Of all continuous probability distribu¬ 
tions the normal law shown plotted “in¬ 
dividually” and cumulatively in Figure 5 
is undoubtedly the one most frequently 
encountered in engineering work. Al¬ 
though the physical situation may but 
seldom meet the theoretical requirements 
of the normal distribution (such as that 
the variate has unlimited extent in both 
directions), nevertheless in many cases 
the normal curve provides a satisfactory 
fit oyer the major portion of the. variate’s 
range. 


By an exactly similar analysis we should 
have found that the distribution of the 
difference z=r—s of two normal variates 
has exactly the same distribution as given 
in equation 23, if instead of equation 21 we 
write 

z-f-s (24) 

It is thus quite obvious that the sum (or 
difference ) of two normal variates has a 
normal distribution whose mean equals the 
sum (or difference) of the means of the pri¬ 
mary distributions , and whose standard 
deviation is the square root of the sum of the 
squares of the component standard devia¬ 
tions. 

Example—the Tractor Plant 

In the assembly plant of a tractor com¬ 
pany, one operation consists in bolting two 
connecting parts A and B end to end as in 
Figure 6. It is found by sampling the bins 
containing the two parts that eight per 
cent of the A parts ^exceed a variation of 
*0.10 inch from the nominal or design 
value, and 14 per cent of the B parts exceed 
a variation of *0.05 inch from their nominal 
value. What proportion of the bolted as¬ 
semblies will exceed an error of 0.15 inch 
from the designed value? 

Solution. Suppose past studies have 



shown that both parts A and B have manu¬ 
facturing variations closely following the 
normal law. Then reading on Figure 5, 
we see that if eight per cent are to exceed a 
deviation from the mean of *0.10 inch 
(that is four per cent exceed a +0.10-inch 
deviation and four per cent exceed a —0.10- 
inch deviation), the +0.10 deviation must 
correspond to +1.75 <ta standard devia¬ 


tions, whence 


ffA =^ = 0.05714 inch. 
1.75 


Likewise with part B if we find that seven 
per cent of the samples exceed a deviation 
of +0.05 then 0.05 equals 1.48 standard 


deviations, or <tb = \ 


0.05 


1.48 


=0.03378 inch. 


Now from equation 22 we calculate the 
standard deviation of the sum of the 
lengths of A and B, as 


<r*= V (0.05714) 2 +(0.03378) 2 = 0.06638 


We know from equation 23 that z is 
normal, so we have merely to find the proba¬ 
bility of exceeding a deviation from the 
average of the specified 0.15 inch in a 
normal curve with <r e =0.06638. This devia¬ 
tion when expressed in terms of <r z is 2.26 
standard deviations. Referring once more 
to Figure 5 we find the probability is ap¬ 
proximately 2(0.012) =0.024 that a random 
assembled unit will exceed the specified 
range. Or, conversely, we should expect 
(1—0.024)100 =97.6 per cent of the as¬ 
semblies to fall within the specified range. 


5.22.2 Product Combinations of 
Variates 


A single pair of variates will be chosen 
to illustrate the procedure followed to 
obtain the distribution of their product. 
Suppose we have a generalized exponen¬ 
tial distribution (often designated as 
Pearson’s type III) in r and a square- 
topped distribution in s, given by 


r n+l 


9<r, -?5+I> 

1 


r n e~ cr 


<t>(s) = 


h-g 


to find F(z), when z— rs. 
Substituting in equation 16 gives 



F(z)dz=dz I 0( -) - 4 >(s)ds 
\s/s 


—dz 


jt+i 


r(»+i) 


£/<r •+* 


Bmff 


q 




<□■> 


z*»r+s 


Figure 6. Aisembly of tractor parts A and B 
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Table III. The Frequency and Moment Arrays, and Parameters of Several Common Discrete Distributions 



1 - — — — 

1 " - - - 

™' 11 " _ 

— 

Parameters of the Universe 




Moment Arrays 


Standard 

Deviation, 

Skewness, 
k(-> Vft) 

Kurtosis, 

Universe 

Frequency Array 

About Zero" 1 

About Mean** 

mean, x 

<r 

ft 

Binomial: 



1 






(•2 +pA) n 

(q+pe?) n 

e- nva (q+pe*f 

np 

-\/npq 

1-2 p 

o W ~ 2 + 1 

'y/nPq 

n npq 

Poisson: 








m x e~ m 
/<*)- „ 

e m(A-i) 

e m(e a -l) 

e -ma .. g m(e«-i) 

m 

Vm 

1 

•\f m 

B+- 

m 

Simple exponential: 

f(x) = (l-e- c )e- ex 

1 — 6~ C 

l-e~ c 

cte~ e 

1 - e-c (1 — e *) 

e~ c 

0 

e~T 

c _ m C 

Bt -|-g "a 

e c +e-°+7 

1 -Ae~ c 

l-e*-* 


l—e~ c 

l—e~° 

Generalized exponential: 



€ 

(1-0* 

(1 -Ae~‘) 

(1-0* 

(l—e“ -c ) 

ia 

n^(i-o a 

e (1 -e“" c ) 

l+e~ c 

l—e~° 

V2e~i 

l—e~° 

o _ e 

e% -f-e s 

V2 • 

e c -\re~°+10 

2 


" " . . 1 . . I' M ■ . — ' 

* The moment array about zero is obtained by substituting ea for A in the frequency array. 

** The moment array about the mean is obtained by multiplying the moment array about zero by e-a(mean). 


Let /=-, so that $=-, ds= — it. 
s t t 2 

results in 


This 


F(z)dz- 


-n+1 


z n dz 


r(»+l) h—g 


X 


/* 

/ 


t n-i e ~czt dt 


(25) 


The integration of this formula for n un¬ 
specified cannot be performed exactly. 
For low integral values of n, however, the 
expression can readily be written out by 
making a succession of n integrations, 
since 


/■ 




ct dt= 


—c 




2 e~ ct dt 


until the last integral is of the form 


e~ d dt= -- <T C< 
c 


f; 

Thus when »=1, equation 25 becomes 
simply 

c dz T -- -“1 

'J 

If w is any positive integer, it can be shown 
that 

■ , • . cb . 

where P(n, w)= ^ ^ 


m x e- r ‘ 


x! 


, the Poisson 


summation which is tabled for wide 
ranges. 

5.22.3 Quotient Combination of 
Variates 

To illustrate the exact analytical deter¬ 
mination of the distribution of the quo¬ 
tient of two independent variates, we 
choose the case of z=r/s in which r and s 
are of the generalized exponential form. 
Their distributions are 


r n+l 


0(r) = 


<Ks) = 


r(»+D 

q n+1 


r n e- cr 


■s m e~ 9t 


T(m+l) 

From equation 17 
F(z)dz*=dzJ'6(zs)s<t>(s)ds 






■dz. 


r(»+i) r(w+i) 


x 


. uu 

J (w) B <r 

«-0 


CZSM+l.— 


-n+l 


„TO+I 


aa ds 


z n dzX 


r(»+l)T(m+ 1 ) 

>* 

S m+n+i e - («*+«)*<& ( 26 ) 


/• 


Apparently equation 26 is of (he same 
form as equation 25 just considered under 
“Products,” except that here the limits of 
s are 0 and co. This last condition pro¬ 
duces the complete gamma function, since 


x n <r°*dx: 


r(*+l) 


a 


Jl+1 


in which r(n+l) = «/ for n integral. 
Hence equation 26 reduces to 


F(g)ds=c n+l s w+1 


r(m+»+ 2 ) 

r(«+i)r(w*+i) 

z n dz 


X 


(cz+s) m+n+2 


(26-a) 


Tables of logarithms of the T function are 
available as well as factorials of numbers 
which may be used in their place when m 
and w are integers. 

Since the rth moment of z in equation 26 
is 

r(w+r+l) T(m— r+1) 

^ ~e r(»+i) r(w+i) 

we readily find 
2 «+1 


i 

c 

and 


m 




-V 

cm yf 


(t» H-wH"l)(wH-l) 
m—1 


It is to be particularly noted that 2 does 
not equal the ratio of f and 3, which here 

would give - instead of - 

cw+1 cm 


5.3 Approximate Analytical 
Combinations of Independent 
Variates 

Very often it becomes highly desirable 
to find an estimate of the resultant of two 
or more independent variates when it is 
impossible or inexpedient to combine 
them either by the step-by-step or the 
completely analytical method. Some- 
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tunes, for instance, raw data depicting the 
behavior of one of the elements are widely- 
scattered or ate not easily fitted by the 
usual methods; a fitting curve may have 
too complex an equation to permit ana¬ 
lytical manipulation; complete informa¬ 
tion on one or more primary variates may 
be lacking; or again only estimates of the 
resultant parameters may be needed for 
one’s purpose. 

In this event satisfactory resort may 
usually be made to various schemes for 
combining the parameters of the distribu¬ 
tion functions to obtain the corresponding 
parameters of the resultant curve. From 
these, in turn, a frequency distribution 
may be constructed if desired, using one 


standard deviation, skewness, and kurto- 
sis of the resultant. Following through 
these operations we can express these 
latter parameters in terms of those of the 
component distributions: 

S—a+bH+cy+.^.+dl (28) 

flf = \^b i er x i -jrC i a‘ v 2 -\- . . . -f-d*<r* s (29) 

, b t <T x i k x -*rC t <ry S k y -\- . . . +d s c l i k t 

* [bW+cW+ • • • +dV]* /l 


b*a x *(P3x ”3) +c 4 o-y 4 (ftj,—3) -J- 

g _ . • .-MVt 4 (02^—3) 

’ [bW+cW+ • • - +dW] 2 


(31) 


Equations 28 and 29 of course include the 
familiar relations: 


to 

8 

x 6 



^4 

. 




2 

• 


2fQ0S774j 


A 

* 


_J_ 



-0.1 o +01 

X-OHMS 


1. The mean of the sum (or difference) of 
independent variates is the sum (or differ¬ 
ence) of the means of the individual vari¬ 
ates. 

i 

2. The standard deviation of the sum (or 
difference) of independent variates is the 
square root of the sum of the squares of the 
individual standard deviations. 


Figure 7. Resistance variation in coils of wire . 

of the systems of generalized frequency 
curves (such as the Pearson types or the 
Gram-Char tier series). The more power¬ 
ful of these combination methods will 
now be considered for the three common 
operations, those having linear, product, 
and quotient equations of relation. 

5.31 Approximate Linear 
Combinations 


It is perhaps not universally appreci¬ 
ated that these relations are true what¬ 
ever the distribution forms of the com¬ 
ponent variates. 

When n identical variates are to be 
added, which is a common case, equations 
28 to 31 reduce to 

a 

<r M =-\/ncr x 



The parameters which lend themselves 
best to the approximate linear combina¬ 
tion of variates are the semi-invariants 
defined by equations 4. Thiele has dem¬ 
onstrated the following relationship for 
every linear function of uncorrelated 
observations, the extreme simplicity of 
which he says “renders the semi-invari¬ 
ants unrivalled as the most suitable sym¬ 
metrical functions and the most powerful 
instrument of the theory of observations.*’ 
If the equation of relation is z-a- f 
bx+cy +dt then the semi-invari¬ 
ants L r of the resultant z distribution are 

Xi=a+i iXi+c yXi-|- .., -f-d *Xi 1 

X*=i* aiXj+c* jfX*-i- .. . +d* jXj I 

.. ... (27) 

and, generally 1 

Xj.=5^ juX^ri-c*" jfXf-j- .. . -j-d r t X r J 

for rgt2. 

Having found the semi-invariants of 
the combined distributions, we may if we 
like, retransfer them to moments by equa¬ 
tions 4, and then determine the mean 


3]-f3 j 

Thus the resultant’s average is just n 
times an individual average, the standard 
deviation has increased at the rate of y/~n t 
while the skewness has diminished as 1/ 
VT, and the kurtosis is approaching 3 
as a limit at a rate dependent on 1/rc. It 
will be seen that these last two limits, 
^=0 and |3 2 =3 are characteristic of the 
normal law. Likewise it can be shown 
that the same limits are approached for 
any linear equation of relation as n in¬ 
creases; moreover the primary variates 
need not all be alike. Hence we conclude 
that, if a large number of variates are 
combined linearly, their resultant will 
tend to approach the normal distribution 
with mean and standard deviation cal¬ 
culated from equations 28 and 29. As a 
practical matter, if no one distribution 
has a standard deviation substantially 
larger than the others to be combined 
linearly, the resultant of as few as six or 
eight components will nearly always be so 
closely normal that it may be considered 
normal for most engineering purposes. 


Example—Resistance Unbalance in 
Wires 


Two copper wires of 60 miles length are to 
be built from 120-pound coils (173 pounds to 
the mile, approximately), and the electrical 
resistances per coil vary with an equal likeli¬ 
hood over all values *0.1 ohm from the 
average as shown in Figure 7. What is the 
probability that the completed wires will 
differ in resistance more than 1.5 ohms? 

Solution. The number of coils n in 


each wire will be n 


50(173) 

q — " ‘ ggtf 

120 


Hence 


the probability distribution for single wires 
will be closely normal about a mean value 
f equal to the average resistance per coil 
times the number of coils in the 50-mile 
length. The standard deviation of a single 
coil's resistance, by application of equation 
2, is 


<T X iss H2~ 


+ 0 . 

■*/ 

- 0.1 


+0.1 

t 

x*dx 2(0.001) 


+0.1 

KJ'dx 
-o.i 


0.2 


= 0.0033333 


and 0 *=0.05774 ohm. • Similarly we find 
k x —0, and (ii x = 1.80. Then by equation 32 
the standard deviation for a single wire of 72 
coils is <r 7 2 = V72 a x =0.4899 ohm. Likewise 

kn *= ^^0=0, and &» = [1.80—3.0] + 

3=2.9833. The single-wire resistance dis¬ 
tribution will then be closely normal, with 
the equation 

The distribution of the difference z — 
ri—rt in two such wires will likewise be 
normal (from section 5.22.12) and will have 
the parameters, from equations 24 and 22 

0 

= V an*+vr 2 2 = V 2(0.4899) 2 
=0.6918 ohm 

This distribution of z is shown in Figure 8. 
The probability that the two wires will differ 
in resistance more than 1.5 ohms, that is in ' 
excess of 2.168^, is read from a normal prob¬ 
ability table or from Figure 5 to be 0.0302. 
The corresponding areas are indicated in 
Figure 8. 

5.31.1 Distributions of Means 

The reliability of the observed mean of 
a sample of n items is often desired. 



Figure 8. Difference between single-wire 
resistances 
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The true answer involves an application of 
a posteriori probability theory. How¬ 
ever if n is large, say 100 or more, it is 
usually satisfactory to substitute the 
following a priori problem: If n items 
are drawn at random from a hypothetical 
universe with assumed parameters, what 
is the probability that a sample differing 
from this universe as far as that actually 
drawn could have resulted? This proba¬ 
bility is then taken as a satisfactory ap¬ 
proximation to the probability that the 
unknown true universe differs from the 
observed sample as far as did the hypo¬ 
thetical universe. The best estimate of 
the standard deviation of the unknown 
universe is the observed sample’s standard 
deviation. 

The distribution of the means of sam¬ 
ples of n items is identical with that of the 
totals of n items when the latter’s variate 
scale is reduced by 1/wth. It is easy to 
see that the parameters of the means of 
successive samples of n items are 

£=- [mean of the totals distribution] =x 

n 

(33) 


the hypothetical universe mean and the ob¬ 
served sample mean is 11.72—11.60=0.12, 

0 12 

which in terms of <r avit is =2.24 stand¬ 
ard deviations. From the cumulative curve 
of Figure 6 the probability of exceeding a 
deviation of 2.24 standard deviations is 
about 0.0125. We take this as the proba¬ 
bility that the unknown true average in the 
shipment could lie below 11.60 pounds. 

5.32 Approximate Product 
Combinations 

In the formation of products the char¬ 
acterizing moments rather than the semi¬ 
invariants (which are so powerful in linear 
combinations) are found to be particularly 
useful. From equations 14 we can im¬ 
mediately write the moments of the prod¬ 
uct distribution (for discrete variates) as 

«'=■ 22 . . . Hz*p r p s . . .Pt 

= 22 . . . 2(f* . . . tfPfPt . . . p t 

Since we are dealing with independent ’ 
variates, this last expression may be re¬ 
written as 

Ht' =^'Z,r i p r hs i p i . .. 2 fpt 


<»•*=-[standard deviation of the totals 
n 

distribution ] = = —p. (34) 

n v n 

kjt = £ totals (35) 

Pi# “ ftttotnla (36) 

Hence as n increases, the distribution of 
the means of successive samples of size n 
rapidly approaches the normal law, while 
the expected average is the universe aver¬ 
age, and the standard deviation (or 
standard error) of the means decreases 
inversely as the square root of the number 
of observations n. This last, of course, 
agrees with the common sense conclusion 
that the larger the sample the more relia¬ 
ble its mean should be. 


Example—Sampling op Manufactured 
Product 


A sample of 225 rough castings is taken 
at random from a shipment of about 10,000 
and weighed individually. The average 
weight is found to be 11.72 pounds with a 
standard deviation of 0.804 pound. What is 
the probability that the average weight for 
the whole shipment is less than 11.60 
pounds? 


Solution. We solve the allied a priori 
sampling problem: If the true average is 
11.60 pounds with standard deviation of 
0.804 pound, what is the probability that a 
•sample of the size drawn could have a mean 
of 11.72 or higher? The standard deviation 
of averages of samples with 225 items is 
estimated from equation 34 as <r» vg = 
0.804 

^ — =0.0536. The discrepancy between 


which in moment notation is 

Ui'^Hr-nu' • • • Uit (37) 

The same relationship can as readily be 
developed using continuous variates with 
integral signs replacing the summation 
signs. We conclude that the ith moment 
about zero of the product is equal to the prod¬ 
uct of the individual ith moments about 
iero of the components. 

From equation 37 expressions showing 
the relationship between the parameters 
of the resultant and of the components are 
easily written. We find 

g*spn'**r3 ,. .1 (38) 

<r**-[(<r r *+f*)(v s *+5*)... 

Or a +i*)]-(fS...l)* (39) 

The values of the “higher” parameters 
can more readily be found in any specific 
case by numerical substitution in the 
basic equation 37, except perhaps in the 
case of just two variates. 

Just as it was found that a linear com¬ 
bination of n independent variates tended 
toward the normal form as n increases, it 
may be shown by an analogous reasoning 
that the product of n independent variates 
tends toward the log-normal form. The 
log-normal distribution is a positively 
skewed unimodal curve whose lower limit 
is zero and upper limit is infinite and 
whose logarithms form a normal distribu¬ 
tion. The chief restriction to this general 
conclusion on the trend of product distri¬ 
butions is that no one of the components 
should have the ratio of its standard 


deviation to its mean value very much 
larger than all of the other components’ 
standard deviation-to-mean ratios. 

5.33 Approximate Quotient 
Combinations 


The problem of determining the parame¬ 
ters of a quotient distribution, given 
the corresponding parameters of the com¬ 
ponents, is complicated by the fact that 
values of the divisor variate must not 
ordinarily be permitted to occur at zero 
with any except a negligible likelihood. 
Approximate solutions must usually then 
be guarded by various restrictions re¬ 
garding the distribution $ in the quotient 

T 

equation of relation z=~. If, however, 

$ 

we have a quotient distribution of the 

p-j-f 

form z— -in which $ is several times 

s-]-3 

the standard deviation of s, a satisfactory 
parameter solution can usually be found. 

The most obvious, and oftentimes the 
easiest, procedure is to transform the 
equation of relation from a quotient type 
to the product type by merely changing 
the distribution of the variable in the de¬ 
nominator to its reciprocal’s distribution. 
That is, if the equation of relation is given 

f 1 

as z=-, then by setting s-~ we obtain 
s w 

z=nv which is now a product of two in¬ 
dependent variates. The subsequent 
analysis can then be handled as described 
in section 5.32 by taking products of the 
corresponding moments of r and w. Thus 

m 1 , .. 

»(■.!/») 


This procedure will work in all cases to 
give the true moments of the final quo¬ 
tient distribution F(z), except where the 
form of the w distribution is such that the 
moments cannot readily be determined. 
Even then a practical solution can some¬ 
times be found, as suggested by Karl 
Pearson, by tabulating the reciprocals of 
the observations if the information on s is 
given in this form, and then calculating 
the moments of the reciprocal distribu¬ 
tion. Likewise if the analytical expres¬ 
sion for the probability distribution of the 
s variate is given, and this defies handling, 
the area under the probability curve may 
be divided into an appropriate number of 
class intervals, the area (observations) in 
each determined, and the procedure just 
outlined then carried through. 

Fieller has given an exact expression for 
the distribution of F(z) when the two 
variates r and s are normal. It is quite 
complex and for most engineering prob¬ 
lems would be highly laborious to calcu- 
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late. If the normal divisor variate s has 
a mean such that S 5 3cr s , then Geary has 
found that although z itself is not normal, 
a second variable dependent on z which 
we will call t is nearly normal. The 
variable t corresponding to any selected z 
is found from 


variate x can be summarized in a small 
number of statistical constants or parame¬ 
ters called the mean St, standard devia¬ 
tion <r x , skewness k x , and kurtosis 
These parameters are usually found by cal¬ 
culating the moments (or the semi-invari¬ 
ants) either of the observations or of the 
theoretical distribution describing the vari¬ 
ate x. 


t= 


sz—r 


V<r r 2 +cr s W 
Then 


F(zi<z<zi)> 


i r j- 

WZrJ * 


in which the value of the definite integral 
is readily read from a normal probability 
table or from the cumulative normal curve 
on-Figure 5. 

Craig and others have studied the gen¬ 
eral quotient problem and have estab¬ 
lished relationships between the final 
distribution’s semi-invariants and those 
of the r and s components. If r and s are 
substantially normal and uncorrelated, 
and the $ values occur with negligible 
likelihood at 5=0, that is 5>hs where h 
is say 5 or more, the quotient semi-invari¬ 
ants are given approximately by 



(40) 


Naturally, the further either of the two 
component distributions deviates from 
the conditions stated above under which 
these equations have been derived, the 
more approximate they become. 


Laws op Combining Simple Probabili¬ 
ties 

2. When two events are mutually ex¬ 
clusive, the probability of one or the other 
occurring is the sum of their individual 
probabilities of occurrence. 

3. When two events are independent the 
probability of their joint occurrence is the 
product of their individual probabilities of 
occurrence. 

Combining Variates With Mutually 
Exclusive Probabilities 

4. The parameters of the distribution z 
composed h proportion of the time by variate 
r, j proportion of the time by variate s, , 
are given by 

S=*hr-)-js-\- . . . 

«r,-fA(^+F*)+jW+S*)+ . .. 

£* = “7 [h(k T <r r 8 -f-3<r r *f —|—^ 3 ) -f - 

j(W+3<r, 4 W 8 )+ * • •“ (3<r3+z 3 )] 

jS* = —7l*(j8 2r <r r 4 -f-44 r «r r > F-j-6<r r *f*+f 4 ) + 

j(ft,r s 4 +4V5+6<r 8 *S 4 +S 4 ) + 

. . .-(44^+6a^+« 4 )] 

Combining Independent Variates Ac¬ 
cording to the Equation op Rela¬ 
tion, z — £(r, s,t...) 

5. The total probability of F{z) is found 
from F(z) =§&p T pspt ... or F(z)dz — §&(r)drX 
<t>(s)ds\J/(t)dt . . . in which § means the 
summation of the probability products for 
all possible Ways of forming z according to 
the equation of relation. 

6. F(z) may sometimes.be evaluated most 
conveniently for particular problems by a 
step-by-step method of combining proba¬ 
bilities. 

7. If the probability distributions for the 
variates are known analytically, it is often 
possible to perform the F{z) summations, 
obtaining an exact analytical expression for 
F(z), Results typical of this method are: 

(а) . The sum of two Poisson variates is a 
third Poisson variate whose average equals 
the sum of its components’ averages. 

(б) . The sum (or difference) of two normal 
variates has likewise a normal distribution 
whose mean equals the sum (or difference) of 
the means of the components, and whose 
standard deviation equals the square root ?, 
of the sum of the squares of the components'* 
standard deviations. 


ponential (Pearson type III) variates has 
the form 


F(z)=c n+ 1 q m+1 


r(m-j-n-j-2) 

r(»+i)r(m+i) 


(cz+ 2 ) w+n+ * 


8. Approximate distributions of the re¬ 
sultant variate can be constructed if its 
parameters can be found. These can be 
expressed in terms of the components’ pa¬ 
rameters as follows: 

(a). Linear Equations of Relation. z=u+ 
bx+cy- i- ... +<& 


z=a-\-bSt J rcy+ ... +dl 
<r 2 = \/&V s s -fe s <r„ l -|- . . . -j-dV{ 2 


Expressions for h and are given by 
equations 30 and 31. From these we con¬ 
clude that the sum of a large number of 
independent variates, no one of which has a 
predominant variation, tends rapidly to¬ 
ward the normal form with the parameters 
z and <r z just given. Likewise, the standard 
deviation of the means of successive samples 
of size n is 1/Vw times the standard devia¬ 
tion of the universe. 

(£>). Product Combinations. The mean and 
standard deviation of the product of vari¬ 
ates r, s, ... t, is given by 

S—fS . . .1 

<r** = [0r r 2 +F l )0r s *+s 2 ) . . . (cr t *+l*)\- 

(fS . .. I) 2 

As the number of variates combined accord¬ 
ing to a product equation of relation in¬ 
creases, the resultant tends toward the log¬ 
normal form; 

(c). Quotient Distributions. No rigorous 
method exists for obtaining the parameters 
of the quotient distribution in terms of the 
components’ parameters. A number of 
estimates involving certain restrictions are 
given in section 5.33. 
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natural load centers with a high degree of 
reliability. 
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Synopsis: This paper presents the results 
of an analytical and experimental investiga¬ 
tion of the use of series capacitors to in¬ 
crease the permissible loadings of long high- 
voltage a-c transmission lines. Because of 
limitations imposed by synchronous sta¬ 
bility and reactive kilovolt-ampere require¬ 
ments, conventional lines, when extended to 
the higher voltages and greater lengths, can¬ 
not be loaded to values of power sufficiently 
high to develop maximum over-all economy. 
It is shown that, when suitably applied, 
series capacitors will make possible the de¬ 
sired optimum loadings and will very ma¬ 
terially reduce transmission costs. 

The theoretical possibilities of using 
series capacitors to compensate the exces¬ 
sive inductive reactance of long lines have 
received consideration for many years. 
Practical series capacitors require protective 
equipment, but shunting of the capacitors 
in the earlier schemes resulted in a decrease 
instead of an increase in the transient- 
stability limits. 

The authors propose series capacitors of 
the limited-voltage type in combination with 
auxiliary equipment which not only protects 
the insulation but quickly restores the capaci¬ 
tors to the circuit after the faulted con¬ 
ductors are isolated, thus preventing a de- 
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crease in system power limit at the time of 
need. The application requirements of 
necessary apparatus are also briefly out¬ 
lined. 

Results of analytical studies and minia¬ 
ture-system tests in connection with a 
typical application of series capacitors to 
one of the major lines of a typical transmis¬ 
sion system are included. This work deals 
with relative transmission costs, transient 
stability, spontaneous hunting, and the sub- 
synchronous operation in the induction 
starting of machines. The conclusion is 
reached that the proposed series-capacitor 
scheme appears practicable for long trans¬ 
mission lines. 


T HE necessity for long-distance trans¬ 
mission of large blocks of power has 
grown rapidly during the last few years. 
Some of the large-scale hydroelectric 
developments in the western states are 
located in relatively remote districts and 
have given rise to transmission problems 
involving distances of the order of 250 
miles and blocks of power of the order of 
.300,000 kw. Proposed developments in 
other locations involve similar or longer 
transmission distances and equal or 
greater blocks of power. The three most 
important considerations in each of these 
major power developments are: 

1. The conservation and most effective 
utilization of important natural resources. 

2. The delivery of large blocks of power to 
natural load centers at minimum annual 
costs. With all factors given due considera¬ 
tion, these costs should not exceed those of 
other available power sources. 

3. The delivery of large blocks of power to 


Lawther. Annals of Math, Slat., volume 4, Novem¬ 
ber 1933. 

9. Tub Distribution Laws of the Diffbr- 
knck and Quotient of Variabi.es Indbpend- 
rnti.y Distributed in Pearson Type-111 Laws, 
S. Kullback. Annals of Math, Slat,, volume 7, 
March 1930. 

Approximate Combination of Inde¬ 
pendent Variates 

10 Theory of Observations, T. N. Thiele. 
Charles and Edward Layton, England, 1903; re¬ 
printed in Annals of Math. Slat,, volume 2, May 
1931. 

11. On thb Constants of I ndbx Distributions , 
K. Pearson. Biometrika, volume 7, 1910. 

12. Frbqubncy Distribution of an Index 
Whbn Both Components Follow thb Normal 


Law, A. S. Merrill. Biometrika, volume 20A, 
July 1928. 

13. The Frequency Function of Yf X, C. C. 
Craig. Annals of Mathematics, volume 30, August 

1929. 

14. On the Frequency Function of XY , 
C. C. Craig. Annals of Math. Slat., volume 7, 
March 1938. 

15. On Frbqubncy Distributions of the 
Quotient and op the Product of Two {Statis¬ 
tical Variables, C. C. Craig. American Mathe¬ 
matical Monthly, January 1942 

16. The Frequency Distribution of the Quo¬ 
tient of Two Normal Variates, R. C. Geary. 
Journal of the Royal Statistical Society, volume 43, 

1930. 

17. The Distribution of thb Indbx in a Normal 
Bivariatb Population, E. C. Fielter. Biometrika, 
volume 24,1932. 


Due to basic circuit considerations, as 
transmission distances are increased, the 
voltages indicated become progressively 
higher, and the line costs increase at an 
accelerated rate. For the longer dis¬ 
tances, power-limit or stability considera¬ 
tions, together with load and line 
reactive-kilovolt-ampere requirements, 
cause the unit power costs to rise rapidly. 
A basic analysis of the fundamental cir¬ 
cuit properties involved indicates that, 
although a number of methods can be 
employed to improve the operating char¬ 
acteristics of long transmission circuits, 
the most promising expedient at the pres¬ 
ent time is line-reactance compensation 
by means of series capacitors. In the 
following sections, the theory and appli¬ 
cation of these devices as they relate to 
the costs and performance of major trans¬ 
mission circuits will be discussed in their 
essential details. 

Modified Basic Analysis of 
Transmission Problem 

Reduced to its fundamental elements, 
an a-c transmission line and its associated 
transformers constitute a connecting link 
of finite impedance between a generating 
station and its load, or between two 
electric systems. It has been shown that 
the power delivered over a circuit con¬ 
taining lumped impedance Z of angle 0, 
with voltages E s and E r maintained at 
the sending and receiving ends respec¬ 
tively, when these voltages are separated 
in phase position by the angle 8 , is ex¬ 
pressed by the following equation: 

P r -^[cos(S-*)]-fcos*] (1) 

Resistance effects are ordinarily small 
in practical transmission circuits, and a 
close approach to the actual performance, 
when a reasonable stability margin is 
allowed, can be obtained by neglecting 
resistance in the preceding equation. The 
result is the simple expression as follows: 

P f =~siii8 (2) 

The power transfer is then a function of 
the product of the sending and receiving 
voltages, is a function of the angular dis¬ 
placement between these voltages, and 
is an inverse function of the circuit equiva¬ 
lent reactance interposed between the 
above voltages. 

Control of Circuit Impedance 

The most convenient and economic 
voltage of generation is approximately 
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13.8 kv. Similarly, the best voltage for 
primary distribution in moderately heavy 
load areas and also for large individual 
loads is approximately 13.8 kv. If a 
transmission circuit must be employed 
between the generating station and load 
center, the above two voltages referred to 
a common base and maintained by regu¬ 
lating devices, are the quantities ap¬ 
pearing as E a and E, in the preceding 
equations. The equivalent reactance X 
of the transmission circuit between the 
generating and receiving busses then de¬ 
termines in a large measure the amount 
of power than can be transmitted over 
this circuit. 

If overhead transmission circuits are 
employed, the reactance of the conductors 
themselves will approach 0.8 ohm per 
mile at 60 cycles for any practical con¬ 
ductor and for all types of construction. 
It is evident that, as the transmission 
distance increases, the circuit reactance 
increases rapidly, and the power trans¬ 
mitting ability may thereby be reduced 
below the required value. Resistance 
effects, as controlled by conductor size, 
can be reduced from values giving trans¬ 
mission losses of the order of 15 per cent 
to practically zero without materially 
altering the power limit, although they 
do have a definite influence on the eco¬ 
nomic problem. 

An approximate expression for maxi¬ 
mum power, assuming 13.8 kv for sending 
and receiving voltages, and assuming 35 
degrees between these voltages to allow 
for the reactance of terminal equipment 
and margin in stability, is as follows: 


Prm *=^7 10* kw 


(3) 


The maximum power capacity is thus an 
inverse function of the equivalent re¬ 
actance between the 13.8-kv generating 
and load busses of the transmission 
circuit. 

If overhead line construction is to be 
retained, four different alternatives are 
available for reducing this equivalent 
reactance to the required value. These 
are: 

1. Line-impedance conversion. 

2. Multiple-circuit operation. 

3. Reduction of system frequency. 

4. Line-reactance compensation. 

These items will be discussed in the indi¬ 
cated order in the following paragraphs. 

High-Voltage Operation 

For the reduction of equivalent series 
impedance, the first and most commonly 
employed expedient is impedance con- 



'9" 


for use on long multiple-circuit transmission 
lines 

C—Series capacitor 
P —Protective equipment 
U, U t Li / La *—Sections of transmission line 
E gSl Egr —Internal voltages at sending and 
receiving ends 

E s/ E m , E ni E r —Voltages on transmission line 
/*, f-n U —Line currents 


version which is accomplished by trans¬ 
formation to" higher voltage. The well- 
known relationship between the high-side 
and the low-side equivalent impedance 
of a transformer, namely, that the equiva¬ 
lent low-side impedance of the high-side 
circuit is equal to the actual impedance of 
the high-side circuit divided by turn ratio 
squared, makes it possible to reduce the 
equivalent impedance between the low- 
voltage busses to a marked degree. 

As an example of the effectiveness of a 
high-voltage transformation in reducing 
the equivalent impedance of a circuit, it 
can be observed that the reactance of an 
overhead line 100 miles long is approxi¬ 
mately 80 ohms at 60 cycles. If line 
resistance were totally absent, if infinite 
busses were available at each end of the 
line, and if voltages of 13.8 kv were main¬ 
tained at the terminals, the maximum 
synchronous capacity of the circuit 
would be approximately only 2,390 kw. 
A ten-to-one'transformation on each end 
of the line, resulting in a line voltage of 
138-kv, neglecting the reactance intro¬ 
duced by the transformers, would reduce 
the circuit reactance as it affects the low- 
voltage busses to 0.01 X 80 ohms or 0.80 
ohm. This change, neglecting trans¬ 
former impedances and line resistance and 
assuming infinite terminating busses, 
would result in a synchronous power limit 
100 times that obtained originally, or 
239,000 kw. 

This particular expedient, namely, 
raising the line voltage by transformation 
to reduce the equivalent impedance 
between generator and load busses, has 
been followed to the practical exclusion 
of all other methods available for reduc¬ 
ing this impedance. Voltages as high as 
287.5 kv have been employed in gaining 
this end, and it will be observed that the 
equivalent impedance of a line of that 
voltage referred to a 13.8-kv bus is ap¬ 


proximately 0.0023 times the actual line 
impedance. 

It is evident that the only essential 
purpose of going to high transmission 
voltages is to reduce the equivalent im¬ 
pedance between the low-voltage busses 
at the terminals of the circuit. This one 
benefit, together with reduced equiva¬ 
lent surge impedance, which has been 
shown to be essential to the transfer of 
large blocks of power at high efficiencies, 
can be gained through high-voltage opera¬ 
tion only at considerable expense. When 
voltages are increased, transmission struc¬ 
tures become larger, conductor diameters, 
separations, and clearances become neces¬ 
sarily greater, and line insulation becomes 
more costly. Transformer and other 
high-voltage substation equipment costs 
increase much more rapidly than the 
voltages in the higher ranges, and trans¬ 
former reactances, which add directly to 
the reactances of other elements of the 
circuit, increase more rapidly than the 
voltage rating. 

Conductor diameters and desirable 
cross-sectionable areas are thrown so far 
out of balance at the higher voltages by 
corona loss, permissible line efficiencies, 
and mechanical considerations that, con¬ 
sidering the necessarily great investment 
in the high-voltage system, electrical 
loadings approaching the values required 
to develop maximum transmission econo¬ 
mies cannot be attained in the longer 
high-voltage lines. Most of the existing 
long, high-voltage circuits, because of 
stability limitations and reactive-kilovolt¬ 
amperes requirements, cannot be loaded 
to values exceeding approximately 50 to 
75 per cent of the magnitude required to 
develop minimum annual costs per kilo¬ 
watt transmitted. As an example of this 
limitation, it can be observed that the 
ratio of line loading for maximum econ¬ 
omy to line loading for maximum power 
established by stability is approximately 
2.5 in the case of a typical two-circuit 
230-kv line somewhat less than 250 miles 
long and equipped with a mid-point sec- 
tionalizing station and normal low- 
reactance terminals, Even greater dis¬ 
crepancies exist in other more costly 
circuits of comparable length. 

From the preceding discussion it is 
apparent that the expedient of ever 
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Table I. Relative Power Limits for Various 
Circuit Arrangements and Amounts of Ca¬ 
pacitance Compensation 


sequently little is gained toward im¬ 
proving the economic loading status of 
long high-voltage circuits. 


CASE SCHEMATIC DIAGRAM COMPENSATION* 


0 



67 


RELATIVE 
POWER 
LIMITS “* 
ICO 
US 
136 
ISO 
1.80 


-OCUaOS 


so 

60 


1.13 

1.33 

162 

L80 

206 



"©OS -5 


103 

2.32 

2.94 

338 

307 


* Ratio of capacitive reactance to total reactance 
■with all lines in service (per cent). 

*'* Ratio of limits with single-line section out, 
as reference case A without capacitive compensa¬ 
tion. Resistance effect neglected. 


higher transmission voltages, which are 
employed only for the purpose of reduc¬ 
ing the equivalent system reactances, 
has reached and perhaps passed its justi¬ 
fiable limit until other steps are taken to 
strike a better balance among all factors 
•concerned. The line-charging kilovolt¬ 
amperes of long high-voltage circuits is 
•useful in most cases but detrimental in 
•some. In those cases for which it is of * 
benefit, it is obtained at relatively high 
•cost. 

It seems evident then that serious con- 
•sideration should be given to other avail¬ 
able means for decreasing the equivalent 
reactance between generator and load 
busses where long-distance transmission 
is necessary, and for increasing the elec¬ 
trical loading of .these circuits to their 
points of maximum economy. 

Multiple Circuits 

The use of two or more transmission 
•circuits in multiple results in a propor¬ 
tional decrease in the system transfer 
impedance, and when terminal ratings 
are increased in proportion, results in a 
•similar increase in power capacity. Con¬ 
siderable improvement in operating char¬ 
acteristics and transient-stability limits 
•can be obtained when such multiple cir¬ 
cuits are sectionalized at one or more 
points proportionally distributed through¬ 
out their length. Individual line sections 
on which faults have occurred can then 
be isolated in only a few cycles after the 
initiation of the fault with a minimum of 
increase in total circuit reactance. The 
•costs of multiple circuits with sectional- 
izing facilities go up in approximate pro¬ 
portion to the power capacities and con¬ 


Reduction of System Frequency 

Since inductive reactance is a direct 
function of frequency, the loading of 
simple systems with given transformation 
ratios should, over the narrow practical 
range available, attain synchronous limits 
in approximate inverse proportion to the 
frequency employed. This expedient as 
a supplement to high-voltage transforma¬ 
tion, or impedance conversion, has been 
employed in a number of foreign coun¬ 
tries. However, because of the relatively 
small over-all benefit to be obtained, due 
to incandescent-lamp flicker at the lower 
frequencies, increased size and cost of 
induction equipment, and the necessity 
for numerous frequency changers, this 
method of gaining low reactance is not 
advisable and is being looked upon with 
disfavor in some localities where it is 
now practiced. The stability problem 
may not be avoided unless a considerable 
part of the load can be utilized at the 
transmission frequency. 

D-C Operation 

If the frequency is reduced to zero, 
that is, if direct current at high voltage is 
employed, power transfer is accomplished 
by difference of magnitude between ter¬ 
minal voltages instead of by difference 
between angular positions. It can be 
shown that the basic gain for direct cur¬ 
rent, when the same maximum insulation 
stresses are allowed, is produced by the 
41 per cent higher effective voltage. This 
results in twice the power delivered over 
a given circuit having the same con¬ 
ductors and insulation and permitting 
the same transmission efficiency. Fur¬ 
ther advantages, however, are indicated. 
No synchronous stability limitations 
exist, and, if adequate terminal equip¬ 
ment can be made available, lines can be 
loaded to their economic limits. Moder¬ 
ately long a-c lines have synchronous 
load limits approximating their surge- 
impedance values. The economic limit 
employing direct current with the same 
conductors and insulation, in the average 
case, is approximately three times the 
a-c limit. If lines as long as 500 miles are 
required, this ratio would become larger 
than four. If it becomes necessary to 
transmit large blocks of power to points 
as remote as 500 miles, the d-c system 
will be particularly attractive. In that 
case the large saving in line costs over 
a-c requirements would make available 
very considerable stuns for the necessary 
d-c terminal equipment. If this equip¬ 


iy/2-z 



Figure 2. Vector diagram for series-capacitor 
transmission system shown in Figure 1 

ment can be made available at a figure 
that will increase the total terminal cost 
to a value approximately two times 
present a-c terminal cost, 500-mile trans¬ 
mission of large blocks of power can be 
made as economically feasible as some of 
the present systems of much shorter 
lengths. D-c transmission is not suited 
for supplying power to the intervening 
area, as there is no d-c equivalent for the 
a-c transformer. The major problem 
hinges upon the successful development of 
■ adequate terminal equipment. 

Line-Reactance Compensation 

The most important alternative or 
supplement to high-voltage transforma¬ 
tion for reducing the equivalent imped¬ 
ance between generator and load low- 
voltage busses is the use of line-reactance 
compensation. Such compensation can 
best be obtained through the use of static 
capacitors operating in series with the 



Figure 3. Power-angle diagram for sending 
end of series-capacitor transmission system 
connected to infinite receiver 

ab —Fault on one line section, series capacitor 
shunted 

ce—Faulted line section switched out 
hg —Series capacitor restored to the circuit 
k —Point of maximum angular swing 
For stability, 


area (abcd)£ [area (edih)+area (gijk )] 


Curve 

Fault Condition 

Capacitor 

Line Sections Out 

1 

Before 

In 

None 

II 

During 

Out 

None 

III 

After 

Out 

One 

IV 

After 

In 

One 


1942, Vol. 61 


Starr, Evans—Series Capacitors for Transmission Circuits 


965 



tramum-eion line voiuluctor* Alter von 
sideling all these methods in the light of 
recent developments, it was concluded 
that linereactance coiujtensatiou de 
served a q»eci;d study. tin* results *»t 
which have led to the series capacitor 
scheme descriUd in the next section. 

Proposed Series-Capacitor 
Scheme 

The general arrangement proposed fur 
using series capacitors fur the eomi»eitsu 
lion of the inductive series reactance of 
transmission circuits i. shown schema 
tically in Figure t. This tignte show*, a 
protected or limited .voltage type of 
stories capacitor located in a common Inis 
connection in a two circuit line. The 
proposed arrangement would increase the 
jiermissible transmission circuit loading, 
which is normally leased on the system 
riding through a double line Jo ground 
fault and the subsequent circuit isolating 
oj«aatiou. Snell an arrangement with 
series capacitor* can l** used to increase 
by oO per cent or more the rating of the 
circuit, assuming that gem-rat tug and 
receiving equipment arc increased 
in projmrttou, Previous series capaeitor 
schemes actually reduce transient stabil 
tty limit***.* Iweause they lack the quick 
restoration feature of the present pro 
|»>sat. Vector diagrams for a particular 
loud condition on the system of Figure l 
ure given in Figure ‘J which shows the 
large negative phase angle shift intro 
dneed by the series capacitor. 

lire series capacitor system, just tie 
skilled, is based on an analvsis of factors 
which include: the tyj*e of capacitor, 
whether of uotihuiitcd or limited voltage 
design; location of the capacitor in the 
cireuit, whether in the individual lines 
or in a common bn* connection, the 
method of using the capacitor, whether 

T Normally in the circuit, shunted during 
the fault and restored after fault isolation 

2. Normally not in theeirettif but switched 
into the circuit after the fault b isolated. 

The factors also include the application 
problems of single circuit and multiple 
circuit lines. 

Tm;t§ op CAfActroim 

When systems with series capacitor* 
are subjected to faults, high-voltage drops 
across the capacitors are produced by the 
increased line currents, and measure* 
against overvoltage must be provided. 
Two tyjies of capacitors may be used; 

1. The nonlimited voltage type in which 
sufficient insulation is provided in the 
capacitor to meet the fault condition 

m . 


*.? Tin- hunted-voltage typ»* which ha ■ m- 
Mtlaliott nullich-m lor all tmonul i xtvuit <*>n 
t Jit ions aud proactive equipment to Urne 
the execs-. voltage-.. 

Mu* uoulimited-voltage ly|«e *<j scrir- 
capacitor ha* the desirable feature *>t 
always living available b* provide tract no 
compensation, cvi-u duiiitv; system fault v 
I ufortunately,. the cost of da* n»-jd*mit*:>i 
voltage type of capacitor is prohibitive, 
at least in compm ismi with the limited 
voltage type. i hi:, u Mills from the f *» * 
that, whin high .pec*l fault clearing i 
employed. the eapaeitoj cost «-• *!»!»» 
mined piitutpaHv bv the maximum- 
voltage condition ami the capacitive 
reactance desired at qn cycle;,. 

rile limited voltage a heme n r- 

l. CupaiiOM:■ lhat air tuu< I* MnaSbt *"d 
I* ex|S’leave than I ho-.,- *4 *h»- noirfinmcd 
type 

If. Protective t'»(i|i|««i Hf deal <v»* ** , *H 
limits ovuvolUigf. by piovidiog a •Jue.qe.*: 
path of U* ghgthir mi low imp* dam* h\tt abo 
opu is I hr. | •»«* t* piMilipdv upon fauP n 
mo vat imidcui ally ie*hn »uii fault emiona-. 
to the value dm my do 

sinnumg Mpr*i»»«oii 

Protective appal ati»: and the b« a-s if 
selecting capacitor voltage latino cabled 
U* »tlM H* '.ed here b t alt e of space hilittu 
f 1**11*. Tests, however, have drown th.»* 
suitable protective apparatus * an lc 
built, In the studies of system piMnt 
mice to determine the application it 
quiremeuts of series capacitors f*»t tram 
mission circuit*, it i*» assumed that stir 
protective equipment 

1 l imit* voltage mi tfie t»r*f half *elr *4 
ovrrvnliBgr 

m. HeMore* serin capacitor to »hr « nr»ui 
within two irVelcs sfter the built is isolate*! 

Tm \TtMN in tne iTvcftr 

Series ciip«« itor* can l>e h«afr<l af am 
|mint in a single emuit hue. hut prefer 
ably rmar the reactance center of the 
system, a* this limit* the duty on the 
capacitor protective equipment reduce* 
the voltage* to ground, mid mimimre* 
the problem* of exciting inriidt current* 
Io*r nittlliplrcircuit line* the srfir* e» 
|w*eitoreanlie hayited in the individual hue 
sect unis or in the common 1m* connection, 
as shown in figure I Multiple mnitt 
line* are normally laid out *o that »t»e 
cireuit loud can t»r curried with one line 
section on! of service. K«r *t»ih condi 
lion* there i* a rlreidrd advmifagr in 
U*ing the scries cupantof in » rmummi 
bus comiictioii not mify Iwmusc the 
rupaHtor kilovolt aiujicre* i* not rt 
iltfred by the switching out of h line see 
tioii, lint also iievruuse fewer units are 
requited, Several series capacitors may 
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neglecting resistance, 67 per cent capaci¬ 
tive-reactance compensation is required 
with a two-line system and one inter¬ 
mediate station to give the same power 
limit as a system with three lines and one 
intermediate station and no series capaci¬ 
tors, assuming in both cases a transient 
disturbance requiring the isolation of a 
faulted line section. Similarly, consider¬ 
ing the same two-circuit line carrying a 
given load, Table I shows for the sam e 
system and for the same stability margin 
that 50 per cent capacitance compensa¬ 
tion is required for a 50 per cent increase 
in power limit. 

Power-System Stability With Series 
Capacitors 

Series capacitors increase the stability 
limits of' systems by reducing the series 
or transfer reactance between internal 
voltages of machines, and thereby in¬ 
creasing the synchronizing power. Thus, 
series capacitors increase both the steady- 
state and transient stability of systems. 
Usually the transient-stability limits are 
well below the. steady-state limits, so 
that a considerable increase in the former 
is possible before the latter condition be¬ 
comes controlling. Nevertheless, it is 
desirable when considering series capaci¬ 
tors to investigate steady-state as well 
as transient limits. 

The stability problem with series- 
capacitor systems can be viewed in the 
same manner as that of other systems by 
considering only the 60-cycle reactances 
of the circuit. It is, of course, necessary 
to take into account the changes in cir¬ 
cuit reactance produced by the inclusion 
of the series capacitors in the circuit, and 
for the shunting of the capacitors during 
the fault and possibly for a brief interval 
thereafter. 

A physical picture of the system phe¬ 
nomena during a fault and the resulting 
transient can be obtained from Figure 3. 
The system is assumed to consist of a 
hydroelectric generator feeding through 
a series-capacitor transmission system to 
an infinite bus, subjected to a fault at 
the point F which is cleared by the isola¬ 
tion of the faulted line section. The cir¬ 
cuit is assumed to be without loss so that 
the power-angle diagrams are simple sine 
curves. Parts of four power-angle curves 
are plotted for the four conditions that 
arise as a result of the application of a 
fault and the subsequent circuit-isolating 
operation. These include : 

1. The initial condition with all lines and 
series capacitors in service, curve I. 

2. Condition 1 plus the application of the 
fault and the shunting of the series capaci¬ 
tors, curve II, 


3. Normal condition but with one linp sec¬ 
tion and series capacitor out of service, 
curve III. 

4. The system normal with series capaci¬ 
tors in circuit but with one line section out 
of service, curve IV. 

Consider the system of Figure 3 to be 
operating at the load and angle corre¬ 
sponding to the point a on curve I. Upon 
the application of the fault, the output of 
the generator drops to the point b on 
curve II. The difference in power db 
accelerates the generator and increases 
the angle by which it leads the receiver. 
At the point c the fault is to be isolated 
by the action of high-spread breakers and 
relays, thus changing the operating point 
to e on curve III. Power corresponding 
to de decelerates the generator, but 
because of the accumulated velocity it 
swings forward along curve III. At the 
point h the series capacitor is restored to 
the circuit by the opening of the shunting 
path in the protective equipment, and 
operation proceeds from the point g on 
curve IV. Because the energy stored 
during the accelerating period has not 
been completely absorbed, the system 
continues to swing forward ultimately 
reaching point k, such that the decelerat¬ 
ing area [area ( edih ) + area (gijk) ] 
equals the accelerating area (abed). The 
system is stable for the conditions shown 
and will oscillate about the point o and 
ultimately come to rest at that point. 
The system wouid be unstable for the 
conditions shown unless the series capaci¬ 
tors were restored to the circuit 
promptly after the isolation of the faulted 
line section. 

If series capacitors of the nonlimited- 
voltage type are used, the curves of 
Figure 3 still apply; but upon the iso¬ 
lation of the fault at point c, the operating 
point changes instantly to the point / 
on curve IV. In this case the total area 
under the power-angle curve available 
for deceleration is increased by the area 
( efgh ). There is, therefore, some advan¬ 
tage in reducing the interval required for 
the restoration of the series capacitor to 
the circuit after the fault has been re¬ 
moved. " 

Examination of Figure 3 shows the 
great importance of using high-speed 
breakers and relays for circuit isolation 
when series capacitors are used. The 
duration of the fault is of greater im¬ 
portance than the duration of the period 
in which the series capacitor is shunted 
by protective equipment. Fortunately, 
high-speed breakers and relays operating 
in four to six cycles are available. When 
these are used, the energy of acceleration 
is greatly reduced and is easily offset by 


relatively small increases in the power- 
angle curve above the transmitted load. 

The power-angle curve II of Figure 3 
is based on faults of the low-resistance 
type. If the system faults are of the high- 
resistance type, such as may occur on 
lines without ground wires, the resultant 
load on the generating station may be 
greater than the normal output. Under 
such conditions radically different tran¬ 
sient conditions obtain, as illustrated in 
Figure 4a. For this case, upon the appli¬ 
cation of the fault the output of the 
generator immediately increases from 
a' to b' on curve Ila. The power corre¬ 
sponding to a'b' decelerates the generator 
and reduces the angle by which it leads 
the receiver. At the point c' the faulted 
line section is cleared, and, assuming 
self-clearing protective equipment, the 
operation point changes at once to point 
f on curve IV corresponding to the final 
circuit condition, with the series capaci¬ 
tor in the circuit, but with one line 
section out of service. Under this con¬ 
dition the power corresponding .to f 
produces a large accelerating action. 
However, the system, because of the 
accumulated velocity, continues to swing 
back and ultimately reaches the point 



ANGLE 

Figure 4. Power-angle diagram illustrating the 
effects.of 

(a) . High-resistance fault 

(b) . Different initial angles 

Curve I—Initial condition—all lines and ca¬ 
pacitors in circuit 

I a—^-Initial condition—all lines but no capaci¬ 
tors in circuit 

II—Fault condition—low resistance 
Ila*—Fault condition—high resistance 
IV—Final condition—^capacitors in circuit— 
one linesectionout of service 
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2-220 KV TRANSMISSION LINES 



Figure 5. Schematic diagram 
of typical transmission line 

Principal features of layouts 
(a), (b), and (c) 
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k‘ such that the accelerating axt&id'f'k'j') 
equals the decelerating area ( a'b'c'd '). 
The power system now swings forward 
with increasing velocity' corresponding 
to the accelerating area ( k'oj'). For the 
power-angle relations shown in Figure 
4a, the decelerating area (omn) is in¬ 
sufficient to absorb the resultant transient 
and instability results. 

In connection with Figure 4a, it is 
pertinent to consider the condition that 
results if aU or part of the series capacitor 
were not introduced into the circuit until 
after the faulted line section is cleared. 
This would result in a higher circuit re¬ 
actance for the initial condition and a 
larger initial angle at the beginning of the 
transient disturbance. A little considera¬ 
tion will show that starting with a larger 
initial angle, say at the point o, the sys¬ 
tem will swing back through an angle 
slightly greater than before, but the 
maximum point reached on the backward 
swing will occur at an angle larger than 
that corresponding to the point k\ Con¬ 
sequently, the system will swing through 
a small angle, and for the conditions 
shown in the figure stable operation will 
obtain. Thus for sqme system condi¬ 
tions there is a gain from the stability 
standpoint in starting from a relatively 
large initial angle and Switching the ca¬ 
pacitors into the circuit only when they are 
needed because of the switching out of a 
line section. 

For a different case shown in Figure 4b, 
the presence of a large series capacitor in 
the circuit initially is disadvantageous. 
The fault is assumed to be of very short 
■duration, and the capacitance compensa¬ 
tion to be quite large for the initial condi¬ 
tion. Assuming again that the protective 
-equipment is of the self-clearing type, the 
transition is made at once from the fault 


condition of curve II to the final circuit 
condition of curve IV. For the case 
without capacitors initially in the circuit 
and the transient starting from the point 
a, the accelerating area is abed, and the 
area available for deceleration is demn. 
For the case with capacitance normally 
in the circuit and the transient starting 
from a smaller initial angle at a', the 
accelerating area is a'b'c'e'o, and the 
area available for deceleration is omn. 
A comparison of these two cases shows 
that the system is more stable when 
starting from the larger initial angle; 
that is, from the circuit condition with 
the higher circuit reactance or smaller 
capacitance compensation. 

The conditions illustrated in Figures 
4a and 4b have been introduced to show 
the various factors involved in the prob¬ 
lem. * However, if appreciable angular 
swing occurs during the fault so 
that the transition to the final circuit 
condition occurs in the vicinity of the 
point o, then there is usually an advantage 
in having the series capacitor in the cir¬ 
cuit for the initial as well as the final cir¬ 
cuit condition. This result will vary with 
the number of tie points in the system 
and the amount of change in circuit 
reactance. For the usual case, however, 
there is sufficient movement of the ma¬ 
chines on the system to justify the inclu¬ 
sion of the series capacitor normally in 
the circuit. 

Reclosing Breakers 

The advantage of reclosing breakers 
for improving system stability can be in¬ 
creased by the use of series capacitors in 
combination. This results from the fact 
that the power limit for the; normal circuit 
conditions is large in comparison with the 
power limit with a line section out of 


service. This is illustrated by the large 
decelerating area under curve I in Figure 
3, as compared with curve IV. 

Single-Circuit Lines 

Series capacitors can be used on single¬ 
circuit lines to increase the power limits, 
substantially in inverse proportion to the 
change in 60-cyde reactances. Such 
power systems are normally laid out to 
withstand disturbances that result from 
the loss of any transmission-line section, 
such as may result from the dropping of 
a line conductor. Accordingly, such 
systems are normally designed for opera¬ 
tion dose to the steady-state stability 
limit with the knowledge that faults on 
the circuit will normally result in circuit 
outage. Series capacitors can be used on 
such single-circuit lines to increase the 
stability limit, both for steady-state con¬ 
ditions and for transient disturbances 
resulting from faults on other line sections. 

Single-pole switching with quick re- 
dosing 2 is being used to improve the 
performance of single-circuit lines, par¬ 
ticularly tie lines, from the standpoint 
of single line-to-ground faults. If series 
capadtors are added to such systems 
they will increase the power limit for the 
initial and final circuit conditions and on 
sound phases during fault condition. 
Such systems with series capadtors are, 
of course, subject to the limitations of 
other single-pole switching systems. 
Thus the length of line section must be 
limited or other measures used for insur¬ 
ing suppression of the arc to the faulted 
conductor when isolated at both ends. 
The system layout must be such that the 
time permissible from the stability, stand¬ 
point*^ long enough to permit the re¬ 
closing cyde; 

Special Application Problems 

Actual transmission systems differ in a 
number of respects from the simplified 
conventional systems which have been 
considered hitherto in the discussion of 
the stability problem. For example, the 
preceding discussion has been based on 


Table II. Characteristics of Motor-Generator 
Sets 


Rating 

Motor 

Motor 

Damper Winding 

Generatorl Generator^ 

Reactance 

100 Kva—• 

100 Kva— 

(Per Unit) 

Copper 

None 

xj 


...0.200 

X, 

.0.577... 

...0.577 

Xt .... 

.0.151... 

...0.418 

Tio' .... 

.1.20 ... 

...1.20 

Inertia Constant H 



Kw-Sec per Kva,... 

.8.60 ... 

...2.68 


68 


Sum, Evans—Series Capacitors for Transmission Circuits AIEE Transactions 





resistanceless circuits supplied by hydro- —Amplified *hem.«lc dl. 9 ..m 


generators feeding into an infinite bus. 
The actual system includes loss and the 
receiver includes a shunt load with local 
generators also feeding into it. For the 
investigation of stability and similar 
problems, such as spontaneous hunting 
and subsyuchronous operation in the 
induction starting of machines, it is ad¬ 
vantageous to consider a typical trans¬ 
mission system suitable for series-capaci¬ 
tor application. 


Westinghouse stability laboratory in 
order to examine further the operating 
characteristics of a system with series 
capacitors. The miniature-system tests 
included: 

1. Stability. 

2. Spontaneous hunting. 

3. Subsynchronous effects in the induction 
starting of induction motors or synchronous 
machines. 


Typical Transmission System for 
Series-Capacitor Application 

In order to develop further the char¬ 
acteristics of series-capacitor systems, a 
typical transmission circuit in a system 
undergoing considerable expansion was 
selected for theoretical analysis and sub¬ 
sequently for miniature-system tests. For 
these purposes simplified layouts approxi¬ 
mating certain stages of the transmission 
development were selected. The principal 
features of these are shown schematically 
in Figure 5. In these layouts the output 
of two or three Station I generators is 
assumed to be transmitted over two or 
three 220-kv circuits for a distance of 234 
miles. Three particular layouts selected 
for study are: 

Figure 6a—Two 220-kv circuits. 

Three 108 megavolt-arapere gen¬ 
erators. 

With series capacitors. 

Figure 5b—Two 220-kv circuits. 

Two 108 megavolt-ampere gen¬ 
erators. 

No series capacitors. 

Figure 6c—Three 220-kv circuits. 

Three 108 megavolt-ampere gen¬ 
erators. 

No series capacitors. 


The layout shown schematically in 
Figure 6 was used for the miniature- 
system stability tests. Two motor- 
generator sets, designated as M-G 1 and 
M-G 2, were used in set locations A and 
B respectively. These sets are identical, 
except for inertia and damper windings, 
and the characteristics affected by these 
features are given in Table II. Dampers 
axe of the connected type in open slots. 

The miniature-transmission system 
was adjusted to have circuit constants 
corresponding to the layout of Figure 5a, 
choosing for the generator the direct-axis 
transient reactance, X/. These con¬ 
stants and the miniature-system voltages 
were chosen so as to load the generator 
to the same proportion of its rating as 
the generators of the actual transmission 
system. The excitation for the generator 
was controlled by an exciter-rheostatic 

Table III. Stability Limits of Various Systems 
for Double Line-to-Ground Fault 



»i 

«s 
. s 

MO 


1 


I 



Miniature-System Tests 

To complement the analytical work, 
miniature-system tests were made in the 


Figure5a. .61 per cent... .324.2.104 

Figure5a. .42 per cent... .324.2. 94 

Figure5b..None ... .216.... .2.61 

Figure5c. .None ... .324.... .3..... .113 


voltage regulator maintaining constant 
voltage on the transmission line. The 
receiver system was represented by trans¬ 
formers and impedance to the power sup¬ 
ply corresponding to the transient re¬ 
actance of the Station II generators and 
transformers, and by a shunt-impedance 
load. 

The series capacitors were connected 
between the two busses at the inter¬ 
mediate sectionalizing station. Tests 
were made principally with capacitive- 
reactance values of 61 per cent and 42 
per cent of the total inductive reactance 
for two lines for both sections, although 
in a few hunting tests still other values, 
were used. Each capacitor was provided 
with shunt protective gaps which in¬ 
cluded a low resistance in series to limit 
the discharge current through the pro¬ 
tectors. A special self-clearing type of 
protective gap was used. 

The layout to simulate the system of 
Figure 5b was obtained by correspond¬ 
ingly increasing the impedance of the 
generators, transformers, and loads in 
the ratio of 3 to 2. The layout corre¬ 
sponding to Figure 5c was obtained by 
reducing in the ratio of 3 to 2 the im¬ 
pedances of the series branches of the 


V\AvVvvvv'VwVv / V' 

(2) \ \ \ \ \ \ S. 

. . mm t tmm "mt . . . 
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Figure 7. Typical oscillogram from miniature- 
system tests showing special protective gaps 
operating during double line-to-ground fault 
and self-clearing at the end of fault to restore 
capacitors to the circuit 

1/ 5— Capacitor voltages—phases 0 and C 
2, 3— Gap currents—phases 6 and C 
4—Voltage to neutral on phase C 
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t\v«»-Hues section Indwctni Station t anti 
tin* intermediate station ami halving tin* 
MTtt's impedance «4 the uutuulted lint* 
section lictweeit tin- intermediate station 
;uui tin* receiver. 

Hit* stability tests were run itv adjust 
inv; tim system to deliver lIn* tit-ami 
amount *4 jwmtr under specified volume 
conditions. A fault was applied to *<m- 
transmission Hue ml inn by mean*- *4 fin* 
fault breaker. Fault** wen* *4 the art* 
imjHttame, double tun* t*» ynmmi ty|H*. 
4‘lie result* *4 tin* stability lest* are given 
in Table HI. 

Figure 7 shows an oscillogram ter a 
Ntaitie condition corresponding to Figure 
aa, 'Hie tiM lUttyram show* a double line 
to-ground fault *4 altMiil seven cycles 
dmaftnn, Both protective gaps time 
1i**uet| tinting tin* limit condition and at 
tile eiirl *4 tin* fault were self denting;. 
It will lie noted that the voltage* across 
the e.ipueiti rs were liutitetl l»y protective 
gap breakdown tlmiuy each half evde 

t ii»Hi*rvti!»t»us with the uni * f a strol*** 
seopic tlevity «m the relative phase rein 
tion *4 t lie rotor of tlte set in I lie /< I*tea 
tioti to the voltage of the j««wer supply 
tit ret'eiver showed that the stability 
limits occurred for the three hivoiil* of 
Figures a.i, ?»b, uttd 5e at about the suite 
phase displacements. The three systems, 
however, delivered different amounts *4 
jwtwer for the same phase anglr. tlte 
amount* of power being approximately iu 
iiiverm* proportion to the total fit* cycle 
transfer reurtaiiee l+rtwcru infernal volt 
ages. ' 

Results of the tests given tit Table III 
eorrff»|fOfiil to faults applied only at tlte 
hiterineriiate station in the twrthm. be 
tween it and the receiver, Tin* location 
required operation of protective ga|n» 
on the seric* rajwertor, a rireumstrtncr 
unfavorable to the series eapadt«*r ays 
tern in comparison with the layouts 
without series capacitors. The two 
sections of transmission circuit were 
interchanged, and the fault* were applied 
at the sending end of tlte first seel ton. 
The results of stability tests for this 
condition gave approximately the same 
ratio erf stability limit for the layouts 
(mrrespottding to Figures 5a and 5b as 
for faults at F. 

m m »->- hm' m ittl! k Si 

Hun ting j* 

Spontaneous Hunting erf synchrcmous 
machines is an infrequently encountered 
phenomenon on operating power *ys- 
Such hunting occurs only on 
systems having h high ratio of resistance 
to reactance, and on lightly-loaded 
machines and on machine* which are not 

070 


»*«|Uip|K ! t! with suitable dump-ef winding*. 
The list* *4 ••ivl'H'** CUj <;U it* •!*», by tit CIC.l'ilH;-, 
tin* effective till cycle eitemt tIalter 
W**ultl la* i V['rt1r»l Im 115* 'tease flic t*‘W 
denes toward < -|a*ntImufiuu,. I <*r 
tlii*. rca;f*« tc?-ta wire made *h the miner 
lure system nan,; machine;. both with 
ami without daiu{*r windim* 

"The first **tt*p iu tin* evp.*«ime»t*aS iu 
vc ii^af ton *4 hitutim; w.e'< flu d* t» i 
mutation *4 whether the miniature 
tens *4 Figure »* adcquatdv mad-d* 4 the 
electromechanical condition. »o J*a;*mi 
ft* htmtitty I’hc "la'Mh *,-«>»*• 
iietwreu the actual v.bm am* I flu- 
miuiatma: '*v-.lrm i*> us the taj-tV'-cnf afi- n 
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Hf mm I. OscillafisM bom haotist *•»*» 
sftowlnf fits oscHbtlen-tismpiny setton «rf 
motof'fsntfstor set it lecitios A «f th* 
minUttM«*t«smetii»ion tyitsm of ft font 4 

*4 the prime nt*»vcr In lie tmmatutr 
system tlte prime m*»vrr »* rrprrwntrd 
by u tm if nr sttp|4ir«l by unotliet 
getter at* *r set obtaining j**wrt fr«*tw i»t* 
infinite la*, lot* inwlrr e«*wtl*li*»ti» F>t 
simitlaltng Ittuitmg sh»*wrd that m»«t«*r 
generator set ,1 trmlesl l»» F»H*«w Mw m 
cithiliofi of motor general** **rt /f, intt«* 
timing a rhmtping a* turn *»n »t Ar* «*d 
tttgly, a relatively high r s»» 

introtluced to tlte supply t*» tlte da; nto|**» 
of set H. tTirfer Ibis eomUtnm. the rati** 
of pswrf ***« illations in onijml *4 grt» 
ctittr* fi to mob* input was *svrr 5il f*» I 
This is ahown in tlte *»c»lh*grai»t «4 Fig 
tire H by the single phase watt vie me of 
recording tlir output *4 tlte grnrtab* 
without tlam|«rfs anti the fluctuatnm in 
the direct current to tlte motor. It will 
lie noted tlmt tlw j»»wer oaritlalnins in 
tlw two sets are substantially iu quod 
future. In **rdrr to itterrase tlte |*owrt 
«attput of set B , the voltage of the mot** 
circuit was increased liv adding a 250- 
volt shop supply in series 

A physical explanation for spontaneous 
hunting has been given by €. V Wagner 1 
He showed that the tendency toward 
hunting depends upon the ofwsiing 


n+r?t n» I a tiMorm* ***^it*l t«r 

rtu ismlrird I to* *»•«*« »t»a*r t»v wiring 
U[. |)ir t. Itif »tr nfr«t Mjaialilif 

».0*4 #ntr*»bn *ng ai» 
j»f**dtt*r*l to. a ',s»*r»'fang *'|ff#li'4v I he 
HfiuliiH'li’ arir * ritiiwitnl l»* 

determine wlwlWr tfw >#*.* ,fti4in«ne »■**• 
anleet l»* ** negative etafllp 

mg. lb- iilrtrtamr tlw awtl) lung 'Willie 
tn«»* at weri'iit t««»«t* it was 

|rf«sMtjitr 1« itetrtrniur tlw itrlnal pfiWl 
|r*J« wrlr * timed "»i **»<?« lw*h 1 1 st arts. 
I till* giving IfAts .**»» 

t A, gr im ******* d**n|wf'» 

■2 A grew rat** with »-»»$tpr* 

I hr o«i1i * *4 lt*r test* «»n ipsifftwa* 
huufing a»e *mnmin>r«l m tlw rurvr* *4 
Figures t» .oat in In I’igotr 0 tlw modi 
(inn* in regard i*» fine rrwt*taf«hr and 
Htn<*ofif >4 «er»r* *»j*arit>vr rcartaUr* 
are pl»*tr«l in jri i.rnt *4 (tie n«*mal line 
rra< I an* r <»* two rtr»tnf* ao*l ls<* per- 
ti**ns, it*H i *«nmtermg ft*r re«|«* turn dm 
to the nenr* e#|*a*-it*a., In three rwrves 
the. h*»il i* *xf*rwwd a* a pet rent 

nf the tranwrut atalabty Uwwt t«* the 
(tirm|inwlioi mar s« h»!ed in TalJr HI 
Using: the % : alue« c**Tr*jw«**tlmf to uonnsl 
tote verfstanre f«* all n»*o Ft tore Id 
give* tlw None data a® Figure © l*ut I# 
plotted itt terms of the tidal mastamv and 
total transient reactance at fill ryrfrw 
Iwtwwrn rntemat v«li»i«s. taking into 
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Figure 9. Critical 
conditions for spon- 
taneous hunting from 
miniature • system 
tests—no hunting for 
points above curves 

/?£, Xl —Resistance, 
reactance of two-cir¬ 
cuit lines 

Xc —Series-capaci¬ 
tor reactance 

P/Pi —Ratio of trans¬ 
mitted power to sta¬ 
bility limit 


ccount the reactance of the series ca- 
acitor. The miniature system using the 
enerator with dampers when laid out to 
^present the layout of the typical trans- 
lission system was. stable for normal 
alues of line resistance, even when series 
a,pacitors were used of higher reactance 
nan contemplated for the amount of 
ower to be transmitted. The miniature 
r$tem using machine without dampers 
as stable when transmitting a reason- 
r>le amount of power in comparison to 
le stability limit. Hunting under light 
ad is not considered important as the 
tpacitors can be switched out of the 
fcuit because they are not needed under 
lis condition for stability. 

A special hunting test was made to 
low whether series capacitors affected 
te hunting conditions except by chang- 
g the 60-cycle reactance of circuit. For 
•is purpose two circuits of equal resist- 
ice and equal 60-cycle reactance were 
inpared using 

A circuit with only inductive branches. 

A circuit with additional inductive re¬ 
trance offset by equal capacitive reactance. 

sing the generator without damper 
ladings, no hunting was found with the 
Tuctive circuit but there was hunting 
th the series ‘ capacitors, although 
^ critical load was only 2 l /s per cent of 
^ transient stability limit. 

^ince the spontaneous hunting has 
'eived but relatively little attention in 
; ent years, there are little data to show 
W the damping on a miniature system 
Tipared with that of actual power sys- 
^is. Accordingly, tests were made on 


the miniature-system' setup for the lay¬ 
out of Figure 5a with a 60 per cent series 
capacitor, but with the system carrying 
half load. A line section was switched out 
of service and then restored, the latter 
transient being recorded on oscillograms, 
both for the machine without damper 
windings and for the machine with copper 
dampers. For the machine without 
dampers the natural frequency was 43 
cydes, while for the machine with copper 
dampers the natural frequency was 80 
cycles. The osdllations for these cases 
were reduced by about 7 and 30 per cent 
respectively per cycle of electromechani¬ 
cal osdllation. It is proposed that tests 
be made on the actual power system, 
and the results compared with those 
obtained from similar tests on the minia¬ 
ture system. 

Induction Starting of Machines 

An interesting test was made to simu¬ 
late the induction starting of induction 
motors or synchronous machines. This 
test was made with the layout of Figure 
5a with a 60 per cent capadtor but with 
the load and receiver system disconnected 
at the end of the second transmission 
section of Figure 6. A 10 horsepower 
squirrel-cage induction motor was con¬ 
nected at the receiving end of the trans¬ 
mission system. Under normal voltage 
conditions the motor started without any 
difficulty. The generator voltage was 
reduced to about 20 per cent of normal 
in order to simulate the starting of an 
induction motor with a heavy inertia 
load, and under this condition, the 


motor operated at a subsynchronous 
speed. This phenomenon of subsyn¬ 
chronous operation 6 is caused by reso¬ 
nance at a frequency below 60 cycles. At 
normal voltages on the system the induc¬ 
tion motor has suffident torque to over¬ 
run the subsynchronous speed before the 
torque caused by low-frequency reso¬ 
nance can build up. At low system volt¬ 
ages, the motor acceleration is slower 
and the torque caused by low-frequency 
resonance builds up to a higher value. 
In spite of this the motor accelerated 
beyond the subsynchronous speed but 
was unable to reach normal speed and 
dropped back to the subsynchronous 
speed. As was expected, a load of high 
power factor, about 95 per cent, drawing 
as much current as the accelerating cur¬ 
rent of the motor was suffident to avoid 
operation at a subsynchronous speed and 
to permit acceleration to normal speed. 
This peculiar condition is considered of 
little importance from a practical stand- 
pdnt, since no normal operating condi¬ 
tion is visualized in which the difficulty 
would be encountered. The nearest 
approach is the condition of starting up 
a system with the series capacitor in the 
circuit followed by the induction starting 
of a large synchronous condenser at the 
receiver. Under these conditions diffi- 



Figure 10. Critical conditions for spontaneous 
hunting from miniature-system tests—no hunt¬ 
ing for points above curves 


Ri, X L —Resistance, reactance of two-circuit 
lines 

Ro/Xo —Total circuit resistance and reactance 
Xc —Series-capacitor reactance 
P/Pl —Ratio transmitted power to the stability 
limit 


^2, V0L. 61 Starr, Evans—-Series Capacitors for Transmission Circuits 


971 



culty may be encountered in accelerating 
the condenser to normal speed. The 
difficulty can, of course, be overcome by 
switching the capacitor out of service 
until the condenser is in synchronism. 
If considerable generating capacity or 
considerable shunt load is connected in 
parallel with the condenser, no difficulty 
in starting is to be expected. 

Economic Advantages of Series 
Capacitors 

An example of the substantial econo¬ 
mies that can be effected by the judicious 
use of series compensation in appro¬ 
priate circuits will now be given. In this 
example the two-circuit, 230-kv line 
between the Station I and the Station II 
developments is assumed to be compen¬ 
sated to bring it more nearly in line with 
the load capacity required to develop 
rnaviTmim transmission economy. An 
additional generator at Station I and a 
corresponding increase in generator and 
load capacity at the Station II end are 
assumed. Series capacitors giving 66 2 /a 
per cent compensation are to be located 
at the mid-point of the transmission line, 
as in Figure 5a. This series capacitor 
will give with three Station I genera¬ 
tors and two lines a greater margin of 
stability than will be obtained for the 
case of Figure 5b with two Station I 
generators, two transmission lines, and no 
series capacitors, and closely the same 
margin of stability as obtained in the 
case of Figure 5c with three Station I 
generators, three transmission lines, and 
no series capacitors. The calculated re¬ 
sults of the economic study are as follows: 

Transient stability limit of 
uncompensated two-cir¬ 
cuit line with normal 
margin (load reduced 20 
•per cent for same ma¬ 
chines)...... .175,000 kw 

Transient stability limit of 
compensated two-circuit 
line with proportionally 
increased terminals with 
corresponding stability 
margin.....290,000 kw 

Line-reactance compensa¬ 
tion required on com¬ 
plete two-circuit line 
base...66.7 per cent 

Series capacitor required.108,000 kva 

total 

Series capacitor installed 
cost at $11.00 per kilo¬ 
volt-ampere...$1,160,000 

Cost of one additional 
circuit with sectional- . 
izing facilities (based on 
minimum construction 
cost) ...$4,500,000 


Saving in capital outlay 
through use of series 
compensation, . or 73.5 
per cent of cost of third 

circuit.$3,310,000 

Transmission efficiency: 

Three-circuit line, full¬ 
load.95.0 percent 

Two-circuit line, com¬ 
pensated, full-load.92.4 per cent 

Increased losses, two-cir¬ 
cuit line as compared 
to three-circuit line, 

all sections operating-8,560 kw at 

Incremental loss charge- max. load 
able to compensated 
two-circuit line at 85 
* per cent loss factor 
(equals approximately 
82percentloadfactor)....6,180 kw 
Cost of generating in¬ 
cremental loss charge* 
able to compensated 
two-circuit line at 
$125.00 per kilowatt 

generation cost.:.. .$772,000 

Incremental short-time 
synchronous - condenser 
capacity required by the 
two-circuit compensated 
line at full load with one 
section out over that re¬ 
quired by three-circuit 
line at full load and one 

section out...42,800 kvar 

Incremental cost of syn¬ 
chronous-condenser ca¬ 
pacity at $4.00 per re¬ 
active kilovolt-ampere 

(over-load rating) .$171,600 

Total cost of compensa¬ 
tion, or 47.4 per cent of 
the cost of the equiva¬ 
lent third circuit.$2,133,500 

The above conservative example illus¬ 
trates clearly the very considerable 
economy that can be effected by the 
proper use of series compensation. If 
high emergency-load capacity is the 
primary consideration, the aggregate 
increase in losses is negligible, and the 
comparison is even more favorable. 

In the case of heavy impedance loads, 
or.of lines materially shorter than the 
one; .chosen in the above example, the 
loacMfi'gs of maximum economy may be 
attainable without compensation and 
without giving rise to any synchronous 
stability problem. In such cases, ex¬ 
cessive voltage regulation instead of 
instability will be the major controlling 
factor. The circuit loadings will be 
considerably in excess of the normal 
surge-impedance values, and series-re¬ 
actance compensation can be employed 
to improve the voltage regulation and the 
power factor at the generator end of the 
line. 

A further study of the particular appli¬ 
cation, however, may in certain cases 
disclose that the same kilovolt-ampere 
rating in shunt capacitors applied to the 


low-voltage bus at the receiving-end of 
the transmission circuit would result in 
slightly better voltage regulation and 
efficiency conditions than when that 
capacitor is used as a series device. This 
difference in favor of shunt application 
will be particularly evident when the load 
power factor is near unity or slightly 
lagging. The application of shunt ca¬ 
pacitors in this case results in improved 
power factor and decreased transformer 
and line currents with decreased voltage 
regulation and reactive kilovolt-amperes 
generated in the line and in the trans¬ 
former leakage reactance. If such a cir¬ 
cuit were operating independently of 
other systems, and if the load were of a 
relatively steady character, the shunt 
application might prove to be the more 
economic. However, if the load is sup¬ 
plied by a multiple transmission system, or 
is of fluctuating character, series compen¬ 
sation can result in considerably im¬ 
proved performance over that obtained 
when the necessary capacitive kilovolt¬ 
amperes are used in shunt on the load bus. 
In such cases the problems require indi¬ 
vidual analysis to determine the most 
economic expedient to obtain the desired 
end, both as regards economy of operation 
and system performance. 

When synchronous stability limitations 
prevent the most economic loadings, 
series compensation, up to a certain 
degree, will in general be found to 
give better economies than other alter¬ 
natives. If increased equivalent surge- 
impedance load ratings are required, the 
ling capacitive susceptance can in effect 
be increased by shunt capacitors on the 
low-voltage receiving bus by the same 
factor that the line equivalent reactance 
is decreased by series compensation. 

Requirements of Series Capacitors 
and Protective Equipment 

Results of the analytical studies and 
miniature-system tests lead to the follow¬ 
ing conclusions as to the requirements of 
series capacitors and their protective 
equipment. 

Series capacitors should be of the 
limited-voltage type and provided with 
protective equipment which 

1. Operates on the first cycle of overvoltage 
to limit the voltage stress on the insulation. 

2. Restores the capacitor to the circuit in 
the shortest practical time after the faulted 
line section is cleared, preferably within not 
more than two cycles. 

Provision will be desired in some cases 
to switch the capacitor into the circuit 
only after a line section is switched out of 
service. Additional protective features 
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should be provided to prevent sustained 
high currents which would produce im-. 
portant heating effects. The protective 
equipment should include m p an^ for 
switching the capacitor into the circuit 
and out of the circuit as may be desired 
locally for inspection or repair, or by 
remote control as may be found advan¬ 
tageous from the standpoint of system 
operations. A small impedance in the 
shunting circuit is advantageous in limit¬ 
ing condenser discharge current; in 
addition, resistance tends to dam p tran¬ 
sient currents and improve stability. 

Conclusions 

Analytical studies, including the eco¬ 
nomic problem, have shown that long 
high-voltage transmission circuits ran be 
operated at their optimum loadings only 
when their equivalent impedances, or 
effective lengths, are reduced by a sizable 
factor. This reduction in transfer im¬ 
pedance can be accomplished most eco¬ 
nomically through the use of series com¬ 
pensation. Such applications on appro¬ 
priate systems would result in consider¬ 
able over-all economic gains. Although 
in the shorter lines of lower voltage, 
independent economic gains may not be 
possible through the application of series 
compensation, these circuits can be 


increased in emergency capacity and 
electrical stiffness to a marked degree by 
the application of appropriate reactance 
compensation. 

The analytical work and the miniature- 
system tests have shown that the stability 
of transmission systems with series ca¬ 
pacitors can be estimated from considera¬ 
tion of the 60-cyde constants of the circuit 
in the conventional manner. Such esti¬ 
mates or calculations of stability should 
take into account the decreased circuit 
impedances that result when series ca¬ 
pacitors are in the circuit and also the 
transient changes that result from the 
operation of protective equipment. 

Transmission systems with series ca¬ 
pacitors are not subject to spontaneous 
hunting, providing machines are equipped 
with suitable damper windings, or pro¬ 
vided the system is not operated at too 
low a percentage of its normal rating. 
By observing practical operating restric¬ 
tions at light load, it is possible to avoid 
problems of hunting and subsynchronous 
operation in the induction starting of 
machines. 

The proposed scheme of using series 
capacitors of the limited-voltage type, 
in combination with protective equip¬ 
ment that quickly restores the capacitor 
to the circuit after fault isolation, is 
viewed as providing attractive possibili¬ 


ties for increasing the permissible and 
economic loading of long tr ansmis sion 
circuits. Series-capacitor schemes have 
inherent advantages for increasing the 
permissible short-time loads or for in¬ 
creasing the emergency loads of existing 
systems. The scheme is viewed as suffi¬ 
ciently promising as to justify a large- 
scale experimental installation. 
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Lightning Investigation on 
132 -Kv Transmission Sys¬ 
tem of the American Gas 
and Electric Company 


Discussion and authors' closure of paper 42*18 
by I. W. Gross and G. D. Lippert, presented 
at the AIEE winter convention. New York, 
N. Y., January 26-30,1942, and published 
in AIEE TRANSACTIONS, 1942, April 
section, pages 178-85; previous discussions 
published in AIEE TRANSACTIONS, 1942, 
pages 450-3. 


R. H. Golde (British Electric and Allied 
Industries Research Association, London, 
England): The maximum values of light¬ 
ning currents which may flow in the various 
parts of a transmission system are of great 
interest to all engineers concerned with the 
protection of overhead lines, and the 
authors’ continued collection and latest pres¬ 
entation of statistical data are a most 
valuable addition to our knowledge of this 
subject. In their discussion, however, the 
authors draw attention to two features in 
their results which they suggest are in con¬ 
flict with the present knowledge of surge 
phenomena and, in particular, that relating 
to the effective surge impedance of line con¬ 
ductors. The probable explanation of these 
results is as follows: 

Table A gives the maximum voltage 
values which would be obtained if the maxi¬ 
mum line currents plotted in Figure 5 of 
the authors’ paper were multiplied by a 
surge impedance of 400 ohms. The result¬ 
ing products, if regarded as voltage surges 
on the line conductors, are rightly described 
as fantastic. I should therefore like to sug¬ 
gest that the relatively few high current 
values given in Figure 5 were actually 
measured in cases in which a direct stroke 
occurred to a line conductor somewhere in 
mid-span with immediate flashover to earth 
at the first tower or towers encountered. 
In this case the short length of line wire be¬ 
tween the point struck and the first tower 
carries practically the whole lightning cur¬ 
rent, but as its length is small compared 
with the equivalent length of the front of the 
average lightning current, it is misleading to 
attribute to it any surge-impedance value. 
The discharge phenomenon is simply that 
of a charged condenser—the lightning chan¬ 
nel—discharging to earth through a short 
path with its inherent capacitance and in¬ 
ductance values, the conditions being very 
different from those obtaining for a long 
line conductor. The resulting surge volt¬ 
ages which are propagated along the line 
would then be given by the line currents 
measured beyond the region where discharge 
to earth takes place multiplied by the cor¬ 
rect surge impedance of the line. 

The second point which, according to the 
authors, "requires some further study or 
interpretation’’ concerns the line surge im¬ 
pedance values derived in Table II. These 
values are much too small to be explained 
by any known effect, including that of 
corona. Now it appears that the current 
and voltage values quoted in Table II 
were measured when discharge of the ar¬ 
resters protecting the stations in question 


took place. Under these conditions reflec¬ 
tion phenomena invalidate the calculation of 
the line surge impedance as the quotient of 
the bus voltage and line current. An ac¬ 
curate calculation could be carried out only 
if the discharge characteristic of the ar¬ 
rester, the shape of the incident surge, and 
the distance between the recording points 
and the discharging arrester were known. 
If, in the absence of these data, it be as¬ 
sumed, as a first approximation, that the 
measured line currents and bus voltages 
reach their crest values at the same instant 
and that the incident surge has a very short 
front and long tail, then 


E-e 


2 R 
Z+R 


and 




2 Z 
Z+R 


where 


E —busbar voltage 
e=voltage of incident surge 
I =resulting line current during operation of 
arrester 

t => current of incident surge 
Z at fine surge impedance 

equivalent discharge resistance of ar¬ 
rester 


Since e/i is equal to Z, it follows that the 
quotient E/I is independent of the line 
surge impedance and is in fact equal to the 
equivalent discharge resistance of the ar¬ 
rester at the instant when both bus voltage 
and line current reach their maximum. The 
resistance values quoted in Table II are 
quite reasonable if thus explained, and there 
is no need to invoke any change in the ac¬ 
cepted value for the line surge impedance. 

There are several items on which further 
comments might be made but only the 
most important may be mentioned. Re¬ 
turning to Figure 6, it has been indicated 
that the highest current values recorded 
are probably not line currents in the sense 
of surges which are propagated along the 
line. Ass uming that currents of the order of 
3,000 amperes are the highest which can 
travel along the line conductors without 
pausing flashover, it is seen from the two 
curves in Figure 5 that some 75 per cent 
and 90 per cent respectively of the currents 
recorded fall within that range. These cur¬ 
rents may therefore be due to cases of back 
flashover, though it would also be interest¬ 
ing to get the authors’ information as to the 
maximum possible earth fault currents on 
these systems, since it may be feasible to 
explain at least some results by normal fre¬ 
quency earth fault currents following a flash- 
over at one or more towers. It follows that 
Figure 5 consists of two parts, that is, ef¬ 
fects of direct strokes to line wires and cases 
of back flashover, which are not strictly 
comparable. 

The beneficial effect of bonding the tower 
legs below the ground surface is convinc¬ 
ingly shown by the currents discharged 
through these connections. The authors 
regard this effect to be due to "an even, uni¬ 
form, and quick distribution of current to 
the various tower structural members.” 
It is difficult to see why the lowest cross 
members of lattice towers should not be 
equally effective, and I should suggest that 


the effect described is primarily due to these 
additional connections acting as earth elec¬ 
trodes. 

The good result to be obtained by the use 
of long earthing tubes, particularly in soil 
with a top layer of high resistivity, has long 
been recognized by practical experience. 
The authors’ current measurements provide, 
therefore, interesting direct confirmation. 
On the other hand, the meager effect of a 
ten-foot tube (Table III, case 2), installed 
as shown in Figure 2, is hardly surprising, 
cinn» this tube which is placed between 
tower legs of equal length to itself cannot be 
expected to contribute materially to the 
combined earthing resistance of the tower. 
It would be interesting if the authors could 
ins tall some earthing tubes at the ends of 
the 40-foot counterpoise wires and deter¬ 
mine the current distribution for that case. 


I. W. Gross and G. D. Lippert: The dis¬ 
cussion of the paper by Mr. Golde is most 
welcome, and we are gratified to note that 
the data are helpful in furthering the study 
of li ghtnin g phenomenon. Some of the 
items discussed by Mr. Golde have been 
previously discussed by Mr. Hagenguth and 
others and have been commented upon by 
the authors. Further comment on these 
items by the authors at this time does not 
appear necessary. 

The surge crest ammeter links on the line 
conductors were so adjusted and calibrated 
that the maximum possible 60-cycle fault 
currents (in the order of 2,500 amperes) 
would not materially affect the results. 

The beneficial effect of bonding the four 
tower legs together below ground is ap¬ 
parently not obtained by the diagonal brac¬ 
ing of the tower above ground. Lightiiing- 
current measurements (not reported in the 
paper) made on four leg towers above the 
point of connection of the first lattice braces 
indicated the lightning current was con¬ 
centrated in the two legs directly connected 
to the counterpoise where the underground 
bonding was not in use. 

The 10-foot ground rods reported in the 
paper were not installed with any expectancy 
of obtaining an appreciable decrease in the 
over-all tower-footing resistance. These 
short rods were installed for the sole purpose 
of studying their performance in combina¬ 
tion with longer rods. It was believed that 
the effect of these short rods would be 
largely obscured by the longer rods and the 
250-foot counterpoise connections, and the 
observed results to date have indicated that 
this is precisdy what happens. 


Rectifier Terminology 
and Circuit Analysis 


Discussion and authors' closure of paper 42-83 
by C. H. Willis and C. C. Herskind, presented 
at the AIEE North Eastern District meeting, 
Schenectady, N. Y., April 29 -May 1,1942, 
and published in AIEE TRANSACTIONS, 
1942, July section, pages 496-9. 


I. K. Dortort (Allis-Chalmers Manufactur¬ 
ing Company, Milwaukee, Wis.): A. uni¬ 
form system of terminology for the circuit 
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elements of rectifier systems is highly desir¬ 
able, and any attempt to bring some order 
out of the present confusion deserves every¬ 
one s co-operation. To that end, it is sug¬ 
gested that we retain certain terms of the 
present terminology. 

The greatest disagreement probably exists 
concerning the terms half-wave, full-wave 
and single-phase rectifiers. The true sing le, 
phase rectifier is recognized as a half-wave 
rectifier by all. It is nothing more than a 
simple check valve seldom used in power 
circuits. If we dispose of it by giving it 
some such name as "simple half-wave” or 
"valve,” the problem of naming the other 
types of circuits is very much simplified. 
We could then go back to the terms half¬ 
wave and full-wave rectifiers, terms which 
are generally acceptable and understood by 
the majority of people using rectifiers. The 
terms would apply strictly to the conduc- 
tively connected transformer windings or 
circuit elements. 

The terms suggested by the authors are 
similar to the German "one-way” and “full¬ 
way” connections. Hermann in Elektro- 
technische Zeitschrift, December 1938, does 
not indicate that the use of these terms has 
improved the situation in Europe over our 
own. 

It is believed that it would be better to 
remove the full-wave or "double-way” 
rectifier from under the heading of "simple 
rectifier.” The full-wave rectifier partakes 
of the properties of both the "multiple” 
and "cascade” rectifiers in that the d-c volt¬ 
ages are added, but the ripple voltages do 
not coincide, producing a ripple of higher 
order. This applies quite generally to any 
cascaded half-wave or full-wave rectifiers 
whose phases do not coincide. 

More thought should be given to the 
problem of properly naming rectifying de¬ 
vices or valves which may be used for pur¬ 
poses other than rectification. They may 
perform the function of inversion, frequency 
changing, commutation for "commutator¬ 
less motors. ’’ The function of inversion and 
rectification may be embodied in one device. 
In all of the functions listed here the recti¬ 
fiers act as commutators. Some years ago 
Brown Boveri adopted the generic term of 
"mutator.” 

An easily evaluated factor providing a 
common denominator for a large number of 
rectifier circuits will certainly prove useful. 
To a very limited extent, the percentage re¬ 
actance of the transformer has been used 
that way in the past. The reactance factor 
given in the paper can be readily modified to 
make it universally applicable at least to the 
commonly known and used power rectifier 
circuits. 

The commutating reactance is the total 
lumped reactance between two anodes 
which undergo commutation, divided by 
two. In other words, it is the reactance at¬ 
tributed to each anode in a balanced system. 
This quantity is called x e in the paper. In 
the same way we can call the commutating 
voltage, E c , one-half the voltage appearing 
between the two anodes. This is, of course, 
the anode to neutral voltage, E s X sin (v/p ). 
The peak value of the current which would 
flow in a short circuit between these two 
anodes is, (y/2E^/X c . Let us call this 
value The shape of the anode current 
during commutation is a segment of a sine 
wave of this amplitude^ 

The ratio (IcX 0 )/(-\/2E^, where I* is the 
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total direct current to be commutated by an 
anode, is akin to the so-called percentage re¬ 
actance of the transformer and might be 
called the per unit reactance drop. Actually 
it is equal to Idle and could also be oflUH 
the per unit load based on the peak short- 
circuit current. 

If one uses (I e XJ/(^2E c ) as the re¬ 
actance factor and calls it F x for con¬ 
venience, the equation for the overlap be¬ 
comes cos (u + oc) « cos a — F x . This 
relationship holds for any number of phases. 

Another interesting property of this modi¬ 
fied reactance factor can be demonstrated 
very easily. The theoretical no-load volt- 

(v2E»sin 

age of the rectifier is '^- M. This 

P 

can be converted to or derived directly 1 from 
Goodhue’s relationship to V The 

T 

p 

drop in voltage on the d-c side due to re- 
I X 

actance is ^ - as shown in the paper. The 

7 

per unit d-c_ voltage drop is therefore 
Va[(i* x e ) /(V2.Ec) ] or 1 /iF x , regardless of 
the number of phases or the types of wind¬ 
ings! And this ratio holds true whether it is 
a half-wave or full-wave rectifier! Should 
the need ever arise, this relationship can 
be applied to unsymmetrical circuits by 
readily means of Goodhue’s rectifier calculus. 

The curves given for the a-c current har¬ 
monics and d-c voltage ripple harmonics 
apply only to a restricted number of sys¬ 
tems. Since F x is a common parameter, for 
more systems than (I e X^/E s , curves 
plotted against F x should have more gen¬ 
eral application. 
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C. H. Willis and C. C. Herskind: The 
modification of the reactance factor as sug¬ 
gested by Mr. DortOrt so as to make it uni¬ 
versally applicable to the different types of 
rectifier circuits has been considered by the 
authors. Such modification would be de¬ 
sirable if it provides the simplest and most 
convenient procedure for describing and 
calculating rectifier characteristics. How¬ 
ever, a careful consideration of the number 
and form of the characteristic curves re¬ 
quired to describe the more commonly used 
rectifier circuits and a study of the pro¬ 
cedures involved in the use of these curves 
by the rectifier designer, indicate that the 
reactance factor as defined in the paper has 
a number of advantages over the other defi¬ 
nitions which are possible.' 

If the reactance factor is defined by the 
quantity I e XJE g , a complete set of curve 
sheets will be required for each type of cir¬ 
cuit, classifying the circuits in accordance 
with the value of P. While the angle of 
overlap can be shown on a single curve sheet 
for all types of circuits, if the reactance fac 
tor is defined by the full third term of the 
overlap equation, most of the other char¬ 
acteristics such as overlap factor, power fac¬ 
tor, harmonic voltages and currents, inter¬ 
phase transformer voltage, and So forth. 

Discussions 


have values which are functions of both the 
angle of overlap and the number of phases 
P. Therefore, these characteristics require 
different curve sheets for the different values 
of P, regardless of the manner in which the 
reactance factor is defined. Furthermore, 
the reactance factor I c X c /E a represents the 
simplest form in which the essential factors 
may be combined in a single quantity and 
should be easiest to use. 

Thermal Co-ordination of 
Motors, Control, and 
Their Branch Circuits on 
Power Supplies of 
600 Volts and Less 

Discussion of paper 42-79 by B. W. Jones, 
presented at the AIEE North Eastern District 
meeting, Schenectady, N. Y., April 29- 
May 1, 1942, and published in AIEE 
TRANSACTIONS, 1942, July section, pages 
483-7. 


Jerome J. Taylor (The Detroit Edison Com¬ 
pany, Detroit, Mich.): The approach to 
the subject of generalized protection of 
motors and lines is interesting and direct; 
the subject is a live one now, because many 
people do not realize how explosive a low- 
voltage fault can be when source capacity is 
large. In the latter respect ordinary car¬ 
tridge fuses, properly constructed and in¬ 
stalled, are remarkable both as to current¬ 
interrupting and current-limiting capabili¬ 
ties, with the result that in many cases they 
will clear the circuit with no disturbance 
whatever, regardless of prospective short- 
circuit current. This is somewhat more than 
can be said for most breakers in spite of the 
comparatively high cost of other types. 
The combination of such fuses with over¬ 
load relays of the type described in the paper, 
appears to give complete protection to the 
equipment involved, and to the flexible in 
its application to individual requirements. 


Selenium Rectifiers and 
Their Design 

Discussion and author's closure of paper 
42-86 by J. E. Yarmack, presented at the 
AIEE North Eastern District meeting, Sche¬ 
nectady, N. Y., April 29-May 1,1942, and 
published in AIEE TRANSACTIONS, 
1942, July section, pages 488-95. 


C. G. Howard (Fansteel Metallurgical 
Corporation, North Chicago, HI.): This 
paper is timely and one I consider highly 
beneficial to the members of AIEE engaged 
in the application or use of rectifiers. 

The subject has been very well handled 
by Mr. Yarmack, who has been associated 
with the manufacture and application of the 
selenium rectifier since its introduction in 
the United States about four years ago. 
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I have closely followed the application and 
growth of the selenium rectifier in the elec¬ 
trical industry since its development in 
Europe about 1932. Having been associ¬ 
ated with the manufacture of rectifiers since 
1924 for various branches of the railway, 
electrical, and radio industries, I have been 
highly interested in basic developments of 
rectifiers of the electrolytic and dry disc 
types. 

Our company’s first application of the 
sel enium rectifier was in the railway signal 
field, where it has been accepted by a large 
number of the railroads as a highly reliable 
means of charging signal batteries, and 
supplying d-c power for various signal and 
communication purposes. 

Having studied and tested the selenium 
rectifier for about ten years, I am well ac¬ 
quainted with its characteristics and limits. 
To my knowledge, the selenium rectifier 
has been highly satisfactory in field per¬ 
formance wherever properly applied, and 
service conditions taken into account. 

Selenium-rectifier equipment manufac¬ 
tured by our company, incorporating 
hundreds of thousands of selenium plates, 
has established field service records which 
substantiate the performance and life claims 
made for this rectifier. 

I did not attend the meeting at which the 
paper of Mr. Yarmack was presented, so I 
am not familiar with any comments which 
may have been made from the floor regard¬ 
ing the selenium rectifier. I can only say 
that those who are interested in investigat¬ 
ing the true properties and characteristics 
of the selenium rectifier, will find it to be a 
very useful development. 


E, A. Harty (nonmember; General Electric 
Company, West Lynn, Mass.): The method 
used by the author to obtain the constants 
of the rectifier circuit, as well as those of 
the rectifier unit, appears very elaborate and 
less direct than the following procedure: 

Inasmuch as the voltage impressed per 
element is quite definite and cannot be ex- 

DU6-t 



Figure 1. Full-wave single-phase bridge-type 
circuit 

ceeded without danger of breaking down the 
blocking layer, there is a definite maximum 
average d-c voltage that can be obtained for 
each type of circuit at the maximum rated 
current. 

For example, for a single-phase full-wave 
bridge circuit such as shown in Figure 1 of 
this discussion, the d-c voltage at full load 
is 12 volts. Therefore, for every 12 volts 
required, one cell per leg Would be needed. 

A family of curves as shown on Figure 2 
Of this discussion permits estimating the 





Figure 2. A-c-d-c voltage of unit bridge 
selenium full-wave rectifier (resistance load) 


a-c voltage required for each cell per leg, 
used in the proposed rectifier circuit. Values 
are shown at different current densities. All 
that is required is to multiply the readings 
obtained by the number of series cells used. 

The author frankly admits that the 
selenium rectifier ages and that both the 
output and efficiency decreases with time. 
However, according to my records based on 
ten years’ experience, the author’s "dv” 
term increases more than 50 per cent. Aging 
data accumulated from foreign and domestic 
tests, by the writer, seem to indicate that 
all senium rectifiers which were manufac¬ 
tured in Europe previous to 1938 aged very 
badly if operated at full voltage and that 
their resistance more than doubled. Typical 
aging curves are shown in Figure 3. Aging 
data on units manufactured since 1938 ap¬ 
pear to show promise of better aging. 
Domestic cells are relatively new, and aging 
data do not exceed two years’ duration, and 
only time will tell how they will age. 

Inasmu ch as not more than 18 volts rms 
can be safely applied to selenium elements a 
family of curves should be given similar to 
Figure 2, except using cells that have aged 
fully. To prevent overloading cells, this 
latter curve should be used for design pur¬ 
poses and not the curves for new elements, 
as recommended by the author. 

Aging in rectifier circuits where the recti¬ 
fier resistance changes with time can be 
minimiz ed by making the rectifier resistance 
a small percentage of the total circuit resist¬ 
ance. Figure 4 shows this graphically. The 
use of fins, wider spacing, and fans results 
in making the rectifier resistance a larger 
portion of the circuit resistance. Assuming 
that the author’s “dv” term, which is a 
function of the rectifier resistance, changes 
only 50 per cent by reference to Figure 4, 
the amount of aging can be anywhere from 
5 to 22 per cent depending on whether the 
rectifier resistance is 10 or 50 per cent of 
the circuit resistance. 

Hence, overrating of selenium rectifiers 



Figure 3. Aging of selenium rectifiers 
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should be watched carefully. D-c voltages 
should always be derated, to prevent in¬ 
creasing the a-c voltage beyond the safe 
limits as specified by the manufacturers, 
which may result in rectifier failures. 

John E. Yarmack: Although Mr. Harty’s 
suggested simplified method of design of 
selenium rectifiers would be useful in some 
cases, it would not, in the author’s opinion, 
serve the purpose when one deals with a 
large variety of plates of different assemblies 
and sizes, and for all possible circuits, kinds 
of loading and types of service. 

As to the aging of selenium rectifiers, the 
discusser illustrates a marked progress made 
in the technique of manufacture of sdenium 
rectifiers. The illustrations and comments, 
however, lack information as to the extent 
of these tests and the conditions under 
which they were performed. It is worth 
reiterating, however, that not voltage per 
plate, but the current and the ultimate tem¬ 
perature of the plates created by current 
flowing, is the real factor causing higher or 
lesser degree of aging of sdenium rectifiers. 


Reactance and Skin Effect of 
Concentric Tubular 
Conductors 

Discussion and author’s closure of paper 42-78 
by H. B. Dwight, presented at the AIEE 
North Eastern District meeting, Schenectady, 
N. y. ; April 29-May 1,1942, and published 
in AIEE TRANSACTIONS, 1942, July 
section pages 513-18. 

H. W. Bousman (General Electric Com¬ 
pany, Schenectady, N. Y.): Those of us 
who use concentric conductors will wdcome 
this latest contribution to the design of 
such conductors. Some years ago Professor 
Dwight taught us to express the resistance 
ratio of an isolated tube in terms of the 
square root of the ratio of frequency to 
resistance per unit length. This parameter 
has proved to be a great timesaver for the 
designer who may have to deal with a 
variety of conductor materials. Even 
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when copper is used, the parameter is con¬ 
venient and useful, because it mini mises the 
computation required to show the effect of 
temperature on the resistance ratio. Would 
it be possible to put the resistance ratio of 
an outer return conductor in terms of this 
parameter? 

Incidentally, there is a relation between 
the resistance ratio of an outer tube and 
that of the same tube used as an isolated 
conductor. The symbols are those of the 
paper. 

Rgc \ - T/ R a c\ 

p } “ outer —1=1 —— liiolatei 
1 ^ 0 /conductor L \-^-dc / tubo 

This is a simple slide-rule procedure for 
design use in determining the resistance of 
outer tubular conductors from the author’s 
previously published curves for isolated 
conductors. 



H. B. Dwight: In reference to Mr. Bous- 
man’s discussion, the curves of Figure 2 
may be plotted on mt where 

“" v V77 

as shown in equation 11. The quantity m 
is a constant, for Figure 2. One may write 

(1) 

where R, which equals 

P 

x(r*— q*) 


often been a source of 
Such conductors are really a mixture of 
metal and air, and pi for a stranded con¬ 
ductor should be obtained by dividing R, 
the resistance of the conductor per unit 
length (one centimeter or one inch), by 
ir(r*—g 2 ), the gross area of cross section 
(square centimeters or square inches). 

The equation given in Mr. Bousman’s 
discussion should be useful at low fre¬ 
quencies, for the range of Figure 2, that is, 
for the resistance ratio of the outer tube 
less than about 3. It can be derived by 
omitting the later terms of the low-fre¬ 
quency solution, and it can be checked by 
readings from Figure 2. For instance, for 
t— 0.9 inch and t/d =0.20, 

~~Rdo i s. Rae~"Rde 

r-(outer) -s-——— (isolated) 

&&C RdC 

1.80 

= ^-^=1.64, from Figure 2 


or 


r J_ 
q 0.6 


1.67 



by Mr. Bousman’s equation. 

For frequencies high enough for the later 
terms of equations 36 and 37 to be dis¬ 
carded, a different result is obtained, 
namely, 


.Ra^outer) r 

1 ■ - -aa- 

■R ac (isolated) q 

However, this has no apparent application, 
for the natural procedure would be to use 
the high-frequency formulas directly. 


is in abohms per centimeter. By multiply¬ 
ing the horizonta l readi ngs for each curve 
in Figure 2 by Vr a — g*/f times a constant* 
one can plot the curves on y/(f/R), as was 
done in AIEE Transactions, volume 41, 
1922, page 189. If desired, curves plotted 
on mt may be accompanied by the equation 

»/-0.0277v{ 5 ^} (2) 

as was done in the General Electric Review, 
April 1930, page 260, R being in ohms per 
1,000 feet. Where the tubular conductors 
are stranded, it is undoubtedly preferable 
to use R, the resistance of the conductor for 
some assigned length, rather than p the 
resistivity. 

All of the curve sheets based on R require 
a slide-rule operation before reading from 
the curves, but Figure 2 requires no slide- 
rule work, for solid copper tubes, unless 
one is using a different frequency or resis¬ 
tivity. 

For a freque ncy / , multiply the tube 
thickness by V// 60 before reading from 
the curves, as stated after equation 29 in 
the paper. 

For resistivity pi, multiply the tube 
thickness by V p/pi before reading from 
the curves, where p is the resistivity of 
standard annealed copper at 75 degrees 
centigrade, in the same units as pi. In 
this way, changes in resistivity caused by 
the metal used or the temperature, may be 
allowed for. 

The stranding of tubular conductors has 
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Temperature-Aging Tests 
on Class-A-ln$u!ated 
Fractional-Horsepower 
Motor Stators 

Discussion of paper 42-82 by J. A. Scott and 
B. H. Thompson, presented at the AIEE North 
Eastern District meeting, Schenectady, N. Y., 
April 29-May 1, 1942, and published in 
AIEE TRANSACTIONS, 1942, July section, 
pages 499-501. 


Jerome J. Taylor (Detroit Edison Company, 
Detroit, Mich.): The paper is a useful addi¬ 
tion to the knowledge of class A materials, 
which (latter) are a large proportion of all 
insulation now in use. With wartime condi¬ 
tions exerting pressure toward increased 
loading of equipment, such knowledge is of 
very great value. Nevertheless, it is to be 
hoped that eventually a low-cost insulating 
material can be developed that will operate 
indefinitely at high temperatures without 
deteriorating. The temperature-sensitivity 
of most present insulations, compared to 
copper and steel, has for years past forced 
many designs and ratings to be based on 
this one factor alone. There is now reason 
to think that the severity of the restriction 
will soon be eased. When this is accom¬ 
plished, ratings can be based on Other fac¬ 
tors such as efficiency, voltage drop, 
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torque, and so forth, which have a more 
logical relation to performance, and the field 
will then be open to new and interesting de¬ 
signs. 


V. M. Montsinger (General Electric Com¬ 
pany, Pittsfield, Mass.): The authors are 
to be congratulated on the practical method 
of m ak in g tests on small motors. As pointed 
out in the paper, their findings of degrees’ 
increase to half the life is in fair agreement 
with what has been found for class A insula¬ 
tion used in transformers. If it were prac¬ 
tical to make similar tests on transformers, 
we might find that the results would not 
check the 8-degree rule, which I have used 
for several years, as well as Scott and 
Thompson found, namely, a 10.5-degree, 
11-degree rule and, in one case, a 15-degree 
rule. The reason for wide variations found 
in the length of life is given in the following 
statement which appeared in a paper en¬ 
titled “Emergency Overloading of Air- 
Cooled Oil-Immersed Power Transformers 
by Hot-Spot Temperatures” presented at 
the summer convention: 1 

“The estimated life of a transformer is at best only a 
rough approximation. The dielectric strength of 
insulation does not deteriorate until it has become 
embrittled and cracked. It is possible therefore for 
a transformer to continue to operate long after the 
mechanical life of its insulation is well used up un¬ 
less subjected to excessive mechanical stresses 
(short circuit, handling, or other mechanical 
shocks), since its normal stresses are quite low. It 
does not follow therefore that a transformer will 
fail when its insulation is embrittled; on the con¬ 
trary, if severely strained it might fail before the 
mechanical strength is completely used up." 

While no one can claim to predict the 
exact life of apparatus by any rule, we are 
making progress. I feel that the authors of 
this paper have made a very worth-while 
contribution to this complex problem. 

Reference 

1. Emergency Overloading op Ajr-Coolhd 
Oil-Immersed Power Transformers by Hot- 
Spot Temperatures, V. M. Montsinger, P. M. 
Ketchum. AIEE Transactions, volume 61, 1942, 
pages 907-16. 


High-Voltage Fusing of 
Transformer Banks 

Discussion and authors' closure of paper 42-80 
by H. H. Marsh, Jr., and G. B. Dodds, pre¬ 
sented at the AIEE North Eastern District 
meeting, Schenectady, N. Y., April 29-May 
1,1942, and published in AIEE TRANSAC¬ 
TIONS, 1942, July section, pages 533-5. 


Bruce O. Watkins (nonmember, Rural 
Electrification Administration, St. Louis, 
Mo.): It is gratifying to see that the 
authors give consideration to the setting 
and the type of the protective device on the 
load side of the transformer bank before 
deciding on a fuse for the supply side. On 
Rural Electrification Administration sys¬ 
tems it usually is necessary to install as 
high a rating of device as possible, consist¬ 
ent with short-circuit protection of the 
transformers on the load side, in order to ob¬ 
tain a sufficient number of co-ordinated 
overcurrent devices in series for sectionaliz- 
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ing the rather lengthy lines. Often severe 
limitations in sectionalizing the system 
have been imposed by the supplying utili¬ 
ties’ requirements for the supply side fuse. 

Some operators also do not seem to realize 
that the time-current characteristics of fuse 
links of the same rating, but made by differ¬ 
ent manufacturers, are totally different. It 
is entirely insufficient to specify the fuse 
rating, and probably the better method is to 
define the required time-current character¬ 
istic. 

It is to be hoped that other utilities will 
follow this lead, and that the practice of fus¬ 
ing for a specified time full-load trans¬ 
former rating will soon become obsolete. 


H. L. Rawlins (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): This paper is a very welcome one in 
that it recites the experience and practices 
with high-voltage fuses. There has been a 
dearth of information dealing with high- 
voltage fuses from the operators’ viewpoint, 
and it is hoped that this paper will open the 
field for further discussions. 

The direct comparison between fused 
stations and unfused stations is very en¬ 
lightening, and vividly reveals the ability of 
high-voltage fuses to rapidly clear a fault 
before serious damage can occur or the fault 
spread to adjacent apparatus. 

The authors have stressed the use of 34.5- 
kv fuses on a 22-kv system. This practice 
may have been desirable at one time and no 
doubt was adopted before the advent of 
laboratory tested fuses of high interrupting 
ability. The requirement of the company 
with which I am associated is that high- 
voltage fuses must satisfactorily interrupt 
all values of current from the minimum 
current that will melt the link to currents in 
excess of the interrupting rating, with rated 
voltage across one unit, on circuits having a 
rapid rise of transient recovery voltage. 
Many years of satisfactory operating ex¬ 
perience with high-voltage fuses meeting 
this requirement indicate that overvoltage 
fusing is not justified. Furthermore, cer¬ 
tain types of fuses, when of higher-voltage 
rating than required, may, during interrup¬ 
tion, produce voltage surges in excess of the 
insulation strength of the system. 

Of particular interest are the authors’ 
remarks concerning proper maintenance of 
high-voltage fuses. Such fuses, protecting 
transformer banks, when properly applied 
with respect to secondary protective de¬ 
vices, will never blow unless there is a fault 
within or immediately adjacent to the trans¬ 
former. It is conceivable that such a fuse 
could be in service 20 years or more before 
being called upon to interrupt a fault. It 
is apparent, therefore, that a definite pro¬ 
gram for the inspection and maintenance of 
high-voltage fuses is required, and it would 
be interesting to know the requirements set 
up by the Duquesne Light Company. 


H. H. Marsh, Jr., and G. B. Dodds: In Mr. 
Rawlins’ comments of this paper he has 
brought up two points that make further 
explanation by the authors desirable. The 
first of these is his question as to our rea¬ 
sons for using 34Vs-kv fuses on a 22-kv sys¬ 
tem.. As Mr. Rawlins surmised, this prac¬ 
tice was adopted in the early days when 
original spadngs and construction of fuses 
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and mountings were found to be inadequate, 
As pointed out in the paper it was found 
that the higher-voltage rating fuses cured 
some of the early difficulties. 

Since that time the manufacturers have 
developed and tested their fuses to the point 
where reliable and satisfactory operation of 
fuses at their nominal rated voltage is satis¬ 
factory. In the meantime, however, we had 
installed a considerable number of the fuses 
of a higher-voltage rating, and we have con¬ 
tinued that practice in the Schweitzer and 
Conrad type D and C fuses, in order to 
simplify the replacement and the storeroom 
stock of fuses. In the use of fuses on other 
voltages and in the use of fuses of other 
types, where the usage commenced after 
satisfactory fuses of nominal system voltage 
rating were available, we have not con¬ 
tinued the practice of using overvoltage fuses. 

In the second point brought up by Mr. 
Rawlins in which he called attention to the 
fact that fuses may be in service for long 
periods of time and not be called upon to in¬ 
terrupt a fault, he recognizes that it is diffi¬ 
cult to test the condition of such fuses and 
invites information as to what practice is 
followed on the Duquesne Light Company 
system. 

As the Schweitzer and Conrad liquid-type 
fuse is the only fuse we have had in use for a 
sufficiently long period of time to obtain 
worth-while experience, our comments will 
be restricted to this type of fuse. Defects 
that have been located by observations are 
low liquid, cracks in the glass tube, and dis¬ 
coloration of the liquid. In the event of the 
first two of these items, the fuse should ob¬ 
viously be replaced. In connection with 
the discoloration of the liquid, experience 
must indicate whether this is a normal or ab¬ 
normal discoloration. Normal discolora¬ 
tion consists of the liquid assuming a slightly 
brownish tinge but remaining clear, while 
abnormal discoloration may cause a milky 
appearance or a precipitate. In some cases 
of improper sealing, water may have gained 
access to the liquid. 

In regard to other types of fuses, our ex¬ 
perience has been limited either to too few 
a number or too short a period to be of any 
value in determining whether the fuses 
are in good operating condition or not. 
We would welcome advice from the manu¬ 
facturers of the Schweitzer and Conrad type 
SM and the Westinghouse BA fuses as to 
how we could determine whether such fuses 
are in satisfactory operating condition. 


Sleet Problems on Electrified 
Railroads 


Discussion and author's closure of paper 
42-121 by H. F. Brown, presented at the 
AIEE summer convention, Chicago, ill., 
June 22-26, 1942, and published in AIEE 
TRANSACTIONS, 1942, August section, 
pages 589-93. 

F. E. Snell (Cleveland Railway Company, 
Cleveland, Ohio): The problem of sleet 
prevention in the light traction industry 
came into existence simultaneously with 
installation of the first trolley wires strung 
in localities subjected to freezing weather. 


Because of geographical location, some 
cities are naturally more liable to sleet storm 
damage than others which are situated in 
the more temperate zones. For this 
reason the methods used in combating sleet 
may differ greatly in different sections of the 
country. 

During the last 50 years many devices 
have been used with varying degrees of 
success for effective removal of sleet from 
trolley wires. Some of these devices were 
soon discarded, because the trolley wire 
was greatly damaged by their use. 

The trolley wheel, used extensively on 
street cars, has an average life of approxi¬ 
mately 12,000 miles. In spite of this aver¬ 
age life, a single bad sleet storm may wear 
out many wheels which are almost new. 
Carbon shoes, used on modem street cars 
and trackless trolley coaches as current col¬ 
lectors, are critically affected by sleet, and 
much trouble is experienced under such cir¬ 
cumstances. 

In addition to trolley wheel and shoe 
damage, trolley wires may also be damaged 
to such an extent that several wire failures 
occur during a prolonged severe storm. 
Sleet, accompanied by high winds, may cause 
considerable damage to overhead plant as 
well as costly service interruptions. 

Without doubt, preparedness is the most 
important ally of a traction company in 
combating sleet. Some sections of the coun¬ 
try are very susceptible to sudden drops in 
temperature. Should this occur during a 
rain storm and at a temperature slightly 
above the freezing point, formation of ice 
on trolley wires is a logical result. Any 
operating difficulties which may develop, 
however, depend not only upon the severity 
of the storm but also upon the preparedness 
of a company promptly to remove ice as it 
forms. Experience proves that street-car or 
trackless-trolley overhead can be kept opera¬ 
tive aslongas vehicles can move in the street. 

Contrary to popular belief, neither ex¬ 
pensive equipment nor an abnormal organi¬ 
zation are necessary to keep overhead plant 
relatively free from ice during a freezing 
storm. The one important fact is to know 
what is coming and be prepared for it. 
When weather changes may be expected, a 
short-wave radio tuned to pick up aviation 
weather reports at stated intervals of time 
is of great assistance. This, accompanied 
by a check with the local weather bureau, 
will permit an operator to foresee the possi¬ 
bility of sleet by several hours. If it is 
raining when the temperature is slightly 
above 32 degrees, frequent thermometer 
readings will indicate any change toward 
the freezing point. 

Co-ordination of all available weather 
information is of great importance. This 
work is often one of the duties of a trouble 
dispatcher, or it may be assigned to some 
other authorized employee who is capable of 
determining the probable condition of the 
weather. When ice threatens to damage 
property and disrupt service, it is his re¬ 
sponsibility to notify the proper officials as 
far in advance as possible. 

At such a time service on overhead plant 
should be increased as much as possible, bp- 
cause the frequent passage of trolley wheels 
or shoes will prevent minor ice formation. 
If conditions become worse, carbon shoes 
should be removed from the vehicle and 
replaced with old steel shoes which have 
grooves worn into their faces. The? rela- 
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tively soft carbon has very little cutting 
effect and is conducive to severe arcing, 
whereas the action of the steel shoes is 
much more pronounced. Frequent service 
on all wire, accompanied by the use of steel 
shoes on those vehicles normally equipped 
for shoe operation, will permit satisfactory 
operation during average storms. 

In extremely severe cases “sleet cutters” 
should be used. Such a cutter may be at¬ 
tached to the standard trolley wheel for 
street-car operation, but in the case of 
trolley coaches the sleet shoes should be 
substituted for steel shoes. A minimum 
number of coaches should be provided with 
sleet shoes at first and the number increased, 
if necessary, dependent upon the severity of 
the storm. 

A severe storm can also be combated by 
the use of a line truck. The truck should 
be equipped with two old trolley bases and 
two trolley poles having rigid harps and 
sleet-cutting wheels should be available for 
instant use. When in service the base spring 
tension should be set to approximately 40 
pounds. This excessive force of the wheels 
against the wires will effectively remove a 
heavy coating of ice. As soon as a storm 
subsides or ice ceases to form, all cutting 
shoes or wheels should be removed im¬ 
mediately, because they are liable to score 
the wire if used excessively. 

Necessary investment in special equip¬ 
ment is surprisingly low and does not re¬ 
quire an increased maintenance personnel. 

In closing, two facts are of prime impor¬ 
tance and they must never be forgotten or 
overlooked. Know what is coming and be 
prepared when it arrives. Experience has 
often proved that it is easier and cheaper 
to keep out of trouble than it is to get out 
of trouble. 


D. R. MacLeod (General Electric Company, 
Erie, Pa.): Sleet storms can cause serious 
interruptions in service on electrified rail¬ 
roads. Fortunately, the type of sleet storm 
which causes interference with electric opera¬ 
tion is not of frequent occurrence, but, 
since it is the aim of the railroads and rapid 
transit systems to maintain their schedules 
under all conditions, the operators make pro¬ 
vision for this type of emergency also. 

One of the difficult problems is that of cars 
and locomotives lying in yards over night 
with their pantographs down. Ice may 
form to such a thickness as to prevent the 
raising of the pantographs. It would be 
interesting to know what methods are used 
to insure getting them in service promptly 
during sleet storms. When the pantograph 
has been raised, electric methods of heating 
provide the best-known means of keeping 
the pantographs free from ice. The equip¬ 
ment required on an a-c locomotive or car 
is relatively inexpensive and can be installed 
in the space available at the base of the 
pantograph. The equipment must be de¬ 
signed to withstandnormaland transient volt¬ 
ages on the trolley and should be protected 
against faults to ground at the pantograph. 

Various methods of using load currents to 
keep trolley wires free from ice are available. 
Usually these methods are at the expense of 
regulation, so that low voltages must be 
tolerated during the emergency. In this 
paper mention is made of three schemes one 
of which has been used for some years. 
The water-box scheme is an emergency 


method which can be justified on the basis 
that it requires an inexpensive equipment. 
The scheme shown in Figure 3 (scheme 1) 
of the paper is subject to the disadvantage 
that care must be taken to prevent disas¬ 
trous overvoltages in case a ground occurs 
on one of the trolleys to which the 1,000- 
volt secondary winding of the heating trans¬ 
former is connected. A ground on the trol¬ 
leys is equivalent to a short circuit on the 
heating transformer. A circuit breaker 
should be provided on the 1,000-volt side 
and interlocked with the 11,000-volt breaker 
so that the latter can not open before the 
1,000-volt side is cleared. The 1,000-volt 
winding must be designed to stand 11,000 
volts. Another disadvantage of scheme 1 is 
that it maintains 1,000 volts between trol¬ 
leys which could not be permitted where 
there are crossovers between the tracks. 


W. J. Clardy (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): It is mentioned in Mr. Brown’s paper 
that the “dancing” of conductors has been 
observed when no sleet or wind are present. 
In some instances, such movement occurs 
during rapid intensity changes in the mag¬ 
netic fields surrounding the conductors. 
These sudden alterations set up repulsions 
and attractions between cables which cause 
the oscillations. Any quick current build-up 
or fade-out produced by circuit interrup¬ 
tions incident to sleet on the contact wire 
or due to other rapid variations in power 
demand may lead to the phenomena. 

The suggested scheme of using 11,000- 
volt energy passing through a trolley or 
feeder circuit and a water rheostat to 
ground, for heating the wire, appears waste¬ 
ful of power. A current flow of 800 amperes 
is 8,800 kw at 11,000 volts and unity power 
factor. This is 8,800 kilowatt-hours per 
hour. Thus, at one cent per kilowatt-hour, 
the operating expense is 88 dollars per hour 
for each trolley or feeder circuit and some 
95 per cent of this amount is wasted in 
resistor losses. 

No mention is made of the measures which 
may be undertaken to avoid difficulties be¬ 
cause of sleet or third rails. This is a prob¬ 
lem which requires attention on suburban 
electrifications and urban rapid transit sys¬ 
tems. The Chicago, Aurora and Elgin Rail¬ 
road has a unique device for freeing the 
third rail of sleet. It consists of a special 
six-inch shoe which is moved down in con¬ 
tact with the third rail in advance of the 
collector shoe. Actuation is by means of a 
four-inch cylinder supplied with air at 100 
pounds pressure. The shoe has seven blunt 
nose teeth which act as cutters. The teeth 
are set at a 45-degree angle so as to be self- 
freeing. 


Dwight L. Smith (Chicago Rapid Transit 
Company, Chicago, Ill.): Mr. Brown’s 
excellent paper deals with the prevention 
and removal of sleet on overhead trolley 
only and does not cover the subject so far 
as lines operating on third rail. The 
Chicago Rapid Transit Company operates 
almost entirely on top-contact unprotected 
third rail and faces a potentially serious 
sleet problem because of this type of con¬ 
struction. It would be desirable to either 
convert to under contact rail or to protect 
the present top contact rail, but both struc¬ 


tural and equipment clearances are such 
that the cost of either of these plans would 
be prohibitive. Most of the third rail on 
the elevated lines is 80 pounds with a con¬ 
ductivity equivalent to approximately 
1,000,000 centimeters of copper and the 
third rail to be used in the subway is 144 
pounds, special section low carbon with a 
conductivity equivalent to over 2,000,000 
centimeters. With such conductivities, it is 
manifestly impossible to handle the sleet 
problem by resistance heating as may be 
done with overhead systems. 

The Chicago Rapid Transit Company 
has solved the problem by the use of me¬ 
chanical sleet crushers and scrapers on 
motor cars. These devices are installed on 
the beam supporting the trolley shoe col¬ 
lector and are normally held from contact 
with third rail by cams. When their use is 
necessary, they are lowered to make contact 
with the top surface of the rail and are forced 
down by spring pressure of about 150 
pounds. The crusher is a cylinder approxi¬ 
mately three inches in diameter with helical 
ridges which rolls and breaks up and 
crushes the sleet coating. The scraper con¬ 
sists of two hardened steel blades arranged 
at an angle of about 30 degrees with the 
line of the trolley rail, which follow the 
crushers and scrape off the crushed ice. 
Formerly these devices were used only for 
sleet removal and the ordinary shoe collector 
relied on for current collection; later the 
scraper was connected in parallel with the 
collecting shoe and thus itself acts as a cur¬ 
rent collector. 

Naturally, considerable arcing occurs be¬ 
cause of imperfect contact, but this has been 
prevented from jumping to grounded por¬ 
tions of the truck by the use of flashboards 
and cup washers on the bolt ends. When 
the type of construction makes it possible, 
the wooden shoe beam is constructed with 
its top face at about a 45-degree angle in 
order to prevent sleet and moisture from 
collecting on a horizontal surface. 

With this device it is possible to remove 
sleet which has accumulated on the third 
rail, and the operation of a fairly frequent 
service prevents further accumulation. 

At certain critical locations such as on 
inclines where the sleet tends to flow down¬ 
grade and results in a very heavy coating 
near the bottom of the grade and in yards 
where cars have been stored during a sleet 
storm without any movement on the track, 
special means are used to remove and pre¬ 
vent further accumulation of sleet. The 
company has developed a sleet paste which 
consists of a mixture of powdered graphite, 
an antifreeze vehicle and a small amount 
of light oil mixed to the consistency of a 
thin paste. This paste is applied by hand 
by means of a long-handled brush and 
disintegrates heavy sleet coatings rapidly 
and prevents further sleet from adhering to 
the rail for an appreciable time. No suc¬ 
cessful means have been found for applying 
it other than by hand, and the cost of the 
paste itself and its application has resulted 
in confining its use only to such critical 
locations. 

By the two means described above, delays 
due to sleet accumulation on the third rail 
have been almost entirely eliminated. 


H. F. Brown: Mr. Smith’s comments rela¬ 
tive to sleet removal from third rail are 
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interesting and timely, in connection with 
this general subject. This particular phase 
of the sleet problem was not touched upon 
in my paper as being outside its immediate 
scope. The New Haven Railroad does not 
operate or maintain any third rail, although 
their locomotives operate into the Grand 
Central Station over the New York Cen¬ 
tral trucks, from under running third rail. 

Mr. MacLeod touches upon some design 
difficulties of scheme 1, outlined in the 
paper. These were recognized but not de¬ 
tailed in the paper, as this scheme was not 
used. 

Mr. Clardy points out the economic dis¬ 
advantage of the water-box scheme. Such 
costs as he mentions must be weighed 
against the possibility of operation by other 
forms of motive power and against the cost 
of delays to important passenger trains. 
His comments regarding conductor move¬ 
ments (dancing) due to sudden alterations 
in their surrounding field arc important in 
connection with this subject, since this 
phenomenon lias been often noticed on the 
feeders mentioned in this paper. 

Electric Control for 

Steam Boilers on Diesel- 
Electric and Straight Electric 
Locomotives 

Dlseuidon and author’* closure of paper 
42-127 by E. H. Burgess, presented at the 
AfEE summer convention, Chicago, III., June 
22-26,1942 and published in AIEE TRANS¬ 
ACTIONS, 1942, August section, pages 
604—06, 


Arthur Bessey Smith (Associated Electric 
Laboratories, Inc., Chicago, 111.): This 
paper is a welcome addition to the literature 
of electric control, whether for boilers, ma¬ 
chines, or other devices. 

The necessary brevity of the paper left 
numerous points open to question, some of 
which I believe should be added to complete 
the picture. 

1. It aeems to be cwsunml that the brut generated 
by the burner varies with the speed of the burner 
motor. 

2. As the boiler pressure rises, it seems that the 
pressure switch opens the contacts in the sequence 
ft»4-3-2*1. 

3. It is not clear how the coil* of the pilot relay and 
the solenoid valve are connected to the heavy duty 
contacts. If wired exactly as shown, when high 
pressure lias opened till of the contacts, current will 
be cut oil both pilot relay and solenoid; thus both 
will release. 

4. Docs the pilot-relay contact close at the opera¬ 
tion or ut the release of the pitot relay? This is in¬ 
volved in the pilot relay interlock during the off 
period, when the time-delay relay is said to be kept 
energised, page 004, column 3 of the paper. 

fi. How is the water tevel in the drum or equivalent 
maintained? 

6. What is the function of the coil marked “pres¬ 
sure switch?" 

7. On page 604, column 2, “boiler is ready to run" 
--does this mean "ready to raise steam from cold?" 


E, H. Burgess: 1, Heat generated by the 
burner varies with the speed of the burner 
motor inasmuch as the amount of fuel forced 
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through the burner Is proportionate to the 
burner motor speed. 

2. When the pressure switch coil is ener¬ 
gized, the contact fingers close in sequence 
1-2-3-4-5, which actually provides step start¬ 
ing for the motor. When the steam pressure 
rises to a predetermined point number 5 
finger opens, thereby inserting a definite 
amount of resistance in series with the motor 
through the number 5 load relay. As the 
pressure continues to rise, the balance of 
contacts open in sequence 4-3 -2-1, and after 
number 1 opens, the motor stops entirely. 

3-4. The pilot relay coil and solenoid 
valve coil are connected to the armature of 
the number 1 and number 2 load relays and 
are only energized when either of these load 
relay contacts are dosed, when high pres¬ 
sure causes all the heavy duty relay con¬ 
tacts to open* then both the solenoid valve 
and pilot relay became de-energized. The 
contacts of the pilot relay make only when 
the coil is de-energized, which, us can be 
seen from the circuit, complete the circuit 
to the coil of the out fire relay. 

5. During the normal operation of the 
boiler an excessive amount of water is 
pumped into the coils, which does not turn 
into steam. This excess water is removed 
from the steam line in the separator, and the 
height of water in the separator is emit rolled 
by a ball float. The excess water then re¬ 
turns to the storage tank through a heat ex- 
changer. 

6. The multifinger pressure switch is of 
the normally open contact type which, when 
the coil is energized, slowly closes the con¬ 
tacts in sequence 1-23-4-5. Steam pres¬ 
sure exerts pressure against the contacts 
only and in no way interferes with the 
operating coil. 

7. '’When fwiler is ready to run,” means 
that all operating and safety devices are 
set in normal position, such tut main line 
switch closed, all safety switches dosed, and 
ignition switch in the “on” 1 position. The 
preceding conditions must be met before the 
boiler will generate steam, regardless of 
whether it is from a cold start or from a hot 
boiler that has just been shut down. 

Electric Facilities end 
Operating Plan for the 
First Chicago Subway 


increased, and the concentration of workers 
in homes near offices is avoided. 

The expansion of New York, Chicago, 
Philadelphia, Boston, and Cleveland dem¬ 
onstrates this dependence on quick travel 
between various sections of cities. Dur¬ 
ing recent years many additions have been 
made to the subway lines which serve New 
York. An interesting phase of the develop¬ 
ment is the replacement of elevated lines in a 
number of locations. After new subways 
were completed and operation initiated, 
the old elevated routes were abandoned and 
the structures demolished. Thus, street 
appearance is improved, und property values 
bettered. The New York system has in¬ 
troduced some novel types of subway 
streamlined rolling stork. A multisectiou 
ear, composed of live bodies on six trucks, 
is in operation which seats IDS passengers 
aiul has a total capacity of 712. The weight 
of this unit is 182,WH) pounds. Another 
articulated car used consists uf three bodies 
on four trucks. There are HI seats, the 
total capacity is 818, and the weight 75,540. 

Rapid transit in Chicago dates back to 
1802. The present elevated lines are func¬ 
tioning remarkably well within their limita¬ 
tions, but the city requires additional facili¬ 
ties to provide for growth and expansion. 
The new subway will contribute materially 
in meeting these needs. War conditions 
are preventing the immediate purchase of 
new rolling stock for the subway, but reason¬ 
ably satisfactory operation cun lie expected 
from existing steel curs of the Chicago Rapid 
Transit Company. The delay in the pro¬ 
curement will prove beneficial because of 
the increase in production capacity of 
lightweight materials suitable for cur con¬ 
struction after the war. 

Relative Expense for Service 
Restoration With Different 
Types of Overcurrent Pro¬ 
tection for Distribution 
Circuits 

Discussion and authors* doiwr* of paper 
42-129 by G, F. Uncles and C ft, Craig, pot- 
i«nt«d at th* AIEE surnmar convention, Chi¬ 
cago, HI., Jun* 22-26,1942, and published 
In AIEE TRANSACTIONS, 1942, Novam- 
bar fiction, pagii 813-21. 


Discussion of papa? 42-137 by C E. Da Lauw, E. L. Bsyies (Northwestern Public Service 

presented at the AIEE summer convention. Company, Huron, S. !>.): Tire Huron- 

Chleego, III., June 22-26,1942, end published Iroquois line of the Northwestern Public 

in AIEE TRANSACTIONS, 1942, November Service Company it a three-phase 11-kv 

section, page* 780-7. line approximately 4B 1 /* «Hes long with 

solidly grounded neutral, using number 6 
hard-drawn conductor. Thirty-foot pole* 
W. J. Clardy (Westlnghouse Electric and are used with triangular construction 

Manufacturing Company, East Pittsburgh, having a 4*/rfoot crossarm, a forged steel 

Pa.): Mr. De Leuw’s interesting paper pole-top pin, and 28-inch strap braces, 

gives a comprehensive outline of progress Steel pin* are used in the aims, and In¬ 
in the betterment of urban travel facilities sulators are nominally 15 kv, A one- 

in Chicago. Rapid transit is essential to quarter-inch Siemens-Martin steel neutral 

the prosperity and growth of every large wire is carried the entire length of the dr- 

city, Subway and elevated tines serve os euit on the poles at approximately one foot 

means of tow-cost and convenient access to below the lower attachment point of the 

shopping and delivery districts. The ter- brae**. 

ritory available for residential purposes is The neutral wire is grounded at each 
Discussions AIEE Transactions 



'•ixsfonner installation, at each overhead 
y and each pole. Grounding conditions 
Poor to fair. Driven ground rods on 
Ltisformer installations and down guys 

1 Connected to the neutral test from eight 
nis on up, while pole grounds run from a 
minium of 100 ohms on up to an unread- 
le -value. 

rixe terrain is quite flat with maximum 
POsstxre of line to lightning, wind, and sleet. 
Ie re are practically no trees or other ob- 
which might shield the line, and by 

- same token faults are not caused by 
dimity to trees. 

Transformers fed from the line are pro¬ 
ved by expulsion gap arresters or by 
in.da.rd valve-type arresters. There are, 
wever, a number of older types of trans¬ 
fers which have a very low impulse 
ei *-gi:h and which flash over internally in 
ne instances at a lower voltage than the 
; tings of the arresters of either type, 
lese transformers are being weeded out as 
ae goes on but are the probable source of 
ne few kickouts on this line apart from 

- trouble experienced on the line itself, 
ismuch as the transformer fusing is 
erposed between the line and trans- 
irxer troubles, this is largely a matter of 
•ordination which in most cases was such 
to relieve the line by blowing the trans¬ 
fer fuse. 

Tlais line normally serves five small 
wis and a good-sized packing house load 
licli taps off at a point a few hides from 

2 source. A 15-kv reclosing oil circuit 
•aker with time-over current relays pro- 
:ts the entire line while three F.P. 119 oil 
losers are in the line to the small towns 
the point just beyond the packing-plant 
J and thus protect this important load 
•f trouble on the 40 odd miles of line. 
ie oil circuit breaker is set at 48 amperes 
th. a time of one second at 300 per cent 
trip current. The F.P. 119 oil reclosers 
i the 25-ampere size. 

The oil reclosers were installed May 15, 
41, and replaced a three-shot reclosing 
:e installation. For the 12-month period 
ding May 15, 1942, the number of opera- 
as recorded by the reclosers were as 
lows: 


use A . . 140 

ase 25. 36 

ases C . .....172 

tal xi umber of lockouts. 4 

•msment line faults.. 2 

ikotits on repeated transient faults. 2 

llts cleared successfully...: over 168 


[n. explanation of the unusual number of 
^rations it should be said that the period 
hided a rather severe sleet or glaze storm 
th. high winds which resulted in dancing 
ldtictors and numerous transient faults, 
i a similar installation near Watertown 
der sleet storm conditions we have ex- 
rienced 27 recloser operations over night 
thout a lockout. 

[t could not be said in fairness that 
» installation of these reclosers saved the 
dancing of over 350 fuses, as no doubt the 
ie during which the fuse was out would 
hide a number of potential cases of 
uhle. Unfortunately, we do not have an 
; tii*a.te record of fuse replacements prior 
the installation of reclosers. We do 
ov v, however, that during one 24-hour 
r iod in a sleet storm we replaced 100 links 
a -three-shot fuse at the same point. 
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From the economic viewpoint we feel 
that time, material, car mileage, and out¬ 
ages saved by this installation more than 
justify the installation of this set of oil 
reclosers. 


Bruce O. Watkins (nonmember; Rural 
Electrification Administration, St. Louis, 
Mo.): In the paper Mr. Lincks and Mr. 
Craig assume that there is a substation 
attendant. Usually on Rural Electrifica¬ 
tion Administration systems there is no 
such attendant. As is pointed out, this will 
result in greater relative benefits for auto¬ 
matic resetting reclosers. Also, it is as¬ 
sumed that in all cases there is a substation 
breaker. In very few cases are there such 
breakers on REA systems. A great many 
resetting reclosers can be purchased for the 
cost of one substation breaker, and the 
tendency in REA systems has been to place 
such reclosers on the line, rather than in¬ 
vesting in a substation breaker. Also, since 
most REA substations are of relatively low 
capacity, the interrupting rating required 
of the substation devices has not usually 
necessitated such a breaker. 

The experience with resetting reclosers 
on REA systems has been very favorable. 
Managers who have used them report 
greatly reduced outage time and maintenance 
costs over the originally fused system. Un-. 
fortunately, the exact reduction in such 
costs is not available. We are now attempt¬ 
ing to compare maintenance costs on re- 
closer-equipped systems with fused systems 
similar in size, consumer density, revenue, 
and so forth. Such figures may assist in 
sectionalizing comparisons. 

Table I shows a three months’ summary 
of a report on single-pole 15-kv resetting 
reclosers on REA systems which reported 
the same number of reclosers for three con¬ 
secutive months (July, August, and Sep¬ 
tember) in 1941. 

There are features of the presently avail¬ 
able resetting reclosers which could be im¬ 
proved. The ideal recloser would possess 
characteristics such that: 

1. Internal distribution transformer fuses beyond 
the recloser would blow before recloser lockout on 
transformer failure. 

2. A larger uumber could be co-ordinated in series 
than with present reclosers. 

3. Opening time would be sufficiently fast to 
prevent excess conductor or gap burning. 

4. Opening time would be short enough to protect 
adequately small substation transformers with the 
larger sizes of reclosers. 

5. The installation and co-ordination of less ex¬ 
pensive devices beyond the rccloser could be made. 

Of course some of these objectives con¬ 
flict, and some compromise will be neces¬ 
sary. We feel, however, that the automatic 
resetting recloser offers great possibilities 
in rural distribution sectionalizing and that, 


Table I. Quarterly Summary - < 



Number of systems reporting. 39 

Number of reclosers. 450 

Miles behind reclosers. .11,441 

Miles per recloser....!.. 25.4 

Total operations.... 8,094 

Operations per recloser... 18 

Lockouts.. 208 

Lockouts per recloser.................. . 0.462 

Per cent lockouts per operation. 2.67 

Operations per mile. ..... 0.706 
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as developments continue, they will offer 
even greater benefits. 

R. F. Quinn (General Electric Company, 
Schenectady, N. Y.): The authors have 
presented a means of placing the problem 
of whether to sectionalize and with what to 
sectionalize on a sound economic basis. 
This study and the conclusions should be 
of real value to distribution engineers in 
studying their particular systems with a 
view to getting the maximum in continuity 
of service for every dollar invested. 

The paper covers all combinations of 
sectionalizing and branch-protection 
schemes now available or in common use. 
However, manual sectionalizing is covered 
only in general terms. Actual data showing 
the effect on restoration time and auto¬ 
motive mileage for a line equipped with 
manual sectionalizing are not included in 
the curves. 

Manual sectionalizing, as commonly 
employed, splits the main line up into 
several sections. In locating a fault the 
trouble crew travels at a high rate of speed 
to the mid-sectionalizing point, opens it, 
and then has the station operator close the 
circuit. If the line remains energized, the 
fault is obviously beyond the section point 
and vice versa. They then split the faulted 
half of the line into smaller sections until 
they locate the one on which the trouble is 
located. After locating the faulted section, 
the crew travels at a slower rate of speed to 
actually find and repair the fault. 

An additional study has been made to 
arrive at comparable data on manual 
sectionalizing of a line without branches 
as in Figure 2 of the paper. Three loca¬ 
tions of disconnecting cutouts having solid 
blades permitted dividing the line into four 
equal sections. The same general assump¬ 
tions were used as in the study described 
in the paper, and it was assumed that the 
trouble crew: 

fa). ; Traveled 30 miles per hour average speed to 
mid-point, opened cutout, phoned, and had breaker 
closed, and then either traveled back to the sec¬ 
tionalizing cutout closer to the substation if service 
was not restored, or to the cutout beyond the mid¬ 
point if service was restored (average speed 30 
miles per hour). Climbed pole, opened cutout, 
and checked to see if service was restored. Then 
searched faulted section at 15 miles per hour 
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Figure 1. Restoration time for 1-, 5-, and 
10-mile branches using manual feeder sec¬ 
tionalizing 
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Figure 2. Automotive mileage for 1-/ 5-, 
and 10-mile branches using manual feeder 
seetionalizing 


traveling to mid-point. After repairing faults, 
traveled bacle 30 miles per hour to close section'al- 
izing cutout. 

( b ) . With branches added to the feeder studied as 
in (a), search for the fault was confined to one- 
fourth the total mileage in all the branches. The 
crew traveled at 15 miles per hour. 

(c) . Five minutes were allowed for climbing the 
pole and 30 minutes for repairing permanent faults, 
which are the same values used in the study made 
by the authors. 

The data obtained are plotted in Figures 
1 and 2 of this discussion. It should be 
noted that the values are the same for all 
percentages of temporary faults. Thus, to 
make a comparison with the data prer 
sented by the authors, the curves on manual 
seetionalizing Figures 1 and 2 can be 
plotted directly on the respective curves 
Figures 5 to 12 of the authors* paper. 

These data support the authors’ conclu¬ 
sions on manual seetionalizing. They in¬ 
dicate that: 

1. Manual seetionalizing of a feeder having no 
branches increases "restoration time" and auto¬ 
motive mileage in providing an improvement in 
service continuity over that for an unsectlonalized 
line.. 

2. The restoration time and automotive mileage 
.is the same for all percentages of temporary faults, 
and thus manual seetionalizing is most effective at 
the higher percentages of temporary faults (above 
75 per cent). 

3. Manually seetionalizing a feeder without any 
branches is much less beneficial than on a feeder 
with branches. Traveling out and back on a 
number of branches in search of the fault can be 
eliminated thereby. 

4. The longer the branches, the greater the reduc¬ 
tion of "restoration time” and automotive mileage 
effected by manually seetionalizing a feeder. 

5. Manually seetionalizing a feeder having 
branches generally provides less reduction of 
"restoration time" and automotive mileage than 
automatic protection of the branches except with 
a number of branches at 85 per cent of temporary 
faults or higher. 

M.- C. Westrate (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
This paper is primarily an economical con¬ 
sideration of the fusing problems on dis¬ 
tribution circuits and as such makes a logical 


engineering presentation of the problem. 
In the conclusions much emphasis is placed 
on the value of "overlapping the substation 
reclosing protection with all line protective 
devices,” but this is not always possible, 
because, in many cases where long feeders 
are involved, a far end fault may produce 
less current than the full load current on the 
feeder at the substation. Also, if such a 
scheme is to be used, it would seem desir¬ 
able to have the breaker clearing time below 
the damaging time for the various line fuses. 

The conclusion that "single-element fus¬ 
ing of branches five miles and longer” is 
economically justified appears reasonable 
for the general case. However, severe tree 
exposures often make fusing practical on 
much shorter branches and possibly the 
criteria for branch fusing might be based on 
the number of faults occurring per year 
rather than length based on an average 
number of faults per year. 

G. F. Lincks and C. R. Craig: The contri¬ 
butions made by those discussing the paper 
are greatly appreciated by the authors. 

E. M. Bayles gives some interesting data 
on a line where the percentage of temporary 
faults are much higher than the 85 per cent 
maximum of the study and there are more 
faults. (4+ instead of 1 per mile.) These 
faults apparently occur largely during 
periods of severe lightning and sleet storms 
with a majority resulting from a very few 
storms. All of these special conditions 
would enhance the economic justification 
for using automatic, resetting reclosers of 
the type mentioned. 

In calling attention to the inability to 
always set substation breaker relays so as 
to clear ground faults at the end of the line, 
W. C. Westrate places emphasis on a 
limitation to the more widespread use of 
relaying so the substation reclosing pro¬ 
tection overlaps all line protective devices. 
This limitation is more pronounced on un¬ 
grounded circuits than on grounded cir¬ 
cuits where -the ground relay can be set 
below the load current of the phase wires. 
Recognizing this condition, the study pre¬ 
sented in the paper pointed out that where 
such overlapping protection reaches only 
part way out on the line, the decrease in 
"restoration time” and automotive mile¬ 
age over a nonreclosing or reclosing breaker 
is only approximately one-quarter of the 
decrease provided by overlapping the whole 
line. A very fine presentation of the prob¬ 
lems involved in this type of overlapping 
protection will be found in the engineering 
report 47 Edison Electric Institute publi¬ 
cation Jrl, "Positive Disconnection of 
Distribution Circuits During Faults to 
Ground.” 

In concluding that "single-element fusing 
of branches five miles and longer is the most 
effective in saving sufficient restoration 
expense to liquidate the initial cost,” it 
was not intended to imply that this would 
never be true on shorter branches. As Mr. 
Westrate points out, conditions on specific 
circuits or branches of a circuit may require 
a different criterion than the length of the 
branch. In some instances a large number 
of faults per year or a higher percentage 
of temporary faults on a very short branch 
might justify the initial expense of single- 
element fuses or even reclosers by the say¬ 
ings in restoration expense as well as the 


improvement in service continuity thus 
provided. 

The emphasis placed on the use of relays 
and substation breakers which overlap the 
line protective equipment may have mis¬ 
led Mr. Watkins into the interpretation 
that the study presented was based pri¬ 
marily on the use of breakers at the sub¬ 
station. Actually, with an attended sub¬ 
station, it makes no difference in the con¬ 
clusions reached in the paper whether a relay 
and breaker, a recloser, or a fuse is em¬ 
ployed. With an unattended station a 
reclosing device that reset automatically 
very likely would be justified by the saving 
in restoration expense. As Mr. Watkins 
indicates, the decision as to whether this 
device is a recloser or a relay and breaker 
depends on the economies of each circuit. 

The operating records with redosers 
which REA are compiling should prove of 
value to the industry. It has been sug¬ 
gested that the value of such records would 
be enha nced greatly if there were some 
standards set up for compiling the records. 
For example, in the three months operating 
data presented by Mr. Watkins, there is no 
segregation as to whether valve-type ar¬ 
resters, expulsion protector tubes, or plain 
rod gaps were employed. If the expulsion 
protector tubes are not properly co-ordi¬ 
nated with the reclosers, they may cause it to 
operate unnecessarily. Plain rod gaps al¬ 
ways require the redoser to interrupt the 
short dreuit caused when they flash over. 
With both types, service would be restored 
on the first redosure, thus showing a higher 
percentage of operations without lockout 
than where valve-type arresters are used. 
However, most of these momentary circuit 
interruptions would be avoided with the 
valve-type arresters. It was suggested that 
another point of dissimilarity in records is 
the "yardstick” used for comparison of the 
improvement provided. Possibly, in lieu 
of a standard, comparison of actual operat¬ 
ing results with the results of the mathe¬ 
matical studies might provide the needed 
uniformity. 

The actual data and curves for manual 
seetionalizing presented by R. F. Quinn 
are a valuable addition to the studies pre¬ 
sented in the paper. The curves in his 
Figures 1 and 2 should prove useful, as 
they can be plotted directly on the curves in 
the paper. 


Modern Cathode-Ray Oscil¬ 
lograph for Testing Light¬ 
ning Arresters 

Discussion and authors' closure of paper 
42-108 by E. J. Wade, T. J. Carpenter, and 
D. D. MacCarthy, presented at the AIEE 
summer convention, Chicago, III., June 22-26, 
1942, and published In AIEE TRANSAC¬ 
TIONS, 1942, August section, pages 549-53 


O. Ackennann (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The authors of this paper have by 
necessity concentrated on explaining the 
details which make their equipment operate 
so successfully. This gives an opportunity 
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to discuss the significance of their work in 
the field of cathode-ray oscillography in 
general. 

As indicated in the bibliography to their 
paper, Dufour of France is the father of 
the high-voltage cold-cathode oscillograph. 
He used a mechanical sequence switch to 
apply high voltage to the cathode for a 
short time and to initiate the electrical 
phenomenon he wanted to study dur in g 
this period. In this form, the instalment 
was introduced in the United States. The 
system soon proved too clumsy for the 
graphic recording of surges, to the study 
of which the instrument was applied. Har¬ 
rington and Opsahl developed purely 
electrical high-speed switching by means of 
three-electrode gaps for the initiation of 
discharges in circuits serving cathode-ray os¬ 
cillograph and surge generator. This re¬ 
sulted in a precision and rapidity of timing 
hitherto unknown. The circuits were 
published in the Electric Journal of August 
1927 and have laid the foundation to a 



Figure 1. Completely balanced oscillograph 
trip circuit responding to impulses of either 
polarity at Z 

Notations correspond to those of Figure 6 of 
the paper 

large number of systems of timiug circuits 
interconnected by tripping spark gaps. 
The cathode-ray oscillograph with "im¬ 
pulse beam” was thus successfully estab¬ 
lished in the United States. 

In the meantime, many workers in Europe 
had concentrated on the design of oscillo¬ 
graphs with continuously energized cathode 
and with systems of "beam traps” which 
kept the beam off the photographic film 
while it was not needed for recording. One 
such system, that of Doctor Norinder, was 
introduced in the United States by the 
Westinghouse Electric and Manufacturing 
Company in 1928 and was developed by the 
writer into a system of three or four cross- 
connected and balanced pairs of plates 
which, while "untrapping” or releasing the 
beam, do not produce a deflection of the 
latter in the recording part of the instru¬ 
ment. This has been disclosed in a paper 
of the writer in AIEE Transactions, 
volume 49, 1930, page 467. 1 It should not 
have .been necessary for the authors to 
suggest by their reference to a 1932 British 
paper that the method had originated out¬ 
side of this coqntry. 

Interest was now focused almost .ex- 
dusively on the oscillographs designed for 
continuous beam output. They attained 
considerable importance in the industry, 
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and as is quite natural with an instrument 
finding wide application, they had to meet 
ever rising demands on their performance, 
particularly on writing speed. Increased 
writing speed is most directly obtained by 
raising the cathode voltage and the beam 
current which, in instruments designed for 
continuous output, meant complications 
such as artificial cooling of the discharge 
tube, higher insulation strength, and larger 
dimensions. 

At this point, the system of the impulse 
beam, abandoned by most workers, but 
quietly fostered by the authors and their 
associates, bears new fruit, as it is, of 
course, entirely feasible to force a much 
higher discharge energy through a tube for 
a short time than the latter could handle 
continuously. This, however, is not the 
only thing which accounts for the ex¬ 
tremely sharp and clean-cut pictures of 
100,000,000-cycle transients obtained by the 
authors with their new "impulse-beam” 
oscillograph. In order to achieve this, the 
timing and beam release circuits must be 
very carefully laid out physically, shielded, 
and balanced. In this the authors have 
done a very good job, as every worker with 
oscillographs will acknowledge. 

Regarding one feature of their circuit, 
namely, the four-electrode gap, it appears 
to the writer that a three-electrode gap 
should function in exactly the same manner. 
For the four-electrode gap of the authors to 
operate, 5-3 must spark to 5-4 first, and, 
once this spark is established, 5-3 and 5-4 
act as one body, as they would if they were 
connected permanently. 

We do not hesitate to give credit to the 
authors for the direct grounding of the 
center sphere 5-2 but believe that the cir¬ 
cuit could be simplified and modified as 
indicated in Figure 1 of this discussion, so 
as to respond even to surges of either polar¬ 
ity. A portion of the tripping impulse 
as divided by the resistors R aud i?-13 is 
impressed on spheres 5-1 and 5-4, adding 
to the potential to ground of one and sub¬ 
tracting from that of the other. Whichever 
potential exceeds the breakdown of the gap 
to 5-2 will cause that particular half to 
flash over. Practically the full potential of 
C-5 now is applied across the other half of 
the gap which will then break down im¬ 
mediately. This, incidentally, also is the 
major function of C-5 in the authors' 
original circuit, although this is not men¬ 
tioned in their paper. 



Figure 2. Typical high speed record ob¬ 
tained with continuously excited 50-lcv 


oscillograph 

Discussions 


A feature on which more information 
would be desirable is that of the cathode 
voltage regulator. One point in particular 
should have been mentioned in order to 
make the operation of the whole system 
clear, namely, that the left-hand terminal 
of the regulator must become grounded if a 
voltage of 80 kv is to be obtained at G-l . 

That there are distinct possibilities in the 
method of impulse excitation is quite evi¬ 
dent, as it has also been demonstrated by 
the work of Doctor Slack and his associates 
with impulse-excited high-voltage X Ray 
tubes. However, the continuously excited 
oscillograph is simpler in its operation and 
timing. It is, therefore, more desirable for 
general work. That it is entirely adequate 
for all practical purposes, which means to 
fractions of one microsecond, is demon¬ 
strated by hundreds of records such as that 
shown on Figure 2 of t his discussion. 

Reference 

I. A Cathode-Ray Oscillograph With Norin¬ 
der Relay, Its Design and Application, 0. 
Ackermann. AIEE Transactions, volume 49, 
1930, pages 467-75. 

J. M. Bryant and M. Newman (University 
of Minnesota, Minneapolis, Minn.): The 
authors are to be congratulated on making 
improvements in the cold-cathode cathode- 
ray oscillograph described in their paper. 
This type of oscillograph offers a better 
opportunity over the hot-cathode type for 
obtaining strong traces at ultrahigh fre¬ 
quencies and sweeps. A similar develop¬ 
ment is shown in technical paper 27, 
"Developments in High-Speed Oscillog¬ 
raphy,” by J. M. Bryant and M. Newman, 
published March 1942 by the engineering 
experiment station of the University of 
Minnesota. In that paper new design 
features are given in sufficient detail to 
allow application to older slower-speed 
cathode-ray oscillographs. It is interesting 
that so many design features were solved'in 
a similar manner and at about the same time 
but through independent work. The trace 
shown in Figure 8 of the paper under dis¬ 
cussion compares in speed of sweep and 
writing speed with one published by our¬ 
selves in "Measurement of Very Short 
Time Lags,” AIEE Transactions, volume 
59, 1940, 1 which we believe has usefully 
served as a goal to approach. Attention is 
called to the fact that “writing speed” is 
not necessarily limited by the velocity of 
light. 

Reference 

I. Measurement of Very Short Time Lags, 

J. M. Bryant, M. Newman. AIEE Transactions, 
volume 59, 1940, pages 812-16. 

E. J. Wade, T. J. Carpenter, and D. D. 
MacCarthy: The authors are pleased to 
have received Mr. Ackertnann's thorough 
discussion of our paper. We are familiar 
with the cathode-beam relay developed by 
Norinder and improved by Ackermann. We 
referred to the work of Burch and Whelpton 
since we preferred their type of beam trap, 
because it seemed simpler to build than the 
Norinder relay, and with it the beam is re¬ 
leased by removal of the voltage from the 
plates. The plates of the Norinder relay 
must be perfectly balanced in order to avoid 
a deflection proportional to the voltage 
that is applied to release the cathode beam. 
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TO GRID OF AMPLIFIER THAT CONTROLS 
THYRATRON FOR RELAY OPERATION 


Figure 3. Schematic circuit diagram for cath¬ 
ode voltage regulator 

In Figure 1 of his discussion Mr. Acker- 
mann gives,a circuit for a three-electrode gap 
to replace the four-electrode gap shown in 
Figure 6 of our paper. In our opinion the 
four-electrode gap is advantageous, since 
it permits the sweep circuits to be started 
by an initiating impulse, lower in energy 
than would be necessary with the three- 
electrode gap. In order to initiate the com¬ 
plete breakdown of the three-electrode gap, 
the initiating impulse must change the 
voltage on one of the end gaps (see Figure 1 
in Mr. Ackermann’sdiscussion). Thischange 
in potential will cause current to flow 
through Ru to other portions of the high- 
voltage circuit and through the relatively 
low-impedance path through C« and R. 
The charges corresponding to these cur¬ 
rents must be supplied from the cathode 
generator and tends to reduce the cathode 
voltage which should be constant. To 
start the operation of four-electrode gap, 
the initiating impulse has only to change the 
potential of the electrode S» which has a 
low capacity to other parts of the circuit. 
The time and charge necessary to do this 
is relatively small. Since the four-electrode 
gap is always initiated by an impulse from 
the cathode supply that is negative, there 
is no advantage in using a gap that will 
respond to surges of both polarities. 

Mr. Ackermann has requested more in¬ 
formation on the cathode voltage regulator. 
A schematic diagram of the regulator is 
shown in Figure 3 of this discussion. When 
the, cathode generator is put on charge, 
relay X opens, and one of the capacitors, 
Cjs and (V, charges in series with each of the 
balanced banks C„ and C g ' of the Marx 
circuit- shown in Figure 6 of the paper. The 
voltage across CW and Cu' is proportional 
to the sum of the voltages on C Q and C g ', 
The rectifier tube conducts when the drop 
on the potentiometer exceeds the bias 
voltage. This results in the operation of 
relays that initiate the sequence of opera¬ 
tions described in the paper. When the 
capacitors Cg and C t ' are charged to 20 
kv, the voltage on each of the capacitors 
Cu and Cu' is 67 volts. During the dis¬ 
charge of tie cathode generator, the ground 
terminal of the capacitor C 0 is 67 volts 
negative with respect to ground which is 
entirely negligible in comparison with the 
80 kv supplied by the generator. 

It is of interest to learn that Bryant and 
Newman have applied many of the same 
design features to. a cold-cathode oscillo¬ 
graph that they have built. 


Modern Impulse Generators 
forTesting Lightning Arresters 

Discussion and author’s closure of paper 42- 
96 by Theodore Brownlee, presented at the 
AIEE summer convention, Chicago, III., June 
22-26,1942, and published at AIEE TRANS¬ 
ACTIONS, 1942, August section, pages 
539-44. 

% * 

A. M. Opsahl (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): 1. In an impulse generator for 
lightning-arrester testing, the primary re¬ 
quirement is that it deliver an impulse test 
current of specified shape and magnitude 
through the test piece. The variation in 
voltage, electrostatic capacity, inductance, 
resistance, and discharge voltage character¬ 
istic of the test piece is so great as to make 
detailed calculations on each test circuit too 
laborious. For a number of years the curves 


4. As stated by Mr. Brownlee, an arrester 
valve element is not a linear resistor, so the 
simple calculation above is not adequate 
unless the arrester is only a small part of 
the load resistor. As a matter of economy, 
to obtain the maximum test from the avail¬ 
able equipment, the arrester is as large a 
part of the load resistance as possible. Mr. 
Brownlee’s Figure IB shows the arrester 
substituted for part of the load resistor. In 
Figure 2 of this discussion is a sketch of a 
typical volt-ampere curve of a valve ar¬ 
rester. On the rise in current, e x is sub¬ 
stantially constant, and a better figure is 
obtained for the required circuit inductance 
by assuming the arrester is a constant volt¬ 
age instead of a resistance element. The 
time to crest current does not vary rapidly 
with changes in circuit resistance. In the 
region from to e t there is substantially a 
straight line. For calculation of crest cur¬ 
rent, the arrester element can be regarded 
as a resistance plus a voltage e« 

which issubtractedfrom thecapacitorvoltage. 


I 

TIME= M 

Figure 1 


0.8 


04 


04 


0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.1 

M 

• ' * 

in Figure 1 of this discussion have been 5. Equal impulse generator elements in 

found very helpful in determining the test series proportionately increase the voltage 

circuit to deliver a specified test current. rating of the arrester element that can be 

2. As shown in the sketch, the capacitor tested, but do not change magnitude or 

discharges through the inductance L and shape of current wave. Equal impulse 

load resistance R. The capacitor discharge generator elements in parallel increase the 

formulas were used to obtain general curves available current without changing the cur- 

applicable to any impulse current generator. rent wave shape. 

The curves show the per cent of capacitor 
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26,000 AMP WHEN E=7.5 KV 



Regulated Rectifiers in 
Telephone Offices 

Discussion and author’s closure of paper 42-95 
by D. E. Trucksess, presented at the AIEE 
summer convention, Chicago, III., June 22-26, 
1942, and published in AIEE TRANSAC¬ 
TIONS, 1942, August section, pages 613-17. 


formed between capacitors and ground in 
connection with the circuit inductance pro¬ 
duce current flow through the ground cir¬ 
cuit, thereby upsetting the balance be¬ 
tween testpiece ground and oscillograph 
ground. The oscillograms presented show 
that this aim of confining stray capacitance 
currents has been completely accomplished. 

The paper shows the growing importance 
of impulse tests in the design and research 
of lightning protective equipment. It is 
perhaps of interest to note that in the Pitts- 
• field works of the General Electric Company 
alone, a total of 12 impulse generators is in 
more or less constant use for the determina¬ 
tion of impulse properties of parts as well 
as of the completed products. 

Tests on completed transformers are at 
times equally complex, not only on account 
of the complexity of the impulse discharge 
circuit because of the inductance to ground 
of the winding tested, but also because of 
the presence of the other windings on the 
same core. The voltages at the bushings 
of the other windings under conditions of 



AMP E = 17.5KV 


AMP E = 20.0 KV 


Clarence E. Lomax (Associated Electric 
Laboratories, Inc., Chicago, Ill.): This 
paper by Mr. Trucksess is very timely and 
is full of interest for all who have to do with 
the central-office power plant. It suggests 
to me a number of questions which I believe 
will be of interest to others. 

1. In supervision provided to indicate burnt-out 
tubes? If supervision is provided, is it equally 
effective on full load, light load, and no load? 

2. Is there a means provided lor extinguishing 
flashing when flashing occurs, and is it equally 
effective on full load, light load, and no load? 




test tend to rise up to and above the bushing 
sparkover, unless suitable impedance to 
ground is connected to them. While calcu¬ 
lations can be made to analyze these volt¬ 
ages for a given transformer, the labor 
involved would be prohibitive. The electric 
transient analyzer is used for this purpose. 
Frequently such an impedance is obtained 
with Thyrite Since the transient analyzer 
operates at relatively low voltage (order of 

I, 000 volts), the amount of Thyrite, when 
checking with the analyzer, must be of neces¬ 
sity very much smaller than for the actual 
high-voltage test. It has been possible to 
match the Thyrite for the two tests effec¬ 
tively, so that for any voltage applied to the 
transformer, the wave shapes match per¬ 
fectly. Such a match is of course important 
to obtain the necessary assurance that failure 
in the transformer winding did not occur. 
If the same amount of Thyrite is used for the 
70 per cent check wave as for the 100 per 
cent full wave, the wave tail of the applied 
wave is liable to be considerably shorter on 
the 100 per cent wave. Thus, a failure in 
the winding producing a similar change in 
wave shape may be obscured. 

Calculations such as shown in the paper 
are always desirable and necessary to obtain 
checks on the performance of equipment 
under impulse conditions imposing high 
stresses on the test specimen. 

J. M. Bryant (University of Minnesota, 
Minneapolis, Minn.): The requirements for 
tests of all types of lightning arresters to 
meet standard specifications necessitate an 
impulse generator (or generators) providing 
a wide range of currents and voltages. We 
agree with Mr. Brownlee that under cer¬ 
tain conditions a rapid way of determining 
the resulting current test waves would be 
from previously established curves for given 
conditions for a similar type arrester. As an 
example Figure 3 shows a group of current 
discharge waves through an arrester, all of 
which have practically the same specifica¬ 
tion., In addition to the impulse generator, 
it is necessary to have an accurate linear 
shunt for current, an accurate voltage di¬ 
vider for potentials, an oscillograph rapid 
enough to’be capable of recording the events, 
such as described by Wade, Carpenter, and 
MacCarthy, and connections from the shunt 



Figure 3. A group of current discharge waves 
through an arrester 


A. Time scale calibrating frequency 500 kilo¬ 
cycles per second two microseconds per. cycle 

B. Current scale calibration. Shunt resistance 
0.00278-ohm. Deflection equals 64,000 

amperes 

and voltage divider which eliminate har¬ 
monics due to stray magnetic and electro¬ 
static fields without the use of series resist¬ 
ances or other makeshifts which alter the 
actual values for the current or voltage 
curves. These specifications make it neces¬ 
sary to use infinite pains in making accurate 
tests. • The author is to be congratulated in 
the clearness with which he has presented 
in so short a paper the results of what must 
have taken years of research and planning. 

Theodore Brownlee: The discussions by 
Bryant, Hagenguth, and Opsahl agree well 
with the text of the paper, Mr. Opsahl's 
Figure 1 is equivalent to part of Figure 2 
in the paper, and, over the range it covers, 
it permits wave calculations with about the 
same facility- His simplifications of the 
volt-ampere characteristic of a lightning 
arrester shown in Figure 2 are reasonable. 
Similar results will be obtained using his 
method or the curves ih Figure 5 6f the paper. 


3. Does a charger which is rated at 30 amperes 
capacitance hold a constant voltage up to a 30- 
ampere load, or does the voltage start dropping 
before the full load is delivered? 

4. When two chargers are required to operate in 
parallel, must any special action be taken to divide 
the load equally? 

5. Is it neceasary, when two chargers are used in 
parallel, to use chargers of equal capacity, equal 
age, and equal service usage? 


Frederick L. Kahn (Automatic Electric 
Company, Chicago, Ill.): There have been 
a number of telephone-type regulated rec¬ 
tifiers on the same market which we are in • 
the habit of referring to as "constant volt¬ 
age rectifiers.” These rectifiers use dry- 
plate rectifying elements (copper oxide or 
selenium) so that we have almost come to 
think of regulated chargers being synony¬ 
mous with nontube-type chargers. We are 
very much interested to hear that equally 
close regulation of batteries in telephone 
exchanges can be obtained by 3-, 10-, and 
30-ampere tube chargers, especially as the 
price of dry-plate units has made their use 
in chargers of higher capacitance almost 
prohibitive. The design of the tube-type 
regulated chargers at this time justifies the 
assumption that they have a lower first cost 
than constant voltage charging equipment 
of various types now available. 

The following questions concern only the 
48-volt rectifiers of 3-, 10-, and 30-ampere 
capacity: 

1. As these chargers appear to operate continu¬ 
ously when used in regulated charging circuits, how 
often do tubes have to be replaced? 

2. What is the electrical efficiency of these charg¬ 
ers? At what per cent of full load do they have 
maximum efficiency? * 

3. Are the 30-ampere chargers cheaper in first cost 
and operating cost than - 25-ampere diverter pole 
motor generators? 

4. What is lowest possible output of 10- and 30- 
ampere chargers when used in self-regulating serv¬ 
ice? (trickle charge rate) 

5. What overload protection is provided if chargers 
are connected across a battery discharged during 
power failure? 

6. How are variations of a-c voltage compensated 
• for? - 

7. Do these rectifiers need any special adjustment 
for equalizing charge, Or does the cutting in of 
additional countercellsautomaticallyraise the out¬ 
put voltage of the chargers? 
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D. E. Trucksess: The questions of C. E. 
Lomax and F. L. Elahn pertain to details 
in the design of the regulated rectifiers 
listed in Table I. These details and many 
more were not included in the original 
paper in order to keep it within the pre¬ 
scribed length. 

In answer to Mr. Lomax: 

1. la all cases some means are provided to indicate 
when a rectifier tube has failed. In most cases a 
voltage relay continually measures the regulated 
voltage, and, as soon as it goes out of the floating 
limits, it rings an alarm. In a few cases, a current 
transformer and relay are used with each individual 
bulb. The disadvantage of this type of alarm is 
that the alarm circuits cannot distinguish a tube 
failure from the condition of zero current produced 
by the regulating circuit as a result of no office 
load. Therefore, with regulated tube rectifiers 
the best alarm is a float voltage alarm. 

2. In regard to flashover of the rectifier tubes, the 
thyratron tube, when used in 24-, 48-, or 130-volt 
rectifiers, does not flash over. The two-element- 
tube rectifier tubes flash over with voltage surges 
from the power line, and flashover relays are pro¬ 
vided. These relays automatically disconnect the 
rectifier from the a-c line and battery during flash- 
over and automatically reclose after the flashover 
is completed. 

3. The 30-ampere regulated rectifiers hold a con¬ 
stant voltage up to full load, and at full load the 
circuit automatically transfers from a constant 
voltage-regulating circuit to a constant current¬ 
regulating circuit, holding the load at 30 amperes 
during any further charges in line or increase in load. 

4. 5. When two or more regulated rectifiers are 
operated in parallel with regulation of better than 
two per cent, it is not practical for rectifiers to be 
operated under voltage control as the load will not 
divide equally, and it is impractical to attempt to 
automatically balance the load between them. 
When rectifiers, listed in Table I, are required to 
operate in parallel, means are provided for the con¬ 
stant voltage regulation to be transferred to con¬ 
stant current regulation. Therefore, rectifiers of 
unequal capacity, age, or service usage may be 
operated in parallel. 

In answer to Mr. Kahn’s questions: 

1. In general, the tubes used in the regulated 
rectifiers shown in Table I will operate approxi¬ 
mately one year at full load and from l l /» to 2 years 
with the typical telephone type load of full load 
during the day and light load at night. 

2. The electrical efficiency of regulated tube recti- 
, fiers is affected by the d-c battery voltage and the 
rectifier size; therefore, one figure will not cover 
the wide range of rectifiers listed in Table I. The 
m a xim um efficiency occurs at full load, which varies 
from 60 to 70 per cent for 50-volt rectifiers and 40 
to 60 per cent for 24-volt rectifiers. 

3. The 30 rectifiers listed in Table I have a cheaper 
first cost and operating cost than a corresponding 
size motor-generator set. 

4. The 3-, 10-, and 30-ampere regulated tube 
rectifiers will operate and maintain their regulated 
voltage down to the trickle charge of the battery, 
which in most cases is one to five per cent of the 
full load rating of the rectifier. 

fi. Overload protection for regulated rectifiers is 
required in case the rectifier comes back after a 
power failure and attempts to float a discharged 
battery. In all cases the rectifiers shown in Table I 
have automatic overload protection. In the small 
rectifiers a ballast lamp causes the voltage to droop 
with overloads. In larger sizes the control is 
changed automatically from voltage to current 
regulation at full load. ' 

fi. _ The normal voltage regulation of the phase 
shift and booster types of control is sufficiently 
accurate to compensate for variations in the a-c 
line voltage. With the magnitude type of control, 
the normal regulations would not be sufficient, and 
it is supplemented by the line compensating circuit 
described as part of the combined rectifier and 
inverter. 

In regard to equalizing, charging, or over¬ 
charging, the larger rectifiers have built into the 
control circuit a separate voltage control to increase 
the floating voltage from 2.15 to 2.3 volts per cell. 
With the smaller rectifiers, the regulating leads are 
connected to the load side of the countercells so 
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that for overcharging the countercell switch is 
opened, and the rectifier automatically increases 
the battery voltage by an amount equal to the drop 
over the countercells. 


Theoretical Possibilities in an 
Internally Heated Bimetal 
Type of Thermal Watt- 
Demand Meter 

Discussion and author's closure of paper 
42-110 by Edward Lynch, presented at the 
AIEE summer convention, Chicago, III., 
June 22-26, 1942, and published in AIEE 
TRANSACTIONS, 1942, October section, 
pages 764-70. 


P. M. Lincoln (Therm-Electric Meters 
Company, Inc., Ithaca, N. Y.): This paper 
is a very interesting one and shows a high 
ability for mathematical analysis. How¬ 
ever, there are at least two points in the 
author’s final conclusion that I would ques¬ 
tion. One has to do with his statement 
concerning the accuracy of the block- 
interval demand meter and the other has 
to do with his conclusion concerning the 
thermal demand meter. 

First, regarding the block-interval type 
where, to quote his own words, "great 
accuracy is desirable.” The block-interval 
type of demand meter measures the arith¬ 
metic average of the load under measure¬ 
ment. Any arithmetic average is neces¬ 
sarily a discontinuous function of time. 
As such, it is subject to a possible error of 
50 per cent. To make matters worse, this 
error can be caused to appear at the option 
of the service user. The block-interval 
demand meter is perfectly accurate when 
we consider the particular time interval 
which it happens to select for measurement, 
but this time interval is only one out of an 
infinite number that might be selected. 
If Mr. Lynch will reread his reference 3, he 
will note that a series of tests made in Ithaca 
on block-interval demand meters extending 
over a period of 18 months showed a 
maximum error of 27.3 per cent and an 
average error of 10.1 per cent. In only 
ten per cent of the cases under measure¬ 
ment in Ithaca was there found no apparent 
error, and even in these cases there might 
have been errors if some intermediate time 
intervals had been chosen. Mr. Lynch’s 
reference 3 1 also points out that maximum 
demand can be accurately measured only 
by a "continuous function of time.” The 
logarithmic average is a continuous 
function of time while the arithmetic aver¬ 
age is not and cannot be made a "continu¬ 
ous function of time.” The block-interval 
demand meter is not only not accurate— 
Mr. Lynch to the contrary notwithstand¬ 
ing—but also cannot be made to be ac¬ 
curate. 

Now, coming to Mr. Lynch’s analysis of 
the thermal demand wattmeter, I question 
whether he carried his analysis far enough 
to arrive at an accurate result. The thermal 
wattmeter depends for its indication on the 
difference in temperature arrived at be¬ 
tween two masses of matter which are 
heated by electric currents. This difference 
in temperature depends, in turn, not only 


in the difference in rate of heat application 
to the two masses of matter but also on the 
rate of heat escape. Final indication of the 
thermal demand meter is attained only 
when these two rates have become equal. 
If the rate of heat escape were always 
directly proportional to temperature eleva¬ 
tion, Mr. Lynch’s analysis would be per¬ 
fectly correct and constitutes a beautiful 
piece of mathematical analysis. However, 
as pointed out in my paper, “ An Improved 
Electrothemiic Instrument,” 8 the rate of 
heat escape when such heat escape takes 
place by any method other than thermal 
conduction does not follow a first power 
law against temperature elevation. In the 
thermal wattmeter, where the actuating 
element is of bimetal strip as described by 
Mr. Lynch, most of the heat escapes 
by thermal convection. As proved by 
Chester W. Rice in his AIEE paper entitled 
"Free Convection of Heat in Gases and 
Liquids—II” 3 , thermal convection varies as 
the 1.25 power of the temperature eleva¬ 
tion —not the first power. Mr. Lynch does 
not take account of this in his analysis. 
I would, therefore, question the accuracy 
of the conclusions he arrives at in his paper. 

I fully agree with Mr. Lynch that the 
"simple exponential is ideal.” Due to the 
time taken for heat diffusion, the simple 
exponential cannot be entirely realized, 
but it can be closely approached. Why does 
not Mr. Lynch go still further and point 
out that the use of the thermal demand 
meter is the only known way in which 
maximum demand can be accurately 
measured? 
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Edward Lynch: It was with much interest 
that I read P. M. Lincoln's remarks and 
studied his discussion. His first point can, 
perhaps, be more clearly understood with¬ 
out an opportunity for misunderstanding 
if we say, as be has, that “the block-interval 
demand meter is perfectly accurate” in 
indicating continual arithmetic average 
demand and add, as I have, that the ther¬ 
mal demand meter indicates a slightly 
different quantity which has been de¬ 
signated as continuous logarithmic average 
demand. The accuracy and precision of 
both types of meters as measuring devices is 
of such a high order that each can be built 
to measure the quantity for which it is in¬ 
tended and with accuracies well beyond re¬ 
quirements of normal use. 

The second point in question illustrates 
an important "design principle.” Heat 
escape from the actuating elements of ther¬ 
mal meters should be by controlled conduc¬ 
tion rather than by radiation or convection. 
In the mathematical analysis this means 
that heat escape is proportional to the first 
power of temperature rise. 

Doctor Lincoln Stated that in the thermal 
wattmeter where the actuating element is a 
bimetal strip most of the heat escape is by 
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thermal convection. This was not the case 
in the internally heated bimetal meter 
designed to check the analysis made in the 
main paper. In fact, the internally heated 
bimetal meter inherently fosters heat es¬ 
cape by conduction. This is easily realized 
when one recognizes the close correlation 
between electrical and thermal conductivity. 
Since we must have good electrical con¬ 
ductivity into and out of and between the 
actuating elements we readily have avail¬ 
able good thermal conductivity as well. 
This was taken advantage of in the design 
of the meter on which tests were made, and 
the results of these tests substantiated the 
analytical conclusions reached. 


A New Jewel for Indicating 
Instruments 


Discussion and authors* closure of paper 
42-134 by F. K. McCune and J. H. Goss, pre¬ 
sented at the AIEE summer convention, 
Chicago, III., June 22-26, 1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
September section, pages 673-6. 


John H. Miller (Weston Electrical Instru¬ 
ment Corporation, Newark, N. J.): The 
description of the test methods used on the 
new glass jewel for indicating instruments by 
McCune and Goss and the tabulation of the 
results are currently of importance to those 
using electric indicating instruments, be¬ 
cause it indicates the dynamic character of 
the art and is assurance that functio nal 
quality is being maintained in such instru¬ 
ments, even in spite of important material 
difficulties. 

The Weston Electrical Instrument Corpo¬ 
ration is manufacturing glass instrument 
jewels in large quantities, and these jewels 
are being used with eminently satisfactory 
results in many fields. Aircraft instruments, 
incorporating electric mechanisms, are being 
almost wholly supplied with this type of 
bearing. 

About ten years ago the Weston Electri¬ 
cal Instrument Corporation started an in¬ 
vestigation of substitutes for sapphire 
jewels to obtain a more perfect contour and 
surface than was possible in sapphire, as 
was required for highly sensitive instru¬ 
ments. Glass jewels were known and used 
at that time; in fact, a patent was issued 
as far back as 1899, covering glass V jewels, 
but none was found of satisfactory quality 
for use in Weston instruments. 

Preliminary work was therefore done on 
the development of a satisfactory glass 
jewel in the Weston laboratories, and by 
1934 and 1935 extensive field tests on a new 
forrn of glass jewel showed it to be equal to 
and in many respects superior to sapphire, 
particularly where vibration was encoun¬ 
tered. 

In view of the evident usefulness of this 
type of bearing, as well as a matter of pro¬ 
tection against the possibility of cessation 
of sapphire-bearing imports, a small pilot 
plant was installed about 1938 to establish 
a satisfactory production technique. When 
the war broke out in Europe, and shipments 
of sapphire bearings were cut off, a very 
large number of these glass jewels were 
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supplied to Sangamo-Weston, Ltd;, Eng¬ 
land, whose tests confirmed their usefulness 
in aircraft instruments. It is understood 
that today practically all electrical instru¬ 
ments used by the Royal Air Force, which 
were manufactured in England, carry jewels 
of this type, now manufactured in that 
country. 

This extensive manufacturing experience 
enabled the Weston Company to expand 
the pilot plant to a full-fledged production 
basis as sapphire bearings became more 
difficult to obtain in the United States and 
that expansion has been continuous and is 
still going on. 

The Weston glass jewel, known as the 
Weston Y bearing, has been developed with 
perhaps greater stress on the matter of sur¬ 
face finish and resistance to vibration than 
to the factor of shock, although shock tests 
of the order of 250 G appear to be required 
in any direction before pitting takes place 
with a moving system having less than one 
gram weight. As is indicated by McCune 
and Goss, vibration tests have been sur¬ 
prisingly satisfactory, and it seems apparent 
from such tests conducted in the Weston 
laboratories, at the Bureau of Standards, 
and elsewhere, that actual jewel wear is 
materially less under conditions of severe 
vibration with the Y bearing as compared 
to the sapphire. The perfection of the sur¬ 
face finish is probably responsible, as well 
as the fact that the bearing more nearly 
approaches the hardness of the pivot, thus 
reducing the tendency of the pivot to wear. 

While it is admittedly difficult to cut a 
perfect pit in a sapphire, it is hardly be¬ 
lieved that variation in lineal cutting speed 
from center to periphery, as referred to by 
McCune and Goss, is responsible for the 
difficulty, since the cutting tool traverses 
any point in the sapphire once every revolu¬ 
tion, and will take off as great a thickness of 
material near the center as near the edge. 
Wear on the cutting tool is perhaps a func¬ 
tion of cutting speed, but it is believed that 
cutting speed is not a factor with regard to 
the relative depth of material removed per 
revolution. 

It is interesting to note that the coefficient 
of friction varies so little between materials, 
and it seems evident that the criterion in the 
bearing is not so much the friction co¬ 
efficient, but rather its ability to maint ain 
its original shape and surface under condi¬ 
tions of severe vibration, shock, and use. 
It seems quite probable that these new 
special glass bearings, as developed in the 
several laboratories, will find fields of use¬ 
fulness in future years in small instruments 
with light elements, where high sensitivity 
is required, even though sapphire bearings 
again become as plentiful as in years gone by. 


F. K. McCune and J. H. Goss: Mr. Miller 
has presented an interesting history of the 
Weston Electric Instrument Corporation’s 
experience with glass jewels. His findings 
are in general agreement with ours and are 
especially interesting on vibration. Work 
not complete at the time of writing the 
paper has shown the following curve to be 
typical of instrument performance after 
severe vibration. 

Mr. Miller has stated "shock tests of the 
order of 250G appear to be required in any 
direction before pitting takes place" for a 
moving system of one gram weight. 

Discussions 
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Our experience has indicated that such a 
value may depend materially on the speed 
with which the acceleration reaches its 
maximum and varies with the rigidity of 
the moving system in question. Work done 
on a device in which the motion was of the 
form of a damped sine wave with a time of 
1.5X10" 5 seconds from initiation to com¬ 
pletion of a half-cycle gave very different 
values from those obtained with a slow 
rate of loading the jewel surface. However, 
the value at which the pivot was mush¬ 
roomed in the case of the sapphire was 
approximately that at which a blemish 
would be produced in the jewds of mate rial 
H. 

In condusion, the authors axe both con¬ 
tinuing work on the V jewds and progress¬ 
ing the devdopment of ring jewds from the 
same material. Many hundreds of thou¬ 
sands'of the V jewds have already been pro¬ 
duced with characteristics as represented 
in this paper. 


A New Moving-Magnet 
Instrument (or Direct Current 

Discussion and authors' closure of paper 
42-123 by H. T. Faus and J. R. MacIntyre, 
presented at the AIEE summer convention, 
Chicago, III., June 22-26, 1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
August section, pages 586-8. 


John H. Miller (Weston Electrical Instru¬ 
ment Corporation, Newark, N. J.): A 
comparison of the energy for full-scale deflec¬ 
tion taken by the new moving magnet 
instrument mechanism of Faus and Mac- 
intyre, with that required for conventional 
mechanisms may be of interest. 

It is stated in the paper that with a 
moving dement weight of 0.205 gram and 
an effective torque for a full scale of 0.35 
millimeter-gram, giving a torque-to-wdght 
ratio of 1.7, the coil energy was 0.05 watt 
for full scale. 

Conventional small a-c iron-vane in¬ 
struments, with somewhat heavier moving 
dements, on the basis of springs to give th e 
same torque-to-wdght ratio, would require 
0.5 watt. In other words, the new instru¬ 
ment discussed has an energy sensitivity 
something like ten times that of conven¬ 
tional soft-iron instruments, which have 
been used for many years. 
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Making the comparison with permanent- 
ixiagnet moving-coil instruments, and using 
a moving system of practically the same 
weight, we find that for one of the simpler 
structures with moderate damping, there 
would be required about 0.00036 watt, or 
something like Vim of the energy needed 
for the new instrument. 

However, this is on the basis of a design 
o.f nearly three decades ago, and more re¬ 
cent instruments compared on the same 
t>asis of equal torque-to-weight ratio, and 
with about the same moving element weight, 
are regularly being produced with high 
coercive force magnets to give full-scale 
Reflection on 0.000025 watt, V 2 >ooo of the 
energy taken by the new instrument. 

It is believed that this comparison with 
equal torque-to-weight ratios is quite valid, 
since, obviously, both' old and new types of 
mechanisms can be supplied with bearings 
of any one of the several types currently 
xtsed, and, with similar, bearings and similar 
moving system weights, similar torque-to- 
weight ratio should be the determining 
criteria. 

While it is admitted that iron-vane in¬ 
struments of conventional design have a 
considerable d-c error, this, of course, can 
t>e reduced, if important, by the use of 
suitable material in the iron vanes. 

In the relatively wide energy span sepa¬ 
rating the conventional iron-vane instru¬ 
ments and the best of the permanent- 
snagnet moving-coil instruments, a span 
from 500,000 down to 25 microwatts, or a 
factor of 20,000 to 1, this new design, on a 
comparable »torque-to-weight ratio basis, 
lias only progressed one decimal place from 
tlie conventional iron-vane type. 

Since the only advantage of the new 
mechanism is low cost, one wonders if it is 
sufficiently less costly to justify the rela¬ 
tively high energy taken from a circuit 
which effectively limits its broad applica¬ 
tions. 


J. R. Macintyre and H. T. Faus: A com¬ 
parison of the moving magnet instrument 
with the iron-vane a-c instrument is not 
relevant, since reasonably accurate and 
well-damped instruments of this type are 
as expensive as moving coil instruments. 
Our comparison was with the lower-cost 
polarized vane instrument which has the 
additional disadvantages of poor scale dis¬ 
tribution, short scale, and poor damping. 

The comparison of the microwatt sensi¬ 
tivity of the moving magnet instrument 
with that of the moving-coil instrument 
cioes not give an accurate picture of the 
relative merits of the two designs. For 
example, Mr. Miller gives a figure of 
•0.000025 watt for full-scale deflection on a 
sensitive moving-coil instrument. Using 
"tliis figure, one not familiar with instru¬ 
ments might assume that a ten-ampere 
ammeter could be built with a resistance of 
0.000025 

—=0.00000025 ohm. This is not 

the case, because springs of the required 
lovy torque cannot be built to carry ten 
amperes, much less to have a resistance as 
low as the above value. The general 
practice in a moving-coil instrument of 
this rating is to use a shunt with a 50- 
milltvolt drop and to connect the instru¬ 
ment winding, in series with a suitable 
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resistor, across this shunt. The net result 
is an instrument with an over-all loss of 
0.5 watt. An instrument of the same rating 
in the moving magnet design would have 
a winding consisting of a single turn of 
heavy copper wire occupying the entire 
winding space. The total watts loss of the 
instrument would* be about 0.05 watt. 
The addition of a shunt to give ambient 
temperature compensation equivalent to 
that of the moving-coil instrument would 
not increase this to more than 0.1 watt, or 
one-fifth the power required by the com¬ 
plete moving-coil instrument. 

The general practice is to build volt¬ 
meters with a full-scale current of ten 
milliamperes except for particular applica¬ 
tions where low current consumption is 
required. Using a full-scale current of ten 
milliamperes, a moving magnet voltmeter 
with jeweled bearings can be built in full- 
scale ranges from ten volts up with a torque- 
to-weight ratio adequate to insure a 
sustained accuracy of two per cent of full- 
scale reading. This is equivalent to that 
usually guaranteed for minature moving- 
coil instruments. It refers to the exact 
construction shown in the paper and by 
no means represents the ultimate'sensitivity 
obtainable in moving magnet instruments. 
Since the over-all power consumed by both 
types of instruments is the same, the mov¬ 
ing magnet design is at no disadvantage 
because of the greater power consumed by 
its element. 

From the foregoing it is apparent that 
there is a wide range of instrument ratings 
in which no use can be made of the maxi¬ 
mum sensitivity of the moving-coil in¬ 
strument and in which the moving magnet 
instrument is at no disadvantage due to its 
lower sensitivity. 

The authors felt that the implied ad¬ 
vantages of the instrument would be appar¬ 
ent to those familiar with instruments. 
However, in view of Mr. Miller’s comments, 
"Since the only advantage of the new 
mechanism is low cost,” it may be well 
to bring some of these advantages into 
greater prominence. 

The maximum change in reading of the 
moving magnet instrument in a ten-gauss 
field is one half of one per cent of full-scale 
reading. The corresponding change for a 
moving-coil instrument is of the order of 
three per cent. The stray field produced 
by the permanent magnet of a moving-coil 
instrument will cause a considerable error 
in the reading of another moving-coil 
instrument when mounted close to it and is 
sufficient to cause an appreciable error in a 
magnetic compass at a distance of several 
feet. Mounting on a steel panel will 
change its calibration because of the shunt¬ 
ing effect of the panel on the instrument 
magnet. Effective shielding to overcome 
these deficiencies is difficult, because a 
shield close to the magnet will shunt a large 
part of its flux, and one far from it will 
increase the outside dimension of the in¬ 
strument. In either case the calibration 
difficulties will be increased, as the instru¬ 
ment must be calibrated with the, shield in 
place, and the shield interferes, with the 
stabilizing a-c knockdown treatment which 
should be given to the instrument magnet. 
None of these, difficulties are experienced 
with the moving magnet instrument 
These instrument dements may be mounted 
as closely together as their physical dimen¬ 
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sions permit. Since their dimensions are 
so much smaller than those of moving-coil 
instruments, it is possible to mount more 
•of these instruments in a given space. 
This is a very valuable feature in many 
applications. 

Another valuable feature of the moving- 
magnet construction is the readiness with 
which it may be adapted for measuring 
current ratios by substitution of another 
fixed coil for the control magnets. The in¬ 
strument then becomes a ratio meter and 
the scale distribution may be predicted 
by the same vectorial construction shown 
in Figure 4. 


Emergency Overloads for 
Oil-Insulated Transformers 


Discussion and authors' closure of paper 42- 
101 by F. J. Vogel and T. K. Stoat, presented 
at the AIEE summer convention, Chicago, III., 
June 22-26, 1942, and published in AIEE 
TRANSACTIONS, 1942, September sec¬ 
tion, pages 669-73. 


V. M. Montsinger (General Electric Com¬ 
pany, Pittsfidd, Mass.): This paper adds 
some further data on the aging of insulation 
and gives some proposals on how to use the 
data. I cannot agree with some of the 
claims set forth in the paper, for example, 
the statement that at 120 degrees centi¬ 
grade the tensile strength drops to approxi- 
matdy 50 per cent and levels off. Further, 
it states that it would appear that this 50 
per cent strength would be maintained for 
long periods of time. This is an important 
point, because, if true, it would permit 
long-time operation at 120 degrees centi¬ 
grade without any further sacrifice in the 
life of a transformer. As a matter of fact, 
the data in Figure 5 on Fuller board aged 
in oil protected, by nitrogen show a con¬ 
tinued decrease in tensile strength. 

I agree that the way in which the curves 
are plotted in Figure 1 might lead one to 
assume that the tensile strength had leveled 
off. All aging data that I have ever obtained 
fell on a straight line when plotted on semi- 
logarithmic paper, with time on the logarith¬ 
mic scale and temperature on the uniform 
scale and temperature on the uniform scale. 
In fact, all of the aging data shown in Mr. 
Clark's paper fall on a straight line indica¬ 
ting in some cases and actually showing in 
other cases that the tensile strength con¬ 
tinues to deteriorate at the same semi- 
logarithmic rate until zero life is reached. 
This is one nature’s laws discovered many 
years ago by Sir Isaac Newton and known 
as the "die away curve.” 

I have taken the liberty of replotting the 
data shown in Figure 1 of the authors’, 
paper cm semilogarithmic paper. Figure 
1 indicates that the tensile strength does 
not level off but apparently continues to 
deteriorate at the same rate. When re¬ 
plotted on semilogarithmic paper, and ex¬ 
trapolation of the data shown in their Fig¬ 
ures'5 and 11 indicates the 135 degrees centi¬ 
grade life is longer than the 120 degrees centi¬ 
grade life; Furthermore, there appears to be 
no consistent rule in degrees increase to double 
the rate of aging as shown by these curves.; 
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In a discussion of Figure 5 it is stated 
that the markedly lower strengths obtained 
with pressboard and varnished cambric 
as compared to Manila paper alone, are due 
to higher acidity. However, these tests 
were made with oxygen-free oil, protected 
by a nitrogen atmosphere. These results 
are therefore inconsistent with the 
that the panacea is to provide an inert gas 
cushion above the oil. * 

The assumption that the hot-spot rise 
over top oil varies as the loss 0.8 can be used 



Figure 1. Tensile strength of Manila paper 
in oxygen-free oil protected by a nitrogen 
atmosphere from Figure 1 of paper by Vogel 
and Sloat 

for all classes of transformers, particularly 
small distribution-type coils, does not agree 
with our findings. For instance, we have 
found that under the condition where the 
0.8 power holds for horizontal coils, for 
vertical coils the exponential power ranges 
from approximately 0.9 to 1.0, depending 
on the thickness of the winding. For thick 
windings having high internal gradients and 
small surface drop, the power is close to 
unity as would be expected. In general, for 
thiu single-layer vertical coils, the power 
is approximately 0.1 higher than for hori¬ 
zontal coils. This is, of course, due to the 
greater effect of the viscosity of the oil for 
horizontal than for vertical coils at the 
lower temperatures, whereas for the higher 
temperatures the difference in the effect of 
viscosity tends to disappear. This effect 
on the temperature rise of the horizontal 
and vertical coils is very well illustrated 
in Figures 3 and 4 of reference 1. 

Reference 

1. Hot-Spot Winding Temperatures in Self- 
Cooled On.-lNSUI.ATBD TRANSFORMERS, F. J. 
Vogel, Paul Narbutovskih. AIEE Transactions, 
volume 61,1942, March section, pages 133-0. 


Jerome J. Taylor (Detroit Edison Com- 
pany, Detroit, Mich.): The paper is very 
fine in showing effects of thermochemical 
factors on the mechanical strength of trans¬ 
former insulation. This is a valuable but 
somewhat more specialized study than indi¬ 
cated by its title. From an operating stand¬ 
point, a correlation between mechanical 
strength and electrical failure still has to be 
made; this subject is barely touched. De¬ 
structive testing of small motor stators has 
been recently reported. 1 It appears that ? 
similar tests of (small) transformers are 
practical and that the results would add 
interpretative value to the more difficult 
studies already accomplished. 

Reference 

I. Temperature-Aging Tests on Class-A-Insu- 
lated Fractional-Horsepower Motor Stators, 

J. A. Scott and B. H. Thompson. AIEE Transac¬ 
tions, volume 61, 1942, July section, pages 499-601. 

1942, VOL. 61 


F. Von Voigtlander (The Commonwealth 
and Southern Corporation, Jackson, Mich.): 
The authors have shown that transformers 
of the usual design can probably be con¬ 
siderably overloaded without serious effect 
on their life, and there appears to be unani¬ 
mity of opinion on this point throughout 
the industry. The writer would like to call 
attention to the fact that overloading trans¬ 
formers also proportionally increases the 
transformer regulation. Furthermore, much 
of the load growth which is requiring the 
overloading of transformers is industrial 
load, usually of lower power factor than the 
system average. This may result in a con¬ 
siderable increase in the system require¬ 
ments of reactive power, which would also 
increase the regulation of the transformers. 
Superimposed on this is the increase of re¬ 
active losses in the transmission system • 
caused by the increased line loadings at 
lower power factors. If sufficient reactive 
capacity is not available near the load cen¬ 
ters, the system voltages may sag consider- 
ably, thereby further adding to the reactive 
power demands. 

It therefore follows that, unless the sys¬ 
tem is unusually well supplied with reactive 
capacitance, considerable attention should 
be paid to this matter of adequate voltage, 
as otherwise it is possible that the overload 
ability of transformers cannot be fully 
realized because of distribution yoltage 
limitations, and no substitute for volts at 
the customer’s service has yet been found. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): The results 
shown In Figure 1 of the paper are very 
surprising in that they indicate practically 
no deterioration in the aging tests between 
6 and 18 weeks. According to these data, 

Table I 


Mechanical Strength After 100 
Days—Per Cent of Original 

Test - ?* lne 

Temperature Chicago Tests XestB by Vogel 
Degrees Aver- Mini- and Sloat 

Centigrade age mum Figure 3 


100.99.01...78 

126.07......54.32 


insulation kept indefinitely at 105 degrees 
centigrade would remain at 70 per cent of 
its original strength, and 120 degrees could 
not produce more than 50 per cent deterio¬ 
ration at any time. In the oven-aging 
tests in Chicago on sealed oxygen-free 
samples of various makes of impregnated- 
paper insulated cables, which were de¬ 
scribed in my paper on "Load Rating of 
Cable—II,” 1 a sharp decrease in tearing 
strength occurred in tests at 125 degrees 
centigrade between two and five months. 
This decrease was found for each of the 
several samples tested. The studies made 
years ago at the Massachusetts Institute of 
Technology, on the effect of heat on paper 
insulation; corroborate the continuously 
decreasing 7 trend of mechanical strength 
with time; of aging, found in the recent 
Chicago tests. Possibly, tests on a large 
number of samples for durations beyond 
18 weeks would modify the slope of the 
curves in Figure 1 of the paper. 
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Also, the slopes of the curves in Figure 3 
of the paper, which are obtained by cross¬ 
plotting from Figure 1, are subject to ques¬ 
tion. The 20, 40, and 50 per cent curves 
are based on only one measured point, and 
the 60, 65, and 70 per cent curves are based 
on two points. The uncertainty of the slope 
of the curves is illustrated by the fact that, 
according to Figure 1, the strength re¬ 
mains at 54 per cent in the 120-degree test 
between 8 and 18 weeks while, according 
to Figure 3, the strength decreases at 120 
degrees from 54 per cent after eight weeks 
to 49 per cent after 14 weeks. 

Table I of this discussion ife a comparison 
of the results obtained in the oven-aging 
tests in Chicago, Figure 1 of my paper on 
"Load Rating of Cable—II,” with values 
taken from Figure 3 of the paper by Vogel 
and Sloat.. 

Do the authors have an explanation for 
these large discrepancies? 

Reference 

1. Load Rating op Cable —II, Herman Halperin. 
AIEE Transactions, volume 61, pages 930-42. 


F. M. Clark (General Electric Company, 
Pittsfield, Mass.): My interest in this paper 
concerns primarily the following statement 
which is made in the general summary; 

"Acids are formed in service by contact between 
oxygen and transformer oil. Excluding this con¬ 
tact by blanketing the transformer with inert gas 
results in a high mechanical strength of the insula¬ 
tion at a given temperature and time or conversely 
permits a higher operating temperature.” 

On the basis of the data submitted in the 
paper this statement can be true only 
within definite limits. It cannot be true at 
135 degrees centigrade, for, if one compares 
the data for Manila paper of Figure 1 and 
Figure 11, one finds no real advantage from 
the use of the nitrogen gas. I have repro¬ 
duced in Figure 2 of this discussion the 



pertinent data presented by the authors. 
A relation such as this indicates that at 
135 degrees centigrade heat alone causes 
paper deterioration at a rate which is not 
dependent on the oxidation effects referred 
to by the authors. 

Although the authors do not illustrate 
the behavior of oil-treated Fuller board 
aged in the presence of oxygen the remark¬ 
able stability of the Fuller board in the 
absence 6f oxygen (Figure 9 of the paper) 
might possibly be taken as support for the 
author’s contention that oxidized oil is 
responsible for the mechanical deterioration 
of the cellulose. The Fuller board of Figure 
9 is characterized by substantially no de- 
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crease in mechanical' strength during a 
period of 18 weeks at 120 degrees centigrade. 
•This apparent mechanical stability is con¬ 
trary to the data accumulated in our own 
laboratory and does not agree with the 
authors’ data of Figure 1 for Manila paper, 
where a loss of 60 per cent in tensile strength 
is shown for the same oxygen-free test con¬ 
ditions. Neither do the data agree with the 
previously published work of C. F. Hill to 
which the authors refer. Mr. Hill states 
■that cellulose is “subject to both temper a- 
ture and oxidation effects, the temperature 
effect of course taking place above 105 
degrees centigrade.” 

In Figure 3 of this discussion I have com¬ 
pared the data on Fuller board presented by 
JVTr. Hill with that presented by the authors, 
converting Mr. Hill’s data to percentage of 
original tensile strength in order to make, 
the comparison dear. Although both 
investigators are in fair agreement at 135- 
140 degrees centigrade aging, there is a 
marked divergence in the data presented for 
the temperature range from 105-120 degrees 
centigrade. In our own laboratory we ob¬ 
tain, as does Mr. Hill, a decrease in strength 
as the aging progresses, but, unlike Mr. 
Hill, we find no stabilization in mechanical 
strength after about 60 per cent of the initial 
strength has been lost. The mechanical 
deterioration in the studies which we have 



carried out proceeds continuously in a semi- 
logarithmic relation to the time factor of 
heating. 

Our own explanation of the fundamental 
cause of mechanical deterioration in cellu¬ 
lose differs greatly from that offered by the 
authors who attribute it to acid formation in 
the oil. I am not espedally concerned with 
the data presented which test the combined 
effect of Fuller board and varnished doth. 
Obviously acids derived from sources foreign 
to the cellulose or the oil may or may not 
affect the mechanical strength of the cellu¬ 
lose, depending upon their chemical natures 
Their presence, as described by the author, 
in Figure 6, is not dependent on the presence 
of oxygen. No data are presented by the 
authors corrdating the behavior of such 
combinations of materials with the thesis 
advanced. Furthermore, the effect of acids 
derived from varnished films appears to be 
of but academic interest, for, as the authors 
state, add formation from this source has 
been practically eliminated by the use of 
synthetic materials. I am, however, con¬ 
cerned with the suggestion that acid forma¬ 
tion in the oil through oxidation is respon¬ 
sible for the mechanical deterioration. I 
. call attention to the fact that the 50 per 
cent deterioration in the mechanical 


strength of Manila paper in Figure 1 was 
obtained with substantially no change in 
the oil acidity. 

Elimination of acid formation as the 
result of oxidation in mineral oil can be 
brought about by a variety of methods. 
Only one of these methods, the elimination 
of oxygen, produces any substantial effect 
on the mechanical aging of cellulose. I 
suggest that the presence of oxygen affects 
the mechanical life of oil-immersed cellulose 
because of its direct oxidation action on the 
cellulose. As such, as suggested by Mr. Hill 
the effect of oxygen is most important for 
the lower temperatures applied. As the 
temperature is raised, the mechanical deteri¬ 
oration because of heat alone becomes of 
increasing importance. This type of de¬ 
terioration involves the formation of acids 
derived from the cellulose and occurs 
whether or not oxygen is present. The use 
of nitrogen to eliminate oil acidity is not of 
fundamental importance. Although the 
elimination of oxygen may be of academic 
value in promoting the mechanical stability 
of cellulose insulation if a transformer is 
operated at temperatures of 75-95 degrees 
centigrade, it must be remembered that the 
oxidation reaction itself proceeds so slowly 
at these temperatures that it is demon¬ 
strated only with great difficulty. Higher 
temperatures of operation in the range of 
100-120 degrees centigrade, or higher in 
the case of overload conditions, bring into 
play the thermal type of cellulose deteriora¬ 
tion. This type of deterioration becomes 
of greater importance as the temperature 
and the duration of its application are in¬ 
creased. In a general sense, we have found 
that the insulation will age at a rate not 
materially affected by the presence or ab¬ 
sence of mineral oil. Acids derived from 
mineral transformer oil of the American 
type have not been found to be a dominating 
factor in determining the mechanical life of 
the insulation. 


T. K. Sloat and F. J. Vogel: We desire to 
acknowledge Mr. Von Voigtlander’s discus¬ 
sion, and it is true that regulation must be 
considered in any application. 

With reference to Mr. Taylor’s dis¬ 
cussion, tests on small transformers have 
been made and indicate that they are still 
operative, even after thousands of over¬ 
loads and high temperature cycles. The 
results of these tests and others will un¬ 
doubtedly furnish the material for papers 
which will be presented at a later time. 

We are rather surprised at the small 
amount of deterioration shown in Mr. 
Halperiu’s discussion. Neither Mr. Clark’s 
nor our tests indicate such high values after 
100 days at 100 or 125 degrees centigrade. 
Mr. Halperin has criticized the construction 
of Figure 3. For purposes of analysis, data 
in the form of Figure 3 were more valuable 
than Figure 1, which was the original data. 
When curves are drawn with different pa¬ 
rameters, unless the data are extremely 
accurate, some variations are to be expected. 
In this particular case, the very nature of 
the materials led to variations which could 
not be eliminated except by an extremely 
large number of tests and samples. 

Mr. Montsinger, in his discussion, clearly 
points out his difference of opinion as to the 
characteristics of insulation deterioration. 
He is not, however, entirely consistent in 


his criticisms. He refers to Figure . 5 as 
indicating that insulation shows a con¬ 
tinuous decrease in tensile strength, even 
when protected by nitrogen. In that case, 
the introduction of varnish-treated material 
is shown to be the cause, and even an. inert 
atmosphere will not provide protection 
when such materials are used. Mr. Clark, 
in his discussion, clearly took this point into 
consideration. 

Mr. Montsinger has seen fit to replot the 
data of Figure 1 on semilogarithmic paper. 
He, however, first assumes that the data 
should be represented by straight lines on 
semilogarithmic paper. If that assumption 
were not made, curves could equally well be 
shown as flattening out in the period be¬ 
tween six to ten weeks and results nearly 
constant after 10 to 15 weeks. 

In considering Mr.- Clark’s discussion, 
one might think that we recommended 
temperatures in the neighborhood of 135 
degrees centigrade for operation. This is 
not true. Within definite limits, excluding 
oxygen does result in a higher mechanical 
strength of insulation for a given time and 
temperature. It is generally well recog¬ 
nized that thermal decomposition of cellu¬ 
lose takes place at a temperature above 
125 degrees centigrade, and the advantage 
of an inert atmosphere would be partially 


Table II 


Temperature 


Thermal 

Limits 

Oxidation 

Decomposition 

Clark. 

...76-100... 

.Above 100 

Sloat-Vogel... 

...75-120.., 

.Above120 


lost if operative temperatures in this range 
were continuously employed. 

With respect to the discussion regarding 
the effectiveness of acids, additional tests 
made at the same time as those represented 
show that Fuller board is affected by acids. 
It might be pointed out in all cases the acids 
referred to contain some peroxides. The 
peroxides are the detrimental agents, as 
they cause cellulose deterioration. How¬ 
ever, it is quite well accepted that the acids 
are a measurement of the peroxides present. 

With respect to Mr. Clark’s discussion 
regarding the mechanical stability of cellu¬ 
lose insulation as affected by oxygen, one 
might be led to believe that the rate of in¬ 
sulation deterioration at the lower tem¬ 
peratures is so slight that it would be demon¬ 
strated with great difficulty, and that there 
is less and less difference as the temperatures 
become higher. One of the best evidences 
to the contrary is the comparison between 
Figure 1 and Figure 11 of the paper. In 
Figure 1 at 105 degrees centigrade, the 
insulation strength seems to be about 70 
per cent of its original value after eighteen 
weeks at 105 degrees centigrade, whereas, 
with air present it was down to 35 per cent 
and decreasing rapidly. There is, however, 
some agreement with Mr. Clark, after all, 
in the results of our tests. We agree on the 
types of cellulose deterioration, but not 
in the degrees of temperature at which the 
types of deterioration take place as shown 
in Table II of this discussion. 

It should be noted, that there is no sharp 
line of demarcation. Both effects overlap to 
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some extent. Temperature limits in Table II 
should be considered as those limits within 
which either oxidation or thermal decom¬ 
position are predominate factors. 

Factors Affecting the 
Mechanical Deterioration 
of Cellulose Insulation 

Discussion and author's closure of paper 42-98 
by F. M. Clark, presented at the AIEE sum¬ 
mer convention, Chicago, III., June 22-26, 
1942, and published in AIEE TRANSAC¬ 
TIONS, 1942, October section, pages 742-9. 

V. M. Montsinger (General Electric Com¬ 
pany, Pittsfield, Mass.): F. M. Clark’s 
paper adds a definite milestone in deter¬ 
mining the effect of temperature and mois¬ 
ture on the aging of insulation. For several 
years we have been in need of more exact 
data on how the higher temperatures affect 
the rate of aging of cellulose insula tion. 
While I have used the eight-degree rule in 
deriving short-time overloads where the 
temperatures were considerably in excess of 
110 to 120 degrees centigrade, I had no 
definite proof that it held for the higher 
temperatures. Consequently, I am con¬ 
siderably relieved to learn that the eight-de¬ 
gree rule holds up to 200 degrees centigrade. 

Of course, it should not be overlooked 
that Mr. Clark finds that for temperatures 
in the order of 90 degrees centigrade to 105 
degrees centigrade, a rule less than eight de¬ 
grees holds (in the order of three to six de¬ 
grees), and for lower temperatures a s till 
lower rule, as low as two degrees, holds. 

Based on Mr. Clark's data, the eight-de¬ 
gree rule should be used in estimating short- 
time overloads where the hottest spot tem¬ 
perature is in excess of approximately 110 
degrees to 116 degrees centigrade, and ap¬ 
proximately a five-degree rule when esti¬ 
mating the effect of temperatures in the 
neighborhood of 90 degrees to 100 degrees 
centigrade on the life of transformers. There 
is one very important way in which the 
five-degree rule can be used, namely, to 
see whether it is economical to increase the 
temperature rise of transformers above 55 
degrees centigrade. For example: by the 
five-degree rule, the life of a 60 degrees 
centigrade rise transformer is half that of a 
55 degrees centigrade rise transformer. The 
extra capacity gained when increasing the 
average rise from 55 degrees centigrade to 
60 degrees centigrade, is in the order of six 
to seven per cent, and the gain in cost is in 
the order of three to four per cent. Conse¬ 
quently, by this process of reasoning, we 
save an initial investment of three to four 
per cent for a transformer having one-half 
the life. The initial saving in cost does not 
sound like a good economical proposition. 

There is one very important point that 
has been settled by these tests, namely, 
that the effects of several overloads on the 
life of a transformer, are additive. This has 
generally been assumed in the past, but we 
had no definite proof that these assumptions 
were correct. 

Mr. Clark's discovery of the important 
role that water content plays in the rate Of 
aging also explains why my early tests 
showed that the insulation aged faster in 
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mineral oil than in air—oven aged. Since 
the importance of keeping the insulations 
perfectly dry was not realized, the samples 
no doubt picked up considerable water be¬ 
tween the drying period and the starting 
of the aging tests. The moisture that was 
picked up previous to the oven- or air-aged 
samples naturally was driven off immedi- 
ately, while the oil-immersed samples re¬ 
tained their moisture to a certain extent. 
tt To Quote from my 1930 AIEE paper on 
“Loading Transformers by Temperature”: 

No completely satisfactory explanation has ever 
been given for this shorter life of insulation (aged) 
in oil than in air, though it has been suggested that 
it may be due either to the oil softening the fibers, 
or the adds in the oil attacking the fibers. This is 
a good subject for a physicist to study.” 

While this paper does not show compara¬ 
tive aging in, air and in oil, such tests have 
been made under closely controlled moisture 
conditions, and no material difference was 
found in the rate of aging. Apparently this 
question has been cleared up, and we can 
no longer claim that the life of cellulose is 
longer in air than in properly protected oil, 
provided, of course, that the insulation is 
dry. 

Reference 

1. Loading Transformers by Temperature, V. 
M. Montsinger. AIEE Transactions, volume 49. 
1930, pages 778-92. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): I have followed 
with interest Mr. Clark’s series of papers, 
which always contain a large amount of 
useful information. Figure 6 is of special 
interest, but it seems that some caution 
should be used in applying these data. The 
figure indicates that toward the end of the 
life in the range of 75 to 100 degrees centi¬ 
grade, an increase in temperature of 2 or 2.4 
degrees cuts the remaining life in half, and 
the conclusion may be drawn that a slight 
temperature increase is a serious matter. It 
should be noted, however, that this con¬ 
clusion is based on values extrapolated from 
about 100 weeks to 2,000,000 or 5,000,000 
weeks and from about 25 per cent reduc¬ 
tion in strength to 100 per cent reduction in 
strength. It is quite possible that actually 
the slope of the 75-degree curves in Figures 
3 and 4 might be quite different for long 
durations or, in other words, that the total 
life is quite different from the extrapolated 
values of 2,000,000 or 5,000,000 weeks. 
Such a change would, of course, affect the 
relation between rate of deterioration and 
temperature increase. 

From a practical standpoint the upper 
portion of Figure 6 is relatively most im¬ 
portant, that is, down to 50 per cent of the 
initial strength. The average for the first 
50 per cent of the mechanical life consump¬ 
tion of the temperature increase to double 
the rate of deterioration ranges from about 
six'to ten degrees centigrade .which, for 
practical purposes, agrees quite well with 
Montsinger’s eight-degree rule. 

Figure 4 of Mr. Clark’s paper shows much 
greater deterioration than indicated in oven¬ 
aging tests, in Chicago of sealed cable 
samples, which are described in my AIEE 
paper on “Load Rating of Cable—II.” 1 
As in both Mr. Clark’s and the Chicago 
tests, the insulation was vacuum dried, and 
oxygen was excluded, the tests should be 
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expected to be comparable. Figure 4 of 
Mr. Clark’s paper shows for one year at 100 
degrees centigrade a reduction in strength 
of about 35 per cent while the same test 
period in Chicago produced for a large num¬ 
ber of samples an average reduction in 
strength of four per cent and a maximum 
reduction of 19 per cent. To obtain a 50 
per cent reduction in mechanical strength in 
one year, a temperature of about 102 de¬ 
grees is required, according to Mr. Clark’s 
tests, while the tests on short cable samples 
and on large trial field cable installations in 
Chicago indicate that about 120 degrees is 
required. Possibly, the difference in cable 
oils and transformer oils had some effect on 
the large resultant difference of 18 degrees 
centigrade, but that explanation does not 
seem adequate. 

The information on the effect of moisture 
and of volatile acidic products upon the 
rate of deterioration is of considerable inter¬ 
est. The possible importance of the effect 
of moisture and volatile products upon oil- 
impregnated insulation was early recognized 
in the research project on insulating oils and 
cable saturants at the Massachusetts Insti¬ 
tute of Technology, and for this reason these 
studies were made in a closed system which 
allowed retention of moisture and volatiles 
if desired. However, no concrete data, 
especially on paper strength such as given by 
Mr. Clark, were available. From a practical 
standpoint, I am glad to see additional 
evidence emphasizing the importance of 
keeping the content of moisture and acids 
in impregnated insulation to a min i mu m. 

Mr. Clark’s discussion of the effect of 
oxygen may create the impression that, 
above 120 degrees centigrade, oxidation be¬ 
comes less pronounced while, if I understand 
correctly, oxidation above 120 degrees be¬ 
comes less important only in comparison 
with the rapidly increasing pyrochemical 
decomposition. 

Reference 

1. Load Rating of Cablr —II, Herman Halperin. 
AIEE Transactions, volume 61,. 1942, pages 
930-42. 


J. G. Ford (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): I 
am very much interested in the paper of 
F. M. Clark on the subject of “Factors Af- 
. fecting the Mechanical Deterioration of Cel¬ 
lulose Insulation.” The paper indicates 
that he has done considerable detail work on 
this study of a problem which is very impor¬ 
tant to the electrical industry. There are 
several points which come to mind which I 
would like to discuss briefly. 

In the method used by Mr. Clark as de¬ 
scribed in his paper the initial samples of 
0.003 manila paper were conditioned at 65 
per cent relative humidity at 70 degrees 
Fahrenheit. I note that the oil impregnated 
papers are tested immediately after being 
taken from the oil sample. This brings up 
the question as to the dryness of samples and 
the effect of the oil on the tensile strength on 
which aging tests have been made. It would 
appear that it would be desirable to test 
the samples all at the same water content so 
that the values obtained would be represent¬ 
ative of the actual change in tensile strength. 
This, of course, would involve extracting 
the oil from the paper and subsequently 
humidifying under the same condition. 
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I note that practically all of the work that 
has been done on the subject of aging of 
cellulose insulation as used in transformers, 
involves tensile-strength measurements on 
tine insulation. Personally I do not believe 
tlnat deterioration in tensile strength tells the 
complete story, and I would suggest that 
compression strength as well as shear 
strength would be of even greater impor¬ 
tance, particularly, since the short-circuit 
stresses on transformers subject the insula¬ 
tion to both compression and shear rather 
than tension. Based on actual tensile 
strength on old transformers we have ex¬ 
amined, it would appear that such trans¬ 
formers would not stand any short-circuit 
tests. However, such transformers have 
been tested and found to stand up, again 
indicating that the insulation is more liable 
to fail by compression rather than tension. 
Of course, it is understood that lower ten¬ 
sile strength would also indicate lower com¬ 
pression strength of insulation, but this may 
not: be a direct relationship. Mr. Clark has • 
made a considerable number of tests to dem¬ 
onstrate the effects of decomposition prod- 
nets of cellulose on the deterioration of the 
cellulose. I think we all agree that decom¬ 
position products are detrimental and are a 
factor in the life of a transformer. How¬ 
ever, I believe that the type of test Mr. 
Clark has made exaggerates the effect of 
decomposition products inasmuch as the 
cellulose is heated iu a sealed tube in which 
all the components are at the same tempera- 
ture, whereas in a transformer the winding 
temperature is always higher than the tem¬ 
perature of the oil and surrounding tem¬ 
peratures, and generally in any transformer 
ttiere is a cool zone which will allow for the 
condensation of these products, thus reduc¬ 
ing the effects. We have recognized the ef¬ 
fects of reaction products from varnish and 
other materials as being also in the same 
category as decomposition products of the 
cellulose itself and have attempted to elimi- 
nate such products in the present design of 
the transformer. In many cases we have 
substituted varnish-treated materials with 
plain paper, and, where varnishes are used, 
we have adopted synthetic, low-acid-type 
varnishes, so as to keep the acidity at a mini¬ 
mum value. 

I believe the study of insulation deteriora¬ 
tion in transformers is very important and 
merits further study, but I am convinced 
tha.t we should have compression and shear¬ 
ing- strengths as well as tensile strength, and 
also that such laboratory information should 
be backed up by actual tests on aged trans¬ 
formers. 


R. W. Atkinson (General Cable Corpora¬ 
tion, Bayonne, N. J.): Mr. Clark’s ex¬ 
tensive data concerning deterioration of 
cellulose insulation * at high temperature 
and his analysis of these data mark a 
great advancement in this important field. 
His quantitative information on the effect 
on deterioration at various temperatures of 
moisture and oxygen, singly or together, go 
far beyond anything previously availa¬ 
ble. 

Over the past few years various manu¬ 
facturers have been studying the deteriora¬ 
tion of varnished cloth insulation at various 
temperatures. The very great increase of 
deterioration rate produced by the presence 
of small quantities of water has been found 
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there also. Furthermore it has been found 
that this greater mechanical deterioration 
has been accompanied by a large increase, 
in dielectric power factor. These results 
apply to sealed samples. In samples open 
to the air the moisture is driven off at the 
aging temperatures, and its effect becomes 
unimportant. 


F. M. Clark: The study of the aging of any 
organic material is extremely difficult, be¬ 
cause the products of the chemical changes 
involved are frequently extremely effective 
in determining the rate of subsequent de¬ 
terioration. This has led to the generally ac¬ 
cepted idea that the best way to study the 
deterioration of an organic product whether 
it be an automobile tire or mineral oil is to 
reproduce as nearly as possible the condi¬ 
tions of actual commercial use. This is true 
of cellulose insulation. Attempts to repro¬ 
duce the conditions of transformer service, 
however, have resulted in a variety of test 
data which have been frequently in conflict 
and have been of doubtful value because of 
the diffi culty of controlling the conditions 
of the test run. In general, therefore, the 
laboratory tests on the deterioration have 
been found to be most acceptable when some 
sacrifice has been made in the desire to re¬ 
produce commercial conditions in favor of 
the necessity of obtaining accurate test con¬ 
trol. This has been done in the various 
studies both in this country and abroad in 
the testing of mineral oil and cellulose. Test 
results obtained in such a way have invari¬ 
ably been found to represent more severe 
deterioration than would be expected from 
service data but with proper consideration 
to the basic principles involved, such studies 
have promoted progress toward the goal of 
greater chemical and mechanical stability. 

Mr. Halperin finds that the laboratory 
data which I have presented indicate a more 
severe deterioration than he has observed in 
cable studies. The test set-up which I have 
used was intended to produce data applic¬ 
able to transformer use. Other studies 
which we have made indicate that the de¬ 
gree of deterioration observed under a defi¬ 
nite set of test conditions is affected by the 
mechanics of the test set-up. This factor 
must not be ignored when one considers the 
commercial data presented by Mr. Halperin. 
I have pot observed, however, that the 
differences in test set-up will alter the funda¬ 
mental behavior involved, although they 
may affect the rate of deterioration. Thus 
despite wide differences in test set-up, the 
presence of moisture has always resulted in 
an acceleration of the mechanical deteriora¬ 
tion in cellulose insulation. 

It is true as stated by Mr. Halperin that 
the effects of oxidation do not disappear at 
temperatures above 120 degrees centigrade 
and I have tried to avoid any such impres¬ 
sion. What I have tried to demonstrate is 
that, because of the importance of the purely 
thermal type of cellulose deterioration, 
chemical, agents and mechanical means 
which might be effective in promoting the 
mechanical stability of cellulose at low tem¬ 
peratures where the oxidation effect is of 
importance must not be assumed to possess 
equal value in the stabilization of the cellu¬ 
lose at the higher temperatures obtained 
under overload conditions. 

As indicated by Mr. Atkinson, the effect 
of moisture on insulation is of importance 
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even when varnished materials are used. 
The relation between the chemical and 
mechanical changes in paper and the result¬ 
ing power factor is a problem of commercial 
and technical importance. 

I have followed the work of V. M. Mont- 
singer in this field for many years. It is a 
pleasure to present data corroborating sug¬ 
gestions which he has made in the past and 
which have many times formed the basis for 
transformer design and operation. 

I agree with Mr. Ford that other proper¬ 
ties than tensile strength may be of value in 
the final analysis of those factors which af¬ 
fect the aging of cellulose. I find, however, 
that in a study of this type, limited objec¬ 
tives frequently result in faster progress than 
can be otherwise obtained. I hope that Mr. 
Ford or myself may sometime be able to pre¬ 
sent data covering the response of the com¬ 
pression and shearing properties of cellu¬ 
lose insulation to those factors which are 
discussed in this paper. With specific ref¬ 
erence to the water content of the insula¬ 
tion when tested for tensile strength after 
aging, it has been our experience that the 
variation directly traceable to the difference 
in water content of the paper is of small 
magnitude in comparison to the total change 
described in the tests of this article. At¬ 
tempts to follow a procedure such as sug¬ 
gested by Mr. Ford (extraction of oil and 
later humidification of the paper) have pro¬ 
duced no worth-while results and frequently 
have raised questions directly related to the 
oil extraction effects. The work of Mr. 
Ford and his associates in this field has been 
of interest and value, and I hope that by the 
continued study of this problem in both of 
our laboratories we may contribute toward 
its ultimate evaluation and solution. ' 

Application of Apparatus 
and Conductors Under 
Various Ambient- 
Temperature Conditions 

Discussion and author’s closure of paper 42-93 
by R. E. Hellmund and P. H. McAuley, 
presented at the AIEE summer convention, 
Chicago, III., June 22-26, 1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
August section, pages 553-8. 

V. M. Montsinger (General Electric Com¬ 
pany) : This paper gives some very valu¬ 
able information on ambient temperatures 
throughout the United States and how they 
should be used. I am particularly interested 
in the author’s derivation of the equivalent 
ambient obtained when integrating the area 
by the eight-degree rule. This should be 
factored under certain conditions in the 
overloading of transformers in cool ambients. 
The American Standard Guides now permit 
one per cent overload for each degree that 
the daily air is below 30 degrees centigrade 
for self-cooled, and the daily water tempera¬ 
ture is below 25 degrees centigrade for 
water-cooled transformers. The guides also 
state that, the load should be decreased two 
per cent for each degree that the daily 
ambient exceeds these values. . The ques-r 
tion has been raised as to what should be 
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clone in cases where the daily average ambi¬ 
ent exceeds 30 degrees centigrade for a few 
days during the summer months. There are, 
no doubt, many days during the year in 
which the air is well below 30 degrees centi¬ 
grade and where the one per cent overload¬ 
ing rule is not taken advantage of. In such 
cases it should not be necessary to derate 
the transformer during the few days when 
the average daily ambient exceeds 30 de¬ 
degrees centigrade. 

The necessity for this derating can be 
overcome by increasing the ambient time 
period of 24 hours to one year. If the time 
period is increased to one year, the amount 
of overload should be based on the equiva¬ 
lent annual rather than the average annual 
ambient. The equivalent ambient is, of 
course, higher than the average ambient, 
since aging is not directly proportional to 
temperature. For example: by the eight- 
degree rule, six months’ operation in a 30- 
degree-centigrade ambient and six months’ 
operation in a ten-degree-ceutigrade ambi¬ 
ent, is equivalent to 12 months’ operation 
in 23.8 degrees centigrade or 3.8 degrees 
centigrade higher than the average value of 
20 degree centigrade. Imposed on this, of 
course, is the difference between equivalent 
and average daily ambient, but this amount 
is small, being between 0.5 and 1.0 degree 
centigrade, and there is enough safety factor 
in the one per cent rule to take care of this 
difference. Hence, it is possible to use the 
daily average ambient instead of the equiva¬ 
lent daily ambient in applying the one per 
cent rule to daily overloads in cool ambients. 

The use of the equivalent annual ambient 
will be advantageous in two ways. 

1. It is a means—and apparently the only means— 
whereby the loading of transformers can be ad¬ 
justed according to their annual ambient tempera¬ 
tures. In other words, transformers operating in 
the colder northern zone can be increased to give 
the same life as transformers operating in the 
warmer southern zone. 

2. It will in many cases eliminate the necessity for 
derating during the few days iu the summer months 
when the average daily ambient is above 30 degrees 
centigrade. 

Whether the use of the average daily or 
equivalent annual ambient will permit the 
larger all-year output depends on local load¬ 
ing conditions. The conditions under which 
they should be used to determine the over¬ 
load capability, are: 

1. For one day emergency overloads, use the daily 
average ambient. 

2. When the load is constant throughout the year, 
or when the greater capacity requirements are in 
the summer months, use the equivalent annual 
ambient. 

3. When the. greater capacity requirements are in 
the winter months, determine the equivalent am¬ 
bient for the heavy-load months and for the light- 
load months, and check the load capability for both 
periods. This permits loading up to normal trans¬ 
former temperatures in winter whenever the reduced 
summer load keeps the transformer temperatures to 
nortnal or lower on hot days. 

The AIEE transformer subcommittee is 
studying the question of how to use annual 
equivalent ambients, and it is expected that 
its recommendations will be published in 
the near future. ' ' • 


P. H. McAuley: An error occurred in 
Figure 2 of the paper; curve 5 is for Helena 
and curve 6 for Bisihardc. 

Mr. Montsinger expresses agreement with 


the use of the equivalent annual tempera¬ 
ture for determining apparatus loadings. 
In addition, he discusses operating condi¬ 
tions where it may be desirable to distin¬ 
guish between daily and seasonal overloads. 
To obtain equivalent annual temperatures 
based on time-temperature curves as given 
for six cities in the paper is a rather laborious 
procedure and the essential data are not 
always available. C. F. Wagner has sug¬ 
gested an approximate method of determin¬ 
ing the equivalent annual temperature. 
Only the average annual and monthly tem¬ 
peratures are used, such as given in the 
Atlas of American Agriculture, part II, 
section B, United States Department of 
Agriculture, 1928, for 626 cities. In this 
method aging units for each month at a 
given location are calculated with the eight- 
degree-eentigrade rule and added to give 
annual aging units. A corresponding single 
temperature is found. From this calculated 
value the annual average temperature is sub¬ 
tracted. The difference is multiplied by 2 
and added to the annual average tempera¬ 
ture, which gives the equivalent ambient 
temperature. The factor 2 was obtained 
from a consideration of the equivalent 
temperatures for the six cities for which 
equivalent temperatures based on complete 
temperature-time curves are given in the 
paper. It is believed this method will give 
equivalent ambient temperatures in error 
not more than one degree centigrade. Be¬ 
cause of the availability of the data re¬ 
quired, this method has considerable merit. 

Emergency Overloading of 
Air-Cooled Oil-Immersed 
Power Transformers by 
Hot-Spot Temperature 

Discussion and author's closure of paper 42- 
115 by V. M. Montsinger and P. M. Ketchum, 
presented at the AIEE summer convention, 
Chicago, III., June 22-26, 1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
pages 906-16. 

Nicholas M. Oboukhoff (The Oklahoma 
Agricultural aud Mechanical College, Still¬ 
water, Okla.): 

Part I 

The following remarks primarily relate to 
transformers whose load is either residential 
or combined. 

While industrial load chu be characterized 
fairly by a single typical load curve, this 
can hardly be done iu the case of the loads 
just mentioned above; the reason is that 
industrial load is relatively steady through¬ 
out the year, but residential and combined 
loads vary considerably, being correlated in 
some way with the seasons, specific months, 
and so forth. Dealing with industrial load 
one can be justified in using daily load factor 
derived from a typical curve instead of 
annual load factor; the difference will be 
small anyhow. Likewise, the period of 24 
hours can be assumed as a basic one; opera¬ 
tions like the integration of hot-spot 
temperature curves over this span of time, 
conclusions, and results referred to it are all 
in order and legitimate. 


Yet with residential or combined loads a 
single typical load curve is a rather artificial 
construction; therefore, the proposal is that 
several ones should be constructed accord¬ 
ing to the seasons, specific months, geo¬ 
graphical location, industrial development, 
and so forth, as a case may require, while the 
whole year should serve as a basic period of 
reference. A co-operation of the operators 
in furnishing necessary data would be 
needed and should be secured. 

All this is yet to come. In the mean¬ 
time, however, it is possible to see that the 
character of conclusions and recommenda¬ 
tions already reached and offered by V. M. 
Montsinger and other research engineers and 
workers will hold substantially—with an 
enlargement and more boldness in the appli¬ 
cation of their methods to the residential or 
combined load transformers, as soon as the 
year has been adopted as the basic cycle. 

Holding always in mind that the discus¬ 
sion is centered about those transformers, a 
general substantiation of the above view is 
as follows: 

There is a considerable difference between 
the highest load peak and the lowest one in 
the course of one year. The load curves as 



Figure 1. Residential and light industrial 
load curve 


December 21, 1936 

Maximum load 940 kw 

Average load 595 kw 

Ratio: average load to maximum 0.63 

Ratio: rms current to maximum 0.65 

shown in Figures 1 and 2 of this discussion 
have been obtained on a local system by me 
in 1936; new data have been added in 
1938 which disclosed that the highest 
load peak occurred on November 6 and 
amounted to 2,180 kw averaged over a half- 
hour, while May 9 of the same year the 
load peak was as low as 1,400 kw, which 
makes 64 per cent of the highest one, the 
difference being 780 kw. This is not a local 
feature; for other sources 1 give the ratio of 
the summer load peak to that in wintertime 
as between 0.57 and 0.70 for the same kind 
of load curves. Annual load factor was 
0.44—also in agreement with reference 1, 
while daily load factor amounted to 0.53 in 
November and 0.67 in May, weekly load 
factors being 0.53 and 0.62 respectively. 
Those highs and lows were not accidental; 
they belonged to the most loaded week in. 
November and to the least loaded week in 
May respectively, while other peaks were 
close to those designated before, that is, 
2,180 kw and 1,400 kw during these weeks, 
respectively. 

Let us apply this situation to two cases: 

First, assume that a transformer is in a 
continuous operation throughout the whole 
year; then it would be only consistent to 
apply the three per cent* rule to the annual 
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load factor with the result that the permis¬ 
sible overload should be 16.8 per cent 
instead of 14.1 per cent during the high- 
load week and 11.4 per cent during the low- 
load one if the weekly load factors were 
used. The proposal is that the annual load 
factor be considered in determining over¬ 
loads if transformers are continuously 
operated. As a matter of fact, the annual 
load factor is noticeably lower than the 
others for a residential or combined load; 
therefore, the suggestion is in the direction 
of a more liberal allowance. 

Second, let us suppose that a bank of 
transformers is in operation, each trans¬ 
former being uniformly loaded throughout 
the year; then a number of transformers 
simultaneously operated will be approxi¬ 
mately proportional to a peak load with the 
result that it will depend on the seasonal or 
other variations of a load curve. In the 
given example approximately two thirds of 
transformers (exactly 64 per cent would be 
required to carry the peak for May 9, while 
full 100 per cent bank power would be used 
November 6 ; thus 780 kw would be in the 
reserve at the time it is needed the least. 
Because of the prominent normal peaks it is 
reasonable to expect overloading primarily 
during these peaks which at the same time, 
limit the duration of overloading; the latter 
would hardly last longer than the former; 
thus, the severity and duration of overload¬ 
ing are determined by the height of peaks 
and their duration in addition to other 
factors. The lower are the normal peaks, 
the milder and shorter will the overloading 
be. 

An available reserve of power at the time 
of the lower peaks would be manifested by 
the fact that only a part—the major one 
though—of a whole set of transformers 
would be in operation, while the others are 
idle; it would result in the prolongation of 
their commercial—not technical—life; cer¬ 
tainly this would be an advantage under 
normal circumstances. 

It may be questioned whether or not this 
advantage would justify itself at the present 
time; one may argue, on the one hand, that 
what matters now is not a prolongation of 
the commercial life of a transformer but 
rather the harnessing of its power reserve 
for an actual operation now; one of the pos¬ 
sible ways of doing this would be to allow 



Figure 2. Residential and moderate industrial 
load curve 


September 11,1936 
Average load 891 kw 
Maximum load 1,275 kw 
Ratio: average to maximum 0.70 
Ratio: rms current to maximum 0.72 
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for such ultraoverloading at the time of the 
higher peaks that would limit or keep the 
commercial life from increasing, by affecting 
the technical life of a transformer involved; 
on the other hand, at the time when replace¬ 
ments might become difficult, a prolonga¬ 
tion of the commercial life would be a 
valuable asset. 

It goes without saying much that no 
finality is claimed as to specific values, ex¬ 
amples, conclusions, and references given 
in the foregoing; they are offered to indi¬ 
cate general characteristics and trends and 
likewise call attention to a specific situation 
which is still fluid and not perfectly clear 
but already foreshadows the possibility of 
crystallization. 

Part II 

The implications of the discussed paper 
extend beyond the field of operation to that 
of design. Referring to the schedule of 
temperatures and Table VII, the discusser, 
for instance, reached the conclusion that 
standard design values of current density 
could be increased offhand by 18-27 per 
cent for transformers with 24-hour and 8 - 
hour full industrial loads respectively. 
With standard design values of current 
density changed to higher values, cross- 
section areas of winding conductors will 
result in becoming smaller in inverse propor¬ 
tion, which means a considerable saving in 
copper; there will be more kilovolt-amperes 
per pound of copper or less copper per 
kilovolt-amperes. 

The increased values of current densities 
thus revised are in agreement with the 
formula offered in my paper, "A Method of 
Successive Approximations in Electrical De¬ 
sign, Part II, Transformers," read before 
the Oklahoma Academy of Science at the 
annual meeting December 1937: 
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where 

A stands for current density. 
a stands for load factor. 

17 stands for core loss per pound. 

K e stands for price of winding conductors 

per pound. 

A' s stands for price of steel laminations per 

pound. 

As a companion formula the following one 
from the same paper is referred to: 


A s ^C(a+0.03B )\^——~ -rX10 s ( 2 ) 

1 4 / i\B 

where 

A s stands for net steel cross-section area of 
a core. 

C stands for output constant. 

(KVA) stands for output in kilovolt-am¬ 
peres. 

/ stands for frequency. 

B stands for flux density in the core. 
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W. C. Smith (General Electric Company, 
San Francisco, Calif.): The problem of 
permissible overloads on transformers, as 
viewed by operators and maintenance men, 
has too often been beclouded by two mis¬ 
conceptions: 

1. That the 106-degree-centigrade limit for the hot 
spot is a magical figure above wlich the transformer 
will burn up immediately and below which one can 
operate indefinitely. 

2. That if by chance a transformer has been sub¬ 
jected to a high overload with no failure resulting, 
this is a proof that such overloads can be applied 
more or less indefinitely without damage to that 
unit. 

We now know that a time-temperature 
relation exists as regards the deterioration 
of class-^4 insulation, its life being halved 
for every increase of from five to ten degrees 
centigrade operating temperature. At the 
point of "zero life” the insulation has lost 
its "water of constitution," still retaining 
however adequate dielectric strength, but is 
so brittle that a slight mechanical strain will 
crack it and lead to electrical breakdown. 
Many operators have experienced the fact 
that it is dangerous to move to a new loca¬ 
tion their old transformers or regulators 
which have withstood high operating tem¬ 
peratures for many years. 

The hot-spot temperature is the weak link 
in the chain. Every reduction of a degree in 
temperature, whether secured by various 
methods of artificial cooling or by a lower¬ 
ing of the effective ambient insures longer 
life. Wartime demands for increased power, 
together with the scarcity of materials, are 
now prompting a careful review of all factors 
which can be utilized to allow higher trans¬ 
former loadings with minimum consequent 
operating temperatures. To the writer it 
appears that two important possibilities 
have been quite neglected in any papers or 
discussions on this question, reference being 
made to the provision of sunshades together 
with the use of nonmetallic paint. 

Ambient temperatures normally discussed 
are government shade readings, and it is 
important to realize that the effective ambi¬ 
ent for transformers in the sunshine may 
easily be 5 to 15 degrees centigrade hotter. 
I recall measuring the oil temperature, at 
Redding, California, of an idle 25-kva light¬ 
ing transformer out in the yard, during the 
middle of a day when the shade temperature 
was 114-degrees Fahrenheit (45.5 degrees 
centigrade). The oil was 136 degrees 
Fahrenheit (57.8 degrees centigrade). Here 
was a difference of 12.3 degrees centigrade 
due to absorption of the sun’s rays. A 
suitable sunshade, presumably a semicircular 
louvered wood structure on the south side 
of a transformer bank, could therefore be 
counted upon to insure several degrees 
(centigrade) lower operating temperature 
during the hottest part of the day. 

The use of cable leads to the transformer 
greatly facilitates the placing of the sun¬ 
shade. In the case of vertical drop leads, 
it will often be necessary to rearrange them 
to a 45-degree angle to place the shade up 
over the transformer, insuring protection 
from the noonday sun. 

In the western states, at least, the use of 
aluminum paint for outdoor transformers is 
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very widespread. A definite reduction in 
temperature rise should result from merely 
painting the north side of the tanks a dull 
black. A still further reduction will result 
if a sunshade is provided. Then it is very 
important to eliminate all aiuminum- 
painted surfaces, and for this dull black is 
also the best finish. A further advantage 
at this time of the dull black is to serve as a 
camouflage. 

To summarize, it is believed that over and 
above the possibilities offered by special 
forms of artificial cooling, a marked im¬ 
provement in the maximum operating tem¬ 
peratures of transformers may be secured as 
follows: 

1. Paint the shady side of all outdoor transformers 
a dull black. 


2. As the surface becomes more and more convo¬ 
luted, the effect of the metallic finish on the tem¬ 
perature rise of transformer in the shade decreases, 
it being from five to seven per cent for the most 
complicated surfaces. In the sunshine there is 
essentially no difference whether a metallic or non- 
metallic paint is used, although, as pointed out 
above, the temperature rise will be greater for 
either kind of finish. This question is discussed in 
the AIEE paper entitled “Effect of Color of Tank 
on the Temperature of Self-Cooled Transformers 
Under Service Conditions,” by V. M. Montsinger 
and L. Wetherill. 
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limiting conditions. In two of these other 
solutions which have been used, one uses a 
relay to recognize the difference between the 
two-phase-to-ground and single-phase-to- 
ground faults, and the other uses a relay 
system which makes selective control un¬ 
necessary. 

The first of these uses another and simpler 
means of distinguishing a fault which in¬ 
volves only one phase from one which in¬ 
volves two phases. This method likewise 
depends upon the circuit characteristics en¬ 
countered when a neutral impedance or rela¬ 
tively high value is used. If we look at 
figure 6c in this paper we note that the zero- 
sequence voltage is approximately 120 volts 
peak for a single-phase-to-ground fault and 
approximately 60 volts peak for the two- 
phase-to-grouud fault. Associated with 
these voltage conditions will be approxi¬ 
mately a 2/1 ratio in the neutral current. 
Hence a simple current relay may be used 
which will operate for single-phase-to- 
ground faults and not operate fqr two-phase- 
to-ground faults. Applications of this type 
of relay have been used to supervise differ¬ 
ential ground relays since 1939. While it 
can be shown theoretically that such a relay 
may fail to operate due to impedance in the 
fault, in practice the value of the neutral 
impedance is so high that it is difficult to 
consider this as a very real limitation, when 
used for bus protection. 

The other method of solving the problem 
in the case of these high neutral impedance 
systems is to set up each phase separately 
in a differential system, using a total of only 
three relays, each one being sensitive enough 
to operate for ground. faults as well as for 
phase faults. With transformers such as the 
air-gap core type or the linear coupler there 
may be a small differential current for 
through phase-to-phase-to-ground faults 
due only to manufacturing tolerances. 
Operation under this condition can be easily 
prevented by using only a small amount of 
"through” current restraint and one can still 
easily obtain adequate sensitivity to provide 
positive operation for internal single-phase- 
to-ground faults. 

For this type of application the restrain¬ 
ing feature just described is a generally 
applicable solution, regardless of system 
impedance variations, and therefore more 
desirable. It is also a method following es¬ 
tablished practice and with proved relia¬ 
bility and simplicity. 


R. C. Ericson (Northern Indiana Public 
Service Company, Hammond, Ind.): This 
paper has been particularly interesting, since 
it has presented us with another tool for 
combating false residual currents. 

It is felt, however, that the relay has a 
wider application than the author has in¬ 
ferred in the paper. 

The requirement that the ratio of the 
zero-phase-sequence impedance to nega¬ 
tive-phase-sequence be of the order of two 
to one seems a little too conservative. A 
ratio of 1.6 to 1 should probably be sufficient 
in most cases. 

Another impression obtained from the 
paper is that the relay is not applicable to 
solidly grounded systems. It would appear 
that the question of applicability rests 
wholly on the apparent ratios of the zero- 
and negative-phase-sequence impedances, as 

995 


2. Provide a sunshade far protection during the 
middle of the day and then paint the entire tank 
with dull black. Provide a dull black paint on all 
indoor banks of transformers. 


V. M. Montsinger: Mr. Oboukhoff's sug¬ 
gestion of using annual instead of daily load 
factor for use of the three per cent rule under 
certain load* cycle conditions is somewhat 
outside the scope of the paper, although it 
does have a direct bearing on permissible 
overloads at a time when all the overload 
capacity that is available should be made use 
of. No work has been done to determine 
how much could be gained by using annual 
load factors instead of daily load factors; 
consequently it is not possible to give a 
figure at this time. 

Mr. Smith brings up two very good points, 
namely, that of providing sunshades, and 
that of painting the side of the tauk not ex¬ 
posed to the rays of the sun a dull black. 
There is no question but that a sunshade 
would effect a material reduction in the 
temperature of a transformer exposed to 
the sun’s rays. The , amount of tempera¬ 
ture reduction will depend on the size 
and contour of the radiating surface. For a 
small distribution transformer with a plain 
tank, the reduction could easily be 10 to 
16 degrees centigrade, whereas, for a large 
tank having attached radiators or cooling 
tubes, the gain would be less since a smalW 
percentage of the total developed surface 
would be exposed to the sun. My experi¬ 
ence indicates that the reduction in temp¬ 
erature would be in the order of five to 
seven degrees centigrade for large power 
transformers. If one per cent load can be 
gained for each degree reduction in tempera¬ 
ture, then the use of sunshades should 
enable users to gain from 5 to 15 per cent 
in capacity. In reality we should say that 
the use of sunshades should prevent the 
derating of 5 to 16 per cent, since the sun 
causes the temperature to exceed its normal 
temperature rise. However, there is for 
most outdoor installations sufficient breeze 
to counteract a large part of the increase in 
temperature caused by the sun’s rays. 

In connection with Mr. Smith’s suggestion 
of painting the north side of a tank a dull 
black, the effect of this also will vary, de¬ 
pending on the size and shape of the cooling 
surface. While it is not possible to give any 
calculated values of reduced temperatures, 
some idea of the benefits can be gained by 
the following statements: 

1. A plain tank, with a metallic finish, will give 
approximately 30 per cent higher temperature rise 
than one having a nonmetallic finish. 
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A New Single-Phase-to- 
Ground Fault-Detecting 
Relay 

Discussion and author's closure of paper 42- 
125 by W. K. Sonnemann, presented at the 
AIEE summer convention, Chicago, III., 
June 22-26, 1942, and published in AIEE 
TRANSACTIONS, 1942, September section, 
pages 677-80. 


J. H. Neher (Philadelphia Electric Com¬ 
pany, Philadelphia, Pa.): While Mr. Sonne¬ 
mann is to be congratulated on the develop¬ 
ment of this relay which distinguishes 
between single-phase- and two-phase-to- 
ground faults, he is to be especially com¬ 
mended for pointing out before the Institute 
the possibility of using this or other equiva¬ 
lent devices in conjunction with a simple 
instantaneous ground relay to obtain high¬ 
speed differential bus protection on systems 
grounded through a relatively high im¬ 
pedance. 

Although systems of bus differential pro¬ 
tection employing special nonsaturating 
current transformers have been recently 
introduced, these systems are difficult to 
apply where the single-phase-to-ground fault 
current is appreciably limited. The ar¬ 
rangement proposed by Mr. Sonnemann not 
only facilitates the application of these 
systems in this case but also offers a means 
of obtaining high-speed bus protection 
against single-phase-to-ground faults with 
conventional current transformers. 

While the possibility of obtaining a solid 
three-phase bus fault by the inadvertant 
closing of a switch without removing safety 
grounds is always present, nevertheless the 
use of a high-speed single-phase-to-ground 
fault system will initiate tripping on the 
majority of faults before the system is 
rendered inoperative by the spread of the 
fault to another phase. 


L. F, Kennedy (General Electric Company, 
Schenectady, N. Y.): The author of this 
paper correctly points out the severity of 
tile problem encountered when applying 
bus differential protection to installations 
Where the ground current is small because 
of high neutral impedance. 

Other methods also have been appiied to 
obtain the desired operation under these 
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seen by the relay at the station in question. 

The relay should also find some use in 
“direction comparison” pilot schemes (for 
instance, carrier-pilot relaying). This is 
particularly true of the schemes using the 
three-unit directional relay containing a 
voltage restraint unit and a polyphase and a 
residual power directional unit acting on one 
shaft. Schemes of this type very frequently 
employ a conventional residual current re¬ 
lay to remove the potential from the voltage 
restraint and polyphase power directional 
unit on the appearance of appreciable resid¬ 
ual current. Experience has shown that 
under certain conditions this removal of 
potential is undesirable during two phase- 
to-ground faults. 


A. R. van C. Warrington (General Electric 
Company, Philadelphia, Pa.): No relay 
session seems to be complete without a 
paper dealing with improvements in bus 
protection. For the past two years all 
efforts have been to improve current trans¬ 
formers. Now that saturation difficulties 
have been overcome by linear couplers and 
air-gap current transformers, the design 
engineers have again turned their attention 
to designing relays which will overcome the 
transformer errors still existing, in order to 
get still more sensitive bus protection. 

The relay described by the author seems 
more complicated, however, than is neces¬ 
sary to do the job. A simple three-phase 
high-speed induction-cylinder undervoltage 
relay has been suggested, using two delta 
voltages and measuring the area of the sta¬ 
tion-bus delta-voltage triangle., The torque 
developed by this relay is proportional to the 
product of the two voltages and the sine of 
the angle between them. It can be shown 
that the area of the triangle during a single¬ 
phase-to-ground fault is essentially main¬ 
tained during single-line-to-ground fault 
except with very low values of neutral im¬ 
pedance, while on phase faults or two-phase- 
to-ground fault the area will be drastically 
reduced, thus always assuring positive 
operation. 

In the relay described in the . paper the 
distinction between pickup on single-phase- 
to-ground faults and two-phase-to-ground 
faults disappears below a certain value of 
neutral impedance (R n ) which is one-third 
ohm in the example given. Below this value 
the relay torque reverses. Using the under¬ 
voltage rday scheme proper distinction is 
maintained even down to R n equals zero. 
As a result it would appear that the three- 
phase undervoltage relay scheme using a 
simple high-speed induction-cylinder de¬ 
ment is the simplest and most sensitive rday 
for this application. 

W. K. Sonnemaim: Mr. Neher’s rHsru sgir m 
goes one step beyond the points brought 
out in the paper and discusses the fact that 
a use of the new rday makes it possible to 
simplify the differential relays. The points 
made by Mr. Neher are well taken. 

The author shows a ratio of 2/1 for a 
safety factor, but Mr. Ericson feds that a 
ratio of 1.5/1 would be sufficient in most 
cases. However, since the paper was pre¬ 
sented, it has occurred to the author that, 
rather than apply the relay to the limits of 
some • arbitrarily chosen safety factor, it 
would be better to determine the suitability 
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of application by means of a few very simple 
.calculations in the following manner: Con¬ 
sider an application in connection with bus 
differential protection. The rday should 
operate for a single-phase-to-ground fault 
on the bus. It should not operate for a two- 
phase-to-ground fault just outside the bus. 
Furthermore, it is possible that in some cases 
it should not operate for a two-phase-to- 
ground fault at the next outlying substation, 
depending upon the amount of current in¬ 
volved for the distant fault. It would 
therefore be in order to calculate the zero- 
sequence and negative-sequence voltages on 
the bus for the internal single-phase-to- 
ground fault and for the remote two-phase- 
to-ground fault as far removed from the bus 
under consideration as the application may 
require. Both of these calculations should 
indude a reasonable value for. possible fault 
impedance. Having obtained the voltage 
values for the two conditions, it is a simple 
matter to determine from the operating 
characteristic curve of the relay whether or 
not it is suitable. It may be that in some 
cases the curve shown by Figure 3 of the 
paper would not be suitable, but that some 
other curve for which the rday is capable of 
being adjusted would serve the purpose. 

Mr. Kennedy mentions another method 
of discriminating between single-phase-to- 
ground and two-phase-to-ground faults by 
means of the rdative magnitude of the zero- 
sequence current. This method is theoreti¬ 
cally correct, but it is more than theoreti¬ 
cally possible that such a rday may fail to 
operate because of impedance in the fault. 
The author knows of one case at least where 
the impedance of the fault was large enough 
to prevent the operation of such a relay. 

The use of through current restraint has 
been and is quite practical and widely used. 
However, on multicircuit busses the com¬ 
plexity of using restraint certainly increases 
rapidly with the number of circuits. In 
view of this fact, the author feels that if the 
restraining coils of the differential rday 
could be diminated by the installation of 
one additional relay as described in this 
paper, that the over-all installation would 
be simplified. 

A. R. van C. Warrington mentions 
another method of using a relay Responsive 
to the area of the station-bus delta-voltage 
triangle. This method has been considered 
by the author and his associates and con¬ 
sidered to be more complex and difficult to 
predict than the method used in this paper. 
The area of the voltage triangle depends 
upon the negative- and positive-sequence 
voltages and the angle between them. The 
negative- and zero-sequence voltages at the 
bus are expressed as impedance drops from 
the source to the bus. If the positive- and 
negative-sequence voltages are used as Mr. 
Warrington would do, an additional factor 
is introduced: namely, the generated volt¬ 
age. This enters in the positive-sequence 
network, and the determination of the relay 
characteristics is not as straightforward. 
It is difficult to understand Mr. Warring¬ 
ton's statement .that the conventional relay 
and method he proposes appear to be simpler 
than the relay the author proposes. Actu¬ 
ally, we feel that the reverse is true since no 
moving contact could be more simply actu¬ 
ated than; by a spring supported armature 
without bearings. Furthermore, the ; se¬ 
quence networks in the new relay are 
straightforward and of proved design. 
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In the oral discussion at the convention, 
the author pointed out that the relays could 
be utilized on systems where the grounding 
impedance is even less than the one-third 
ohm Mr. Warrington indicates in his last 
paragraph by the simple expedient of re¬ 
versing the operating and restraining coils. 
However, we feel that this point is actually 
only of academic interest in that the need 
for the relay disappears on solidly grounded 
systems. 

Protection of Pilot-Wire 
Circuits 

Discussion and authors’ closure of paper 42- 
136 by E. L. Harder and M. A. Bostwick, 
presented at the AIEE. summer convention, 
Chicago, III., June 22-26, and published in 
AIEE TRANSACTIONS, 1942, September 
section, pages 645-52. 


R. C. Ericson (Northern Indiana Public 
Service Company, Hammond, Ind.): The 
authors are deserving of so,me praise for 
their able presentation of the subject of 
pilot-wire protection. The material' pre¬ 
sented should prove of value not only to 
those engineers involved in designing pilot 
relay circuits, but also those working on 
communication, remote metering, or super¬ 
visory circuits. 

W. R. Brownlee (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The use of pilot-wire protection has made 
possible the successful design and operation 
of power-supply systems with significant sav¬ 
ings in major equipment. The use of this 
valuable tool has not increased as rapidly 
as might be expected, and possibly the 
greatest retarding influence has been the 
feeling that sufficiently reliable pilot-wire 
circuits cannot be secured. Many years’ 
experience with pilot-wire protection 1 ’ 2 
(principally with leased circuit) have shown 
that an excellent degree of over-all perform¬ 
ance of pilot-wire systems may be secured 
without requiring anything like 100 per 
cent continuity of the circuit, providing 
adequate continuous circuit supervision is 
included. However, the pilot-wire circuit 
must be protected from even momentary 
failures which by their very nature coincide 
with power-system trouble which may be 
on the circuit protected. There is still 
considerable confusion regarding the in¬ 
fluence of power-system faults on pilot- 
wire circuits, and therefore the theoretical 
analysis of the authors is most timely. 

What is believed to be the first installa¬ 
tion in the United States of neutralizing 
transformers to protect pilot-wire circuits 
against rise of station ground potential was 
made in 1934 on the system pf the former 
Tennessee Electric Power Company, and 
it was checked thoroughly by staged short- 
circuit . tests in February 1935. 2 Many 
installations have since bear made of three- 
winding neutralizing transformers to' pro¬ 
tect against rise of station ground potential, 
and for that purpose* these appear to have 
some important advantages over the two- 
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winding capacitor excited transformers now 
offered. 

1. The three-winding unit provides genuine "neu¬ 
tralization" (see Figure 9 of paper) of the voltage 
rise so that terminal equipment and pilot-wire cable 
are unstressed, whereas the two-winding device acts 
as u voltage divider, resulting (Figure 9c) in impress¬ 
ing some 1,000 volts on the pilot-wire cable insula¬ 
tion for a total rise of only 2,000 volts. Protective 
devices connected between the conductors of 
communication-type cable and the sheath will oper¬ 
ate to short-circuit and ground the pilot wires at 
such voltages. It is doubtful if this difficulty can 
lie overcome by the addition of capacitors without 
introducing other complications. 

2. If connected as shown in Figure 6 of the paper, 
the magnetizing capacitors become equivalent to 
0.3 microfarad connected across the circuit at each 
terminal. With even reasonably short pilot-wire 
circuits, the cable capacitance will be of the same 
order, so that the total will be beyond the maximum 
recommended for use with certain two-wire differen¬ 
tial-type pilot-wire schemes. 

3. It is possible that the two-winding transformers 
and capacitors are subject to transient effects such 
as were encountered with an early design of trans¬ 
former which was built to neutralize induced volt¬ 
ages. 3 Actual fault tests on this unit showed an 
initial unneutralized voltage for the first cycle 
which was nearly as great as the total unneutralized 
voltage. Thorough short-circuit tests should pro¬ 
vide a definite answer, and, if these had been made, 
the results should be of interest. 

The authors’ statement that no specific 
protective measures are required in many 
cases is true but should be used with con¬ 
siderable caution. For example, it is some¬ 
times thought that the connecting of the 
power-station ground networks and the 
communication-system protective grounds 
to the same water system obviates the need 
of protection. Short-circuit tests have dis¬ 
closed as much as a 2,000-volt drop between 
the water service connection at a power 
station and remote ground caused largely 
by the impedance of the meter and service 
connection., 

The authors m'entioned an effective pri¬ 
mary impedance of a three-winding neu¬ 
tralizing transformer as some 11,000 ohms 
compared with 100,000 ohms for the two- 
winding transformer. Several installations 
have been made of three-winding neutrali¬ 
zing transformers with a. primary impedance 
exceeding 100,000 ohms at 4,000 volts, 60 
cycles. 

Is circuit neutralization achieved by the 
connections of the two-winding transformer 
shown in Figure 6, or must the insiilating 
transformer of Figure 8 be used? If Figure 
6 is adequate, then the need for the in¬ 
sulating transformer of Figure 8 is ques¬ 
tionable. 
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K. H. Perkins (Bell Telephone Labora¬ 
tories, Inc., New York, N. Y.): Neu¬ 
tralizing transformers to prevent extrane¬ 
ous low-frequency longitudinal voltages 
from appearing on communication or signal¬ 
ing circuits have been in use for a long time 
and have formed the subject of a number of 
papers before this Institute., The device 
which the authors refer to as a two-winding 
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neutralizing transformer might more prop¬ 
erly be called a new name for an old tool: 
namely, the longitudinal choke, under 
which humble label it has been known for a 
long time. To regard this choke as a neu¬ 
tralizing transformer may possess advan¬ 
tages when comparing this device with the 
conventional type of transformer. The 
most interesting and valuable parts of the 
paper are the sections devoted to methods 
for computing the distribution of voltage 
along the protected conductors. 

It should be pointed out that pilot wires 
are frequently in a cable containing other 
communication or signaling circuits. The 
type of service on these accompanying cir¬ 
cuits may be sudi that momentary inter¬ 
ruptions, such as might be occasioned by 
the operation of lightning arresters or pro¬ 
tectors during fault conditions on the power 
system, are not serious. However, it is 
necessary under these conditions to make 
certain that the insulation between the 
pilot-wire pairs and the other conductors is 
not stressed dangerously, because break¬ 
down of this insulation might result in 
failure of the pilot-wire circuits. It may 
therefore be necessary in a situation of this 
kind to provide all of the circuits with the 
same kind of protection as the pilot-wire 
circuit. Many different'situations, in which 
this question of potentials between con¬ 
ductors is involved, may be encountered in 
practice, and each situation must be worked 
out individually. It is intended, here merely 
to point out that in order to protect the 
pilot-wire circuits themselves, attention may 
have to be given to other circuits in the cable 
besides the pilot-wire conductors. 

In the section dealing with the three- 
winding transformer, it is implied that the 
potential of remote earth is reached a few 
hundred feet from the station ground. 
While it is "true that in most cases the largest 
part of the potential between the station 
ground and remote ground takes place 
within a few hundred feet, frequent cases 
have been encountered in which it- was 
advisable to carry the primary connection 
out to as much as several thousand feet. 
In commercial telephone circuits, the remote 
ground must be located far enough from the 
station ground so that the remanent volt¬ 
age will not cause operation of protector 
blocks. Local conditions determine the 
potential distribution, and it is advisable to 
fix the position of the primary ground by test. 

In the discussion of the two-winding 
transformer, it is stated that the latter is 
more effective than the three-winding trans¬ 
former, because neutralization is aided by 
the exciting current in the case of the two- 
winding transformer and hindered by it in 
the case of the three-winding transformer. 
This comparison has no very great signi¬ 
ficance, because many other factors enter 
into the relative merits of the two types of 
transformer, and by proper design either 
can be made as effective as desired. By 
admitting the exciting current to the signal 
circuit itself, rather severe balance require¬ 
ments are placed on the longitudinal circuit 
and upon the grounding capacitors: Other¬ 
wise, the flow of longitudinal current may 
give rise to metallic voltages which might 
interfere with the relay operation, Also, 
since capacitors are used to provide a path 
to ground for the exciting current, the de¬ 
vice is restricted to circuits using d-c or loiv- 
frequency signals. 
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In the discussion of potential distribution 
resulting from combined station-ground 
potential rise and magnetic induction, it is 
stated rather positively that the voltages 
produced by these two effects are 90 degrees 
out of phase. It should be recognized that 
this is- only an approximation. Actually, 
the phase angle between these voltages 
depends upon the earth resistivity and the 
separation between the power circuit and 
the signaling circuit. For example, at a 
separation of 200 feet and an earth resistiv¬ 
ity of 100 meter-ohms, the phase angle is 
about 65 degrees. 


L. L. Fountain (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): This paper gives information for 
which there has been a definite need for 
some time. .This need has been intensified 
by the rapidly increasing use of the pilot- 
wire relay. The information given in the 
paper should serve to prevent the recurrence 
of difficulties which have been encountered 
heretofore caused by a lack of understand¬ 
ing of the pilot-wire requirements with re¬ 
spect to induced voltages and station ground 
potentials. Investigation has shown that, 
in practically every case, proper pilot-wire 
protection results in satisfactory relay 
operation. 

In the closing paragraph of the paper, ref¬ 
erence is made to leased pilot wires. While 
there is probably no place in the paper for 
further amplification of this subject, there 
is a definite need for more information on 
the characteristics of the available pilot- 
wire circuits that can be leased and the 
conditions under which they may be made 
available. 

The authors make mention of the fact 
that "the seal-off voltage of the arresters 
must be above the maximum voltage that 
can be impressed on them by induction in 
the pilot wires, and so forth." This point 
deserves special emphasis. Since leased 
circuits have a fixed insulation level and 
utilize carbon protector blocks (arresters) 
to suitably protect the cable insulation, little 
variation is possible in these facilities. It 
is, therefore, essential to determine that 
the longitudinal induced voltage to which 
the pilot-wire pairs may be subjected is 
below the breakdown value of the carbon 
blocks in order to determine whether or 
not the circuit is suitable for use with 
pilot-wire relays. In the past, a few isolated 
cases of trouble have occurred because of 
the failure to observe this precaution; 
however, it is believed that continued 
co-operation between the telephone com¬ 
pany, utilities, and electrical manufacturers 
will result in a better understanding of the 
conditions and prevent the recurrence of this 
phenomenon. 

The method of presenting this difficult 
subject has been admirably handled, and 
the authors should be commended for their 
effort. • 

E. L. Harder and M. A. Bostwick: Before 
commenting on any of the discussion, the 
authors wish to express their appreciation 
of the interest shown in this paper. It was 
prepared to review the problem of protecting 
pilot-wire circuits, calling attention to 
methods that can be used to determine the 
distribution of voltage stresses that are 
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imposed on those circuits, and to present a 
new type of neutralizing transformer that 
is of value for protection of these circuits. 
The discussion of the relative merits of dif¬ 
ferent types of neutralizing transformers 
was merely incidental, since the primary ob¬ 
ject of the paper was to call attention to the 
problem of protecting pilot-wire circuits. 
Once that problem is appreciated, it is as¬ 
sumed that inherent difficulties, that may 
have been previously overlooked, will be 
avoided. 

In reply to Mr. Brownlee’s discussion we 
agree that each type of neutralizing trans¬ 
former, three-winding or two-winding, has 
certain advantages over the other. As 
pointed out in the paper, however, it will 
be noted that the two-winding neutralizing 
transformer is particularly well adapted 
to the protection of pilot-wire circuits, 
which are subject to both induction and 
differences in ground potential. The “volt¬ 
age-divider action,” cited under the first 
paragraph of Mr. Brownlee’s discussion, and 
illustrated in Figure 9c of the paper, is only 
incidental and was illustrated in the paper to 
guide users so as to avoid the condition. 
Figure 9b illustrates the correct use of the 
two-winding neutralizing transformer. The 
required capacity between the pilot-wire 
circuit and ground may be provided either 
in the form of the natural capacity of the 
circuit or by adding lumped capacity. In 
either case the required capacity is well 
within the operating range of a-c pilot-wire 
relays that are now on the market. 

Figure 6 of the paper was used to illustrate 
schematically the proposed relay circuit. 
Actually this circuit is made up as shown 
in Figure 4. Since the 0.5-microfarad capaci¬ 
tors are connected between mid taps of 
the insulating transformer and ground, it 
will be noted that this capacity is not intro¬ 
duced into the relay circuit. Consequently, 
the operating limits of the associated pilot- 
wire relay are not affected by this con¬ 
nection. 

The circuit tests that are suggested in 
Mr. Brownlee’s third paragraph have been 
in effect performed by several years experi¬ 
ence in operating pilot-wire circuits identical 
with those described in this paper. A con¬ 
sideration of the circuit will reveal that the 
transient effects questioned are only of 
interest when they are introduced into the 
pilot-wire loop. Normal action of the two- 
winding neutralizing transformer is to 
introduce a high impedance into the series 
circuit that is made up by paralleling both 
pilot wires and connecting them to ground 
through the terminating capacitors. Since 
this circuit must be symmetrical—that is, 
equal impedances are introduced into both 
pilot wires—, it will be noted that any 
transient disturbance set up by trans¬ 
mission-line faults will not introduce ex¬ 
traneous voltages in the pilot-loop circuit. 
Consequently, the effect which Mr. Brown¬ 
lee has feared, is not encountered. This is 
borne out by actual operating experience. 

Adequate neutralization of all voltages, 
within the operating range of the two- 
winding neutralizing transformer is ob¬ 
tained by use of the circuit which is schemati¬ 
cally illustrated in Figure 6. The in¬ 
sulating transformer shown in Figure 8 is 
n bt required, as the residual voltage on the 
relay side of the neutralizing transformer 
is in the order of 1.3 per cent of the applied 
voltage. However, the circuit illustrated 
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requires the ratio change and mid tap con¬ 
nection that is provided by the insulating 
transformer shown in the diag ram. Since 
this is standard apparatus, the insulating 
transformer is used rather than supplying 
an additional device. 

We agree with Mr. Perkins’ statement 
that the two-winding neutralizing trans¬ 
former has been previously used as a "longi¬ 
tudinal choke.” While these two pieces of 
apparatus are of similar construction, the 
actual design and use differ quite radically. 
The device which we have described is of 
particular value for protection of pilot-wire 
circuits, while the “longitudinal choke coil” 
was designed especially for communication 
circuits. 

We appreciate having Mr. Perkins call 
our attention to the fact that voltages 
between wires in a given cable must be 
considered. This is most important, and 
the problem must be studied to avoid the 
possibility of transferring voltage stress 
from one circuit to another within a given 
cable. As pointed out in a paragraph that 
was added to the paper for publication in 
AIEE Transactions, “generally, all wires 
entering a cable at a given point should be 
protected in a similar manner.” We also 
agree with Mr. Perkins’ statement that it is 
advisable to fix the position of the primary 
ground by test rather than relying upon the 
assumption that average earth potential will 
be found a few hundred feet removed from 
station ground. The fact that the station 
ground potential may be less than 90 degrees 
out of phase with the longitudinally induced 
voltage was neglected, as a quadrature 
addition of these voltages is sufficiently 
accurate for the purpose of this discussion. 

As both Mr. Perkins and Mr. Brownlee 
have pointed out, the design details of the 
different types of neutralizing transformers 
discussed in the paper are not Axed. The 
impedance of either design may be changed 
to suit the particular application. For 
example, the shunting action of the exci tin g 
capacitors, used with the two-winding 
neutralizing transformer can be reduced by 
grounding these capacitors through a mid 
tapped reactor. The impedance of this 
reactor can be chosen so as to avoid shunting 
high-frequency currents out of the pilot 
circuit and yet to shunt low-frequency cur¬ 
rents, such as third harmonic currents, if this 
is considered desirable. 


Current- and Potential-Trans¬ 
former Standardization 

Discussion «nd author's closure of paper 42- 
116 by the AIEE current transformer sub¬ 
committee of the committee on protective de¬ 
vices presented at the AIEE summer con¬ 
vention, Chicago, III., June 22-26> 1942, 
and published in AIEE TRANSACTIONS, 
1942, September section, pages 698-706. 

L. F. Kennedy (General Electric Company, 
Schenectady, N. Y.): The interest of the 
relay engineer in these standards will be 
largely concerned with the sections covering 
the specification of accuracy classes for 
relaying service and the application data to 
be made available. 

In connection with the method of specify¬ 
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ing overcurrent performance for example 
10Z400 or 2.5H200 it should be remembered 
that this subject has been under active con¬ 
sideration for many years. During this time 
many suggestions have been made as to how 
this specification could be given in such a 
way as to convey the maximum information. 
From these several suggestions either or 
both of two points always seemed fo be sig¬ 
nificant. One was the realization that cur¬ 
rent-transformer errors increase rapidly 
after reaching the ten per cent value. The 
other was the desire to know the perform¬ 
ance at 20 times current. Your working 
committee has succeeded in combining 
these two ideas in a specification which tells 
the voltage (or burden) permissible without 
exceeding a ten per cent error at 20 times 
secondary current. For those who prefer a 
burden figure to a voltage figure, it may be in 
order to emphasize that the last number in 
the accuracy specification divided by 100 
gives the permissible burden in ohms. 

Incidentally, I believe the committee 
should be congratulated for finally establish¬ 
ing ohms as the basis of expressing burden in 
preference to the volt-ampere expression 
which was almost meaningless for relay 
work where operating values other than five 
amperes are so frequent. 

The section on application data recog¬ 
nizes the usefulness of the excitation char¬ 
acteristics as a means whereby the actual 
error under specific conditions may be ac¬ 
curately determined. It would appear that 
the best method of presenting and using 
these data has not been established. Three 
methods of calculation are indicated in Ap¬ 
pendix 2, and figure 5 shows a graphical 
solution. The text indicates that the pub¬ 
lished information should include excita¬ 
tion current versus voltage and “sufficient 
data to determine” inphase and out-of¬ 
phase current, or phase angle. Since all of 
the indicated methods use either <p, directly 
or the components of I e which are obtained 
by knowing <p e , it would seem to be in order 
for the committee to definitely recommend 
that the angle of the exciting current to¬ 
gether with the magnitude constitute the 
basic data. 


E. C. Eberhardt (Commonwealth and South¬ 
ern Corporation, Jackson, Mich.): The 
paper should be very helpful in giving a 
better understanding of section 4 of the re¬ 
vised American Standard for Transformer, 
C-57 when it is published. The latter part 
of the paper obviously reproduces certain 
parts of section 4 as now revised, although 
it is not clearly identified as such in the 
paper. Including this material for reference 
permits a better understanding of the dis¬ 
cussion in the paper and also makes this in¬ 
formation generally available in advance of 
the publication of C-57 which should be 
helpful to those interested in this equip¬ 
ment. 

“Standard Accuracy Classes for Cur¬ 
rent Transformers for Relaying 

Service” 

The paper clearly states the purpose of 
these accuracy classes for relaying service; 
namely, they provide a bench mark for com¬ 
parison and for specifying the overcurrent 
accuracy requirements and establish in a 
general way the limits within which a given 
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transformer does not exceed specified errors. 
That is, the method of classifying the ac¬ 
curacy is standardized, but no recommended 
or preferred classifications for standard pro¬ 
duction units have been indicated either.by 
this paper or in that part of section 4 re¬ 
produced in the paper. The considerable 
number of accuracy classifications in the 
standard are required in order to provide 
the necessary "bench marks” for standard 
production units and for special require¬ 
ments. Another important function of 
standardization might readily be accom¬ 
plished by establishing specific accuracy 
classes as standard or recommended for cer¬ 
tain general applications in which current 
transformers are widely used. Thus 
wound-type current transformers suitable 
for applications such as the general require¬ 
ments of electric-power stations, both for 
metering and general relaying, might for 
example have a recommended accuracy 
classification of 3/10 51/10, 3/10 55/10, 
3/10 52; 105100, 2.55100. Such empha¬ 
sis on specific classifications should serve as 
an incentive toward standardization in 
specifying accuracy requirements and for 
uniformity in standard catalogued trans¬ 
formers. 

Under 4.032 (a) (2) of the proposed re- 
vison of C-57 it is specified that a current 
transformer shall be given an accuracy rat¬ 
ing in accordance with the maximum sec¬ 
ondary terminal voltage at which the speci¬ 
fied error will not be exceeded under the 
conditions specified for rating purposes. 
Apparently the intent of this requirement is 
to insure that the accuracy rating shall be a 
true bench mark of the unit’s ability. That 
is, where a standard available design having 
an accuracy rating of 105100 is furnished to 
meet a specified accuracy class of 10560, 
it shall be given its rating of 105100 and not 
the lower rating, which could happen under 
the maximum error-limit requirement only. 
It is commendable that this provision has 
definitely been included in the standard so 
as to avoid possible confusion and mis¬ 
understandings. 

Mechanical Limit for Current Trans¬ 
formers 

The paper provides an interesting discus¬ 
sion on the revised method of expressing the 
mechanical limit of current transformers and 
also indicates test conditions by means of 
which the completely offset requirement 
•may be demonstrated. Since the stated 
tests are equivalent to the completely offset 
condition being maintained for six cycles 
and also definitely establish a crest value of 
not less than 2.82 times the rated mechani¬ 
cal limit expressed in symmetrical rms 
amperes, they represent the extreme in com¬ 
pletely offset requirements and hence should 
demonstrate the unit’s ability without 
question. However, the standard does not 
specify this demonstration, and the paper 
merely reads "may be demonstrated.” Un¬ 
less the above demonstration or some other 
common basis is definitely , recognized, so 
that the mechanical limit rating indicates a 
definite ability, the present confusion as to 
what is meant by the claimed ability will 
continue to exist. 

The proposed standard specifies that the 
symmetrical rms mechanical limit rating 
shall not exceed one-half the thermal limit 
of six cycles; Such a requirement would be 
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necessary to provide adequate thermal 
ability for a demonstration test such as that 
indicated in the paper. 

110-Kv Insulation Level 

Tables IX and X of the revised stand¬ 
ard make the new 110-kv basic insulation 
level applicable to instrument transformers 
in insulation class 155. This should permit 
appreciable savings where instrument trans¬ 
formers are desired having an impulse rat¬ 
ing comparable to the power level in the 
15-kv insulation class. Formerly, it was 
necessary to go the 150-kv impulse-rated 
units or purchase special nonstandard units. 
It is interesting to note a definite trend in 
catalogued equipment toward adoption of 
the 110-kv impulse rating instead of the 95- 
kv level for 15-kv outdoor units of certain 
types. 

F. E. Davis (The Commonwealth and South¬ 
ern Corporation, Jackson, Mich.): It seems 
to me that metermen, in general, should be 
most interested in and pleased with the 
fact that we now have a standard method 
for rating instrument transformers that is 
of greater significance from a metering 
standpoint than the method formerly used. 
Formerly, only arbitrary limits for ratio 
error and phase angle of the transformers 
were used for rating purposes. Now, arbi¬ 
trary limits for the effect of the transformer 
ratio error and phase angle on the accuracy 
of measurement are used, and this is the 
factor with which metermen are primarily 
concerned. Thus, the ratings given trans¬ 
formers on the new basis define closely the 
limits of the extent to which the trans¬ 
former characteristics affect metering ac¬ 
curacy. 

I might also call attention to the fact 
that, in rating current transformers for re¬ 
laying service by the new method, it is 
necessary to rate them both under the 2.5 
per cent and 10 per cent specification (such 
as 2.5 H 50 and 10 5 200). This is for the 
reason that a rating under one condition is 
not indicative of the performance under the 
other in all cases. (For instance, a 2.5 5 
200 rated transformer would also meet the 
10 5 200 requirement, but the reverse is not 
necessarily true. Both, therefore, should be 
specified.) 

S. D. Moreton (General Electric Company, 
Philadelphia, Pa.): The proposed American 
Standard for Current Transformers requires 
that the manufacturers now give the excita¬ 
tion characteristics of the transformer. 
This makes it possible for the customer to 
calculate the transformer errors for his par¬ 
ticular application resulting in better system 
co-ordination than was possible heretofore 
when interpolation between the standard 
ratio curves was the only method available 
aside from actual test. 

The authors of this paper have mentioned 
several methods for the calculation of ratio 
correction factor and phase-angle errors of 
current transformers. I wish to stress that 
any mathematical method will be long and 
tedious unless one is willing to accept the 
inaccuracies of adding the magnitude of 
the exciting ampere-turns arithmetically to 
the secondary ampere-turns to obtain the 
primary ampere-turns. The chart method as 
mentioned in appendix 2 under "Method 2” 
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as shown in figure 5 of the paper is in reality 
a vector method for the addition of the ex¬ 
citing ampere-turns and the secondary 
ampere-turns to obtain the ratio correction 
factor and phase-angle (0) directly. This 
vector method is the ideal answer for rapid 
and accurate calculations: by the use of 
vector charts of this nature calculations 
may be made in one-fifth of the time re¬ 
quired for mathematical analysis, with an 
accuracy that is far superior to slide-rule 
work. 

An example would perhaps show more 
fully the labor that is avoided by use of the 
chart method. Let us assume that the value 
of the exciting current has been determined 
from the burden requirements: 

as Ie = 5-\/60 = 2.5 - J4.33 
where Is = 25\/30 = 21.65 —jl 2.5 

The following steps must be performed if 
method 1 in Appendix 2 is used: 

4“ \/ (21.65-1-2.5)*+(12.5+4 33) 2 
= V(24.15) 2 + (16.83)* “ V583+284 
“ V867=29.4 amperes 
RCF= 29.4/25 -1.175 

0= (tan" 1 16.83/24.15)-30 degrees 
= (tan -1 0.698)—30 degrees 
=34.9 degrees—30 degrees=4.9 degrees 

The mathematical addition of two vectors 
requires that squares and square roots be 
taken as well as the use of trigonometric 
functions in relatively complicated formulas 
as indicated by the authors’ methods; 
these calculations are especially laborsome 
if numerous points are required as for curve 
drawing. 

The steps involved in performing the 
calculations by the use of vector charts are 

Per unit exciting current *=Ie/Is 
- 5\/60/25 V30 = 0.2 V30 

Using the chart given in figure 5 of the 
paper the ratio correction factor and the 
phase-angle error (0) are determined 
directly as: 

RCF-1.177 

0 = 4.85 degrees 

By the use of the vector-chart method 80 
per cent of the time can be saved, greater 
accuracy obtained, and the calculations 
readily made. Thus a simple and rapid 
means for calculation, that does not lose 
any accuracy through the process used to 
obtain the result, is the one that should be¬ 
come the predominant method—the vector- 
chart method. 


C. A. Woods, Jr. (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): 1. This report covering the recent 
work of the current transformer subcommit¬ 
tee gives some insight into the vast amount 
of work involved in obtaining a set of 
standards which meet present-day require¬ 
ments without any material conflict with 
past ‘practices. The discussions and ex¬ 
planations on the revisions and new ma- 
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terial of these standards gives the user of 
this apparatus a better picture of the char¬ 
acteristics and limitations of instrument 
transformers. 

2. The new sections coveriug current- 
transformer accuracies and application 
•data are of particular interest to the appli¬ 
cation engineer. The use of the saturation 
or excitation curve made from data meas¬ 
ured on the current-transformer secondary- 
winding with the primary winding open- 
circuited for determining performance is 
emphasized. It might have been well to 
point out, that when a satisfactory method 
of determining and expressing the secondary 
leakage reactance of current transformers 
has been accepted, the standards could dis¬ 
pense with the use of ratio and phase-angle 
errors as a means of accuracy classification 
of overcurrent performance. Then, excita¬ 
tion characteristics could be used ex¬ 
clusively. 

3. Appendix 2 gives 3 methods of calcu¬ 
lating ratio correction factor and phase 
angle from the magnetizing and loss char¬ 
acteristics. As stated, all three methods 
are simply different means of obtaining the 
solution of the vector diagram Figure 3. 
Method 1 is the fundamental solution and 
most readily followed. Method 2 has its 
principal interest in its accompanying 
chart, Figure 5. Amplification of the use 
and limitations of this chart would be of 
interest. Method 3 is another form of the 
expressions given in method 2. It would 
seem method 1 is so simple and fundamental 
that it would be the desired method, elimi¬ 
nating the inconvenience of requiring special 
charts or formulas to be always available. 
Likewise, it is a constant reminder that the 
ratio of the excitation current, I e , to the 
load current, I*, is all that is required for a 
large percentage of applications. 

4. It is felt this report will stimulate the 
use of ithe new standards and further in¬ 
vestigation of transformer performance. 


J. E. Clem (chairman of committee): The 
members of the committee are gratified that 
the discussions have been so complimentary 
and so constructive. 

Mr. Moreton expresses a strong prefer¬ 
ence for the chart method of determining 
the performance of current transformers in 
the overcurrent field, while Mr. Woods ex¬ 
presses a strong preference for method 1. 
It is hoped that those who use any of the 
methods given for calculating overcurrent 
performance will compare the various 
methods carefully and express an opinion so 
that the .committee may recommend a pre¬ 
ferred method for inclusion in C- 57 as an 
addition to the' test code. 

Likewise Mr. Kennedy’s suggestion that 
the exciting current data required be on the 
basis of magnitude and phase angle is also 
a matter on which an expression of prefer¬ 
ence is desirable. 

Mr. Eberhardt suggests that specific ac¬ 
curacy classes be established as standard or 
recommended 7 for certain applications, 
Such material does not belong in a standard 
of this nature., Such information might 
take the form of an industry report and, if a 
nearly unanimous opinion could be obtained, 
included as an appendix to the standard 
finder the,heading “Guides for Applica¬ 
tion.’* 

Mr. Eberhardt notes that the standard 
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does not require that the mechanical limit 
of current transformers be demonstrated. 
Actually the standard does not require that 
any of the characteristics be demonstrated, 
either in section 4 or in the other sections of 
C-57. The standard requires that the ap¬ 
paratus have certain characteristics, and 
whether or not tests are made to demon¬ 
strate that the apparatus fulfills the require¬ 
ments is a matter of manufacturing practice 
and expression of customer’s wishes. 

Mr. Davis suggests that current trans¬ 
formers be given an overcurrent rating at 
the 2.5 per cent point as well as the ten per 
cent point. This is not practical, because 
the second point would not really be indica¬ 
tive of the performance of the transformer. 
Because of the fact that the voltage steps 
are multiples of 2, starting with 50, the 
voltage corresponding to 2.5 per cent would 
be between the standard voltage values, 
and any rating for the 2.5 per cent ac¬ 
curacy would therefore be misleading. 

Study of Driven Rods and 
Counterpoise Wires in 
High-Resistance Soil on 
Consumers Power Com¬ 
pany 140-Kv System 

Discussion and authors' closure of paper 
42-107 by J. G. Hemstreet, W. W. Lewis, 
and C. M. Foust, presented at the AIEE 
summer convention, Chicago, III., June 22-26, 
1942, and published in AIEE TRANS¬ 
ACTIONS, 1942, September section, pages 
628-34. 


J. R. Eaton (Naval Training School, Purdue 
University, Lafayette, Ind.): The studies 
described in this paper show that if lightning 
strikes a tower equipped with both buried 
counterpoise wires and deep-driven ground 
rods, the resulting current in the ground rods 
is much greater than the current in the 
counterpoise wires. From this behavior, it is 
logically concluded that the deep-driven 
rods provide a more effective ground than do 
the counterpoise wires. 

In comparing the merits of the driven 
ground rod and the counterpoise wire in the 
light of the performance observed in Michi¬ 
gan, it may be well to call particular atten¬ 
tion to one peculiarity in the geology of the 
region in which the studies were made. As 
implied by conclusion 2, the high-resistance 
sandy soil of this region is underlaid by a 
different kind of soil (presumably clay) 
which is of relatively low resistivity. Rods . 
driven deep into the sandy layer provide a 
relatively high-resistance ground connec¬ 
tion. When such rods are driven sufficiently 
deep that the underlying clay layer is 
penetrated, the resistance drops rapidly, 
indicating that by far the greater part of 
the conductance is through the clay soil. 
The superior performance of the deep-driven 
ground rods as observed in the Michigan 
tests is very likely principally because of the 
fact that the rods make contact with the 
highly conducting soil layers considerably 
beneath the surface. 

It must not be concluded from these tests 
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that deep-driven rods will in every case be 
superior to horizontal buried wires. Only 
in case the deep rods penetrate lower-resist¬ 
ance soil layers below the surface, can the 
rods with certainty be considered as superior 
to the buried counterpoise wires. 


S. K. Waldorf (Pennsylvania Water and 
Power Company, Baltimore, Md.): Hem- 
street, Lewis, and Foust have evaluated the 
relative merits of rods and counterpoise as 
collectors of lightning current. What must 
of necessity be of prime importance to trans¬ 
mission engineers is the relative effective¬ 
ness of these two types of auxiliary ground¬ 
ing in the prevention of flashovers. It will 
perhaps help answer this question if the 
authors in their tabulations of footing re¬ 
sistances and tower currents would indicate 
which were associated with relay operation 
and where evidence of flashover was found. 
In other words, do the data give any indica¬ 
tion that rods or counterpoise are the more 
effective in the prevention of flashovers? 


Hamilton Treadway (United States Depart¬ 
ment of Agriculture, St. Louis, Mo.): The 
authors have conducted a most interesting 
and enlightening study of the characteristics 
of grounding methods under actual field 
conditions. This paper is a most valuable 
contribution to the literature on this subject. 

A point of interest on which the data do 
not shed light is the time-impedance char¬ 
acteristic of the ground electrodes during the 
lightning stroke. The methods of measure¬ 
ment of course did not lend themselves to 
obtaining such characteristics. However, 
the existence of a high initial impulse im¬ 
pedance has been a point of some contro¬ 
versy although established by theoretical 
analysis. It is unfortunate that the data 
presented do not enlighten us on this point. 
It is, of course, needless to point out that 
the existence of an initial impulse impedance 
in excess of the Megger values would result in 
some instances in potentials much greater 
than the flashover characteristics of the line. 
Of course, such voltages would exist only 
for a few tenths of a microsecond. The 
opinions of the authors on this point are 
desired. 

The very low ratios of surge impedance to 
"normal impedance” is to be expected in 
high-resistance soils. As has been pre¬ 
viously suggested either the counterpoise or 
driven ground rod is essentially an imper¬ 
fect capacitor in series with a resistance and 
inductive reactance. The contact resistance 
between the soil and the grounding electrode 
is paralleled by the capacitance of the rod. 
During the surge the contact resistance is 
effectively shunted out. Therefore, where 
higher "normal” impedances are indicative 
of high-contact resistances accompanied 
by large rod capacitance, the ratio of im¬ 
pulse impedance to the “normal” imped¬ 
ance will be quite low. This, of course, 
means that the true criterion of the effective¬ 
ness of the ground is the leakage resistance. 
In other words, the "normal” or d-c or 60- 
cycle impedance measurements are of value 
only insofar as they indicate the magnitude 
of the leakage resistance. It is probably 
true generally that low "normal” imped¬ 
ances indicate iow-contact resistances and 
high "normal” impedances indicate high- 
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contact resistances. This is probably also 
true of the leakage resistance. 

It is believed that leakage resistances will 
be reduced most effectively by deep ground¬ 
ing. This is indicated by the data pre¬ 
sented and the conclusions of the authors. 


J. H. Hagenguth (General Electric Com¬ 
pany, Pittsfield, Mass.): This paper is of 
considerable interest because it gives results 
of lightning strokes to lines with unus ual 
grounding conditions. The knowledge 
gained by this and similar investigations 
has helped considerably to improve the 
lightning performance of transmission lines. 
I believe that considerably more informa¬ 
tion can be obtained from the data than 
has been given in the paper. 

The records obtained indicate for lines 
equipped with ground wires: 

(a). The current waves in the stricken tower have 
relatively steep wave fronts and relatively short 
tails. 

(h). Due to the steepness of the wave front, the 
ground impedance of driven rods and counter¬ 
poise wires is considerably higher than low-fre¬ 
quency resistance measurements indicate at the 
stricken tower. 

(c). Measurements of crest currents in ground 
wires and towers can be used to calculate the ap- 


equal to or less than the resistance pleasured 
with low frequency. Since the counter¬ 
poise is installed at the top of a very thick 
layer of sand, seasonal or even day by day 
variations in counterpoise resistance should 
be great depending on the moisture content 
of the sand. The driven rod reaching 
below the sand layer should be affected to a 
much lesser degree. This seems to be 
indicated by stroke 6, Table XIV, where at 
towers, 7,710 to 7,719 and 7,722, 7,723, in 
spite of high driven rod currents, no counter¬ 
poise currents were measured. 

3. At the stricken tower where the 
ground impedance is effective rather than 
ground resistance, seasonal variations are 
small (see paragraph 1). 

4. The effective impedance of the 
grounding system at the stricken tower is 
several times the resistance measured by 
low-frequency means (d-c or a-c). Stroke 
6, near r-7,721, Table XIV, caused flash- 
over of three insulator strings at T- 7,721, 
(1.5X40 negative flashover voltage of 
760 kv), although the product IR (neglect¬ 
ing counterpoise resistance) was 10 ohms X 
56,000 amperes which equals only 560 kv. 
Actually, the flashover voltage will be 
considerably greater on account of the 
coupling factor between line wires and 
ground wires and the short time during 


the wave shapes involved at the different 
towers can be made, using traveling wave 
theory. However, instead of repeated 
reflections, use is made of the fact that a 
transmission line after a few reflections 
changes from a surge impedance into an 
inductance. A simplified circuit such as 
shown in Figure 1 of this discussion results, 
and this can be solved with second power 
equations. Further, instead of voltage 
waves, a current wave of a desired shape is 
injected into the circuit representing the 
stroke current. This obviates the use of 
the unknown surge-impedance value of the 
lightning stroke. The resulting current 
waves in ground wires and towers in a 
section typifying towers, 7,713, 7,714, 
7,715, 7,716, and 7,717, stroke. 3, Table X 
are also shown on Figure 1, assuming a 
wave shape of the lightning stroke as 2X40 
and equal ground resistances at all towers, 
as well as equal inductance per span as 
shown on Figure 1. This figure does not 
use actual resistances but shows the mecha¬ 
nism involved at the ground end of a light¬ 
ning stroke to a ground wire. 

6. It is impossible here to go into any de¬ 
tail about the accuracy of the method. How¬ 
ever, Table I shows a very good check 
between calculations and measurements for 
towers 7,715, 16, 17. Towers 7,715, 14, 13 


STROKE CURRENT 



Figure 1. Current 
wave shapes in 
ground wires and 
towers for a 2 x 40 
lightning-stroke cur¬ 
rent to a tower 


proximate wave shapes in the stroke, in the towers, 
and in the ground wires. 

These points are shown in somewhat 
more detail, from the results presented, as 
follows: 

1. At towers close to the point of con¬ 
tact of the lightning stroke, the driven rod 
conducts currents of the order of three times 
as great as conducted by a counterpoise 
indicating that the impedance of (2) 
counterpoise wires in parallel is of the order 
of four times as great as that of a driven rod. 
(The ratio of currents in the driven rods to 
the currents in the counterpoise are: 
Table VIII, T- 7.708—5.37; Table X, T- 
s 7,715— 2.75; Table XIV, r-7,721— 3.00.) 

2. At towers a few spans distant from 
the stroke, the counterpoise may conduct 
as much or even more current than the 
driven rod (as shown in Tables VIII, 
towers 7,705 and 7,711; Table X, towers 
7,712, 7,716, to 7,723 inclusive). As shown 
under paragraph 5 of this discussion, the 
current fronts are slow at such towers and 
therefore counterpoise resistance may be 


which the high voltage is applied as will be 
shown later. The actual flashover voltage, 
taking into account these factors, is of the 
order of 1,200 kv. The effective impedance 
for the stroke at tower 7,721 is therefore 

1 , 200,000 ^ .. 

■ -=21.4 ohms. The ratio of 

56,000 

counterpoise impedance to driven-rod im¬ 
pedance equals three on the basis of the 
inverse ratio of their currents. Further, 
the two counterpoises and the driven rod 
represent a parallel connection of im¬ 
pedances. From these two relations be¬ 
tween the impedances, the ground-rod 
impedance at current crest calculates as 
28.5 ohms or 2.85 times the low-frequency 
resistance, while the two counterpoises 
have a combined resistance of 85 ohms or 
170 ohms each. Such high values of 
counterpoise impedance have been shown 
to exist from tests 1 ' 2 on counterpoises and 
are due to steep front current waves. 

5. From the data showing currents in 
the different grounding structures caused 
by the different strokes, a fair estimate of 
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Figure 2. Ratio of surge resistance to normal 
resistance— Rs/Rx of towers as function of 
tower current amplitude 

Data from Table XVI of the paper. S Indicates 
stricken tower 


do not check as well, because tower 7,714 
has a resistance of only 8.5 ohms as com¬ 
pared to 11 to 14 for the other towers. The 
ground currents in towers 7,714 and 7,716 
are in inverse ratio to their resistances. 
In the example resistance at towers removed 
from the stricken tower have been assumed 
considerably lower than the stricken tower 
on account of the slow rising current 
fronts. To simplify calculations all re¬ 
sistances are made equal except at the 
stricken tower which is twice as great. In 
stroke 3, contact actually was made to the 
ground wire between towers 7,715 and 
7,714. However, the distribution of cur¬ 
rents is such that it must have occurred 
within TO to 50 feet of tower 7715. The 
stroke, current amplitude, therefore, is 
between 46,000 and 48,000 amperes with 
an approximate wave shape of 2X50 micro¬ 
seconds. Similar calculations can be made 
for the other strokes. It can be seen from 
Figure 1 that the voltage at the stricken 
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tower (IgXR) is of very short duration 
(2X9.5), and therefore the sparkover of an 
insulator string would occur at approxi¬ 
mately 20 per cent to 30 per cent higher 
voltage. This fact has been made use of 
under paragraph 4. 

7. In Table XVI, the authors give the 
results of an attempt to calculate the reduc¬ 
tion of ground resistance with increase of 
tower potential calculated from the product 


as shown by Figure 1. Figure 2 shows the effect 
of the proximity of the stroke to a tower. Inci¬ 
dentally, it also shows the entirely unexpected 
increase in surge resistance with current amplitude. 

(c). Combination of very high and low ground 
resistances. Ground resistances of the order of 
1,000 ohms must not only be subject to seasonal 
variations to a great extent, but also should react 
differently to surge currents from grounds of 75 
ohms or less, decreasing probably the resistance by 
profuse arcing across the ground surface, or down 
toward the water level. Test results with steep 



Figure 3. Effect of 
surge-current front 
on the ratio of surge 
resistance to normal 
resistance— R s /R^of 
a ground 

Rs/Rv function of 
voltage rise 


ItXRtr, where It is the measured tower 
curent and Rff the measured Megger or a-c 
resistance of the ground. From this, they 
derive an equation and the curve of Figure 
2 of the paper. I wish to point out that this 
curve is much too optimistic, because it 
says, for instance, that for a ten-ohm 
ground resistance, a tower current of 1.2 X 
10* amperes would cause only 600 kv. Like¬ 
wise, a tower current of 150,000 amperes 
and 100 ohms ground resistance would pro¬ 
duce a tower voltage of only 600,000 volts 
and therefore would not cause arc-over of an 
insulator string of (10) insulators, spaced 
4*/« inches. This is, of course, too much to 
hope for and is contradicted in the paper 
by stroke 6, where 56,000 amperes through 
a ten-ohm ground resistance flashed over 
three insulator strings. The curve shows 
these high reductions for three reasons. 


Table I 



Towers 


Towers 


7,715 


7,715 

Ratio 

7,716 

Calculated 

7,714 

of _ 

7,717 

From 

7,713 

. Currents 

Measured 

Figure 1 

Measured 

i 0 /ii . 

...3.16.... 

.. .3.22 

O. 9A 

Wiei . 

...3.25.... 

...3.97.... 

...1.96 

iff/igst . 

...9.1 .... 

...9.3_ 

.. .4.6 

igl/tgl .. , . 

...2.8 .... 

...2.34.... 

.. .3.42 

ii/igi..... 

...1.03.... 

...1.23.... 

...0.88 


(<»). The assumption of a geometrical multiplica¬ 
tion factor of 2.5 for the tower to probe potential. 
Such a factor should vary considerably for » a-h 
tower and each stroke. Based on stroke 10, with 
arc-over of three insulator strings at 4,400, this 
factor at that tower should be of the order of 6. 

W- toww resistances are treated alike and 
no differentiation is made between stricken towers, 
where the wave fronts are steep, and towers re¬ 
moved several spans, where wave fronts are-slow 
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Curve 

Grounds 

Table 

Current Front— 
References MicroSeconds 

2... 

...C,D... 

...II.... 

...3,1. 6 

3... 

...C,D... 

...IV... 


4... 

...H, /... 

...VII... 

...3,11. 18 

5... 

... M ... 

...VI... 

...3, II....... 8-12 


Curve 1 Rs/Rtr as function of current front at 12.6 kv 
per microsecond 


current waves are limited.*'* These few tests 
show that the steepness of the current fronts has 
% great. effect on the impedance of a ground. 
Bellaschi’s tests* which were made with fronts of 
6 to 18 microseconds can be interpolated as shown 
on Figure 3, indicating that, even at low rates of 
voltage rise across the ground for short ground 
rods, the impedance of the rod for a 2-microsecond 
current front is of the order of 1.4 times the a-c 
resistance. This, of course, checks with the 
flashover of tower 7,721, stroke 6, and numerous 
other flashovers occurring to low-resistance struc¬ 
tures.*'* 
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timely contribution on tit 1 
grounds. It appears to 
findings can be compared 
vantage to the results of la 
gations recently presented 

An important character! 
the lowering of the impuls 
current. This is particuls 
grounds driven in higl: 
The field data by Hemst: 
Foust are a further contrifcn 
ject. I have reference to c< 
XVI of their paper. How 
difficult to understand how 
able to draw as nice a cur 
done in Figure 2 on the strc 
presented alone. 

Other important factors 
the problem of grounds a 
the discharge circuit or leac 
the conditions in the ear t' 
tower inductance becora 
significant when steep-front 
magnitude are discharged t< 
the lead or tower induct a: 
inductance may be prese 
ground proper, as is the c 
driven deep into the earth.* < 
poise spread over a wide t 
for instance, a five-ohm* 
ground which taps its low r« 
at the lower end of the cli 
total inductance of the rod. i 
50 microhenrys, and, ac 
ground would have a tit 
about L'/R** 50/5 = 10 mi 
current rising to crest in a -ti 
this naturally builds up a 
the ground which is the sum < 


di _ 
L-+R, 


For currents rising rapidly 
values, the initial voltage d 
the ground is largely the it 
and this can reach magnitud 
greater than the resistan 
sponding to crest current. 

In case the resistance 
ground is distributed along 
the rod, the relationship of 
is more complex than prev 
only a part of the total indue* 
is effective. Conclusions 2 an 
apparently have a bearing o: 

There are still other factor 
problem of grounds that recji 
as the following: the distritn 
charges in the earth precediTi 
stroke discharge, the variat 
resistivity and the soil 
geology, and so forth. In 
grounds, such as rocks, the 
the ground conductor to tfa 
earth is not entirely a negligi 
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J. G. Hemstreet, W. W. Lewis, C. M. Foust: 
J. R. Eaton has commented on soil condi¬ 
tions in the region of the lines investigated. 
Because of his close association with this 
work at the time the ground rods were 
driven and the attention he has given to 
soil and geology in this region, his com¬ 
ments are particularly pertinent. His 
point that ground rods in sandy soil, even 
though deeply driven provide a relatively 
high-resistance ground, should be especially 
noted. Low resistance is provided only 
when the rods penetrate the underlying clay 
layer. 

Hamilton Treadway calls attention to the 
fact that this paper did not shed light on the 
time impedance characteristic of the ground 
electrodes during the lightning stroke. 
Of course, as he points out, our methods of 
measurement wherein only peak currents 
and voltages were recorded did not provide 
oscillographic results. Co-ordination of 
peak currents and voltages is not directly 
obtained from the data. 

However, general experience has shown 
quite conclusively that the most important 
factors contributing to tower potential are 
current amplitude and footing resistance. 
A high initial impedance potential does not 
seem to be an important factor in the aver¬ 
age circumstance of insulator flashover. 
In other words, the inductive potential 
occurring with the initial rise of current is 
indicated by measurement to be con¬ 
siderably less significant than the ohmic 
potential of the earth adjacent to the tower 
footings. 

Mr. Hagenguth suggests that we could 
obtain considerably more information from 
the data than have been given in the paper. 
Undoubtedly this is true; however, studies 
of lightning on transmission lines have, in 
the past, more frequently been character¬ 
ized by overreaching interpretations than 
by “too careful” ones. Our own efforts 
have been to stick as closely as possible to 
the data with simple and direct analyses. 
We try to measure currents and voltages 
in various parts of the line structure and to 
relate these to each other in such manner as 
to achieve as consistent a picture as possible. 
Our continued examination of structure 
measurements has in most cases given us 
a consistent picture when we consider only 
resistances, resistance voltage, and current 
summations. This method of analysis is 
particularly applicable to local conditions 
within a few towers of the lightning stroke. 

With regard to seasonal changes in 
counterpoise resistance, considerable varia¬ 
tion is indicated by the figures of Table II 
of this discussion. 

At tower 7,720, which is next to 7,721, dis¬ 
cussed by Mr. Hagenguth, the maximum 
variation is 420 to 220 ohms. At other 
towers variations are high as 6 to 1. 

Mr. Hagenguth calls attention to the 
flashover we reported at tower 7,721 al¬ 
though the IR product was only 660 kv. 
Actually we are uncertain of the occurrence 
of this flashover. The report from the field 
read as follows: 

“Links taken from, the JV-14 line were magnetized 
without the line tripping out, so we cannot give 
much information on how the transmission system 
was affected by this particular stroke of lightning, 
except the insulators on tower 7,721 show indica¬ 
tions of recent lightning flashover.” 

Mr. Hagen guth’s interpretation of wave 


shapes from crest current readings and on 
the basis of injection of a representative 
wave shape is interesting but may involve 
too much assumption. With regard to his 
comment on our Table XVI and Figure 2 
showing the relation between normally 
measured resistances, lightning-current re¬ 
sistances and tower potentials, he points 
out that we are much too optimistic be¬ 
cause a ten-ohm resistance, and a tower 
current of 1.2 X 10 s amperes would cause only 
600 kv, or 100 ohms and 150,000 amperes 
would give the same voltage whereas for 
stroke 6, 56,000 amperes and ten ohms 
flashed over three insulator strings. The 
latter case is that of tower 7,721 referred to 
above where no tripout occurred, and the 
indication of three-phase flashover. is, there¬ 
fore, unlikely to have been associated with 
this record. With regard to the optimism 
of the curve of Figure 2 of the paper, our 
experience on this line to date does not 
indicate that it is overly optimistic. The 
method of interpretation we have included 
in the paper seems to us to be direct and 
logical. Undoubtedly additional data will 
permit of more exact location of the curve. 

Table II. Resistance Measurements of Right- 
Angle Counterpoise 


Resistance—Ohms 
Tower 


Date 

7,660 

7,670 

7,680 

7,712 

7,720 

6—1937. 

. 226... 

.360.. 

...600.. 

...540... 

...420 

7—1937. 

. 168... 

.250.. 

...330.. 

...320... 

..232 

11—1937. 

. 165... 

.230.. 

...310.. 

...350... 

..250 

10—1938. 

.1,200... 

.300.. 

...300.. 

...400... 

..350 

7—1940. 

. 175... 

.270.. 

...350.. 

...350... 

..400 

6—1941. 

. 190... 

.240.. 

...350.. 

...425... 

..300 

10—1941. 

. 126... 

.170.. 

...236.. 

...276... 

..220 


Information on tripouts generally con¬ 
firms our analysis. Confining our attentions 
to the experimental section of the iV-14 line 
of six high-current disturbances, only one 
had an associated tripout. This was at a 
location where right-angle and parallel 
counterpoises were installed, and resist¬ 
ances were several hundred ohms. All 
five others were at locations where deep- 
driven rods reduced measured footing 
resistances to 13 ohms or less. On the T-20 
line four tripouts were reported for the 
eight lightning strokes, and these corre¬ 
sponded in all cases with high-resistance 
towers not equipped with ground rods. 

Mr. Waldorf has asked if the data give 
any indication that rods or counterpoise 
are the more effective in the prevention of 
flashover. Now the answer to this question 
should be based on directly comparable 
data on a flashover basis, but with each 
grounding method functioning independ¬ 
ently; these data we do not have. How¬ 
ever,, we did assume in planning these 
measurements that, with both types of 
grounding connected, the relative amounts 
of pickup current would indicate relative 
performance, and this is what we are report¬ 
ing in this paper. However, it is important 
that the results we are reporting be re¬ 
garded for the time being as pertaining to 
the particular and peculiar high-resistance 
soil condition prevailing in our test section. 
Based on quite limited data, however, some 
indication of an answer to Mr. Waldorf’s 
question might be derived from tripout 
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experience on the N -14 line for the six 
strokes reported. Strokes 2, 3, 4, 5, and 6 
were to sections equipped with deep-driven 
rods and were not accompanied by tripouts 
with the possible exception of stroke 6 at 
tower 7,721, as explained in our reply to 
Mr. Hagenguth. Stroke 1 to a right-angle 
parallel counterpoise section, however, did 
result in tripout which was not mentioned 
in the paper. No flashed insulators were 
reported. The rods seem to have the best of 
it on this basis. 

P. L. Bellaschi suggests that the lightning 
field data presented in this paper could, 
with advantage, be compared to laboratory 
results reported in item 8 of the list of 
references appended to the paper. The 
authors appreciated this in the preparation 
of the paper and believe the natural and 
artificial surge results are in general agree¬ 
ment. In Mr. Bellaschi’s laboratory results 
the ratio of “normal” to "surge” resistance 
was much lower than the extreme of 25 to 1 
found in the case of natural lightning. How¬ 
ever, his low ratio applies to a soil of better 
conductivity than the sand in the region of 
this experiment. As regards the importance 
of inductive potential along the tower and 
in the long ground rod, field measurement 
experience does not indicate this to be of 
major importance in the building up of 
flashover potential. In some of our early 
measurements a section of tower length some 
40 feet long was bridged by a crest voltage- 
indicating instrument, for the purpose of 
measuring voltage difference along the 
tower. Ninety per cent of all measured 
voltages were below 40 kv with many cases 
of no voltage registration (below 10 kv) 
where high tower currents were recorded. 
Accordingly, inductive potential along the 
tower has not been emphasized. With 
regard to conclusion 3 of the paper to which 
Mr. Bellaschi refers, as having bearing on 
this matter, the time displacement between 
counterpoise currents and rod currents has 
to do with the longer current path through 
the deep-driven rods (some 100 feet) into 
the low-level conducting strata and out to 
remote portions of the induced earth field. 
Insofar as this displacement represents 
inductance, Mr. Bellaschi’s comments are 
pertinent. 

Abnormal Currents in 
Distribution Transformers 
Due to Lightning 

Discussion end authors' closure of paper 42- 
109 by J. M. Bryant and M. Newman, pre¬ 
sented at the AIEE summer convention, 
Chicago, III., June 22-26, 1942, and pub¬ 
lished in AIEE TRANSACTIONS, Au¬ 
gust section, 1942, pages 564-8. 


M. C. Westrate (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
This paper presents a very interesting ap¬ 
proach to the problem of fuse outages on 
distribution transformers in the theory that 
surge currents saturate the core and thus 
allow abnormal power current to flow 
through the primary winding. This may be 
the answer to much of the trouble experi- 
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enced with fuse outages during lightning 
storms and merits further consideration. 

The point made by the authors in regard 
to lightning strokes producing large cur¬ 
rents in the secondary windings of the trans¬ 
formers may be theoretically possible, but 
it is doubtful if this is a very frequent occur¬ 
rence or a serious factor in the failure of 
distribution transformers. 


D. D. MacCarthy (General Electric Com¬ 
pany, Pittsfield, Mass.): Messrs. Bryant 
and Newman have analyzed the effect of 
long-duration surges on grounded neutral 
distribution circuits and concluded that 
these surges on the primary lines are one 
cause of primary fuse blowing. This is sup¬ 
ported by Figure 3 in the paper showing 
that in service fuses were blown on a single- 
phase rural line only at locations where the 
primary currents were the largest. The 
authors state that the primary currents 
may become relatively large when the core 
of the transformer becomes saturated, and 
a step-by-step calculation is given for a 
three-kilovolt-ampere 7,200-volt transformer 
which is based upon the transformer design 
constants, the magnetization curve, and an 
assumed surge of 55 kv crest decaying ex¬ 
ponentially to half value in 2,500 micro¬ 
seconds. 

This conclusion regarding the current in 
the transformer primary agrees with results 
obtained in Pittsfield during investigation 
of the effects of long-duration surges made 
soon after the first actual oscillographic 
measurement 1 of long-duration lightning 
strokes to the Empire State Building in 
1937. As a part of this study tests were 
made on a three-kilovolt-ampere, 6,900- 
116/230-volt distribution transformer of 
3.38 per cent impedance. Surges were ap¬ 
plied to one high-voltage terminal of the 
unexcited transformer from a 56 microfarad 
impulse generator charged to voltages of 20 
or 50 kv; the other high-voltage terminal 
of the transformer was grounded. Repre¬ 
sentative oscillograms with the transformer 
secondary winding open-circuited are shown 
in Figure 1 and in Figure 2 of this discussion 


with that winding short-circuited. The 
crest values of primary current and voltage 
were about the same, irrespective of 
whether the secondary winding was open- 
circuited, short-circuited, or was connected 
to a resistance corresponding to a full load. 
When the secondary winding was open-cir¬ 
cuited, or with it closed on full-load resist¬ 
ance, the primary current does not reach an 
appreciable value until the iron becomes 
saturated. This time to saturation, dis¬ 
cussed by Bryant and Newman, can be seen 
in Figure 1 of this discussion. When the 
transformer secondary winding is short- 
circuited, there is no delay in the starting 
of the primary current, since the currents in 
the two windings give equal and opposite 
magnetizing forces. In this case the initial 
rate of current rise is governed by the leak¬ 
age inductance of the transformer as might 
be expected. 

Other tests were made with impulse volt¬ 
ages as high as 40 kv applied to the trans¬ 
former primary winding. In these tests 
fuses rated three amperes could be blown 
by one discharge. 

Transformer inductance was calculated 
from the current and voltage oscillograms 
and is found to drop from the magnetizing 
inductance of 1,400 henrys to about 2.5 
henrys for primary currents of 50 amperes 
and approach the leakage inductance of 0.9 
henry with primary currents of 125 amperes. 
Values of primary resistance were calcu¬ 
lated from the voltage at the crest of the cur¬ 
rent discharge and were found to be five to 
30 per cent higher than the d-c resistance, 
presumably because the core and eddy cur¬ 
rent losses appear as a resistance. 

After having studied the transformer char¬ 
acteristics, the effect of long-duration surges 
on single-phase grounded neutral circuits 
was investigated through the use of model 
lines and calculation. The results obtained 
from one of the conditions studied are shown 
in Figure 3 of this discussion in which a long- 
duration stroke of 500 amperes constant 
current was assumed to strike the phase 
, wire at the mid-point of a 6,900-volt distri¬ 
bution line, 40 miles in length. It was 1 as¬ 
sumed that there was one three-kilovolt- 



0ISTANCE ON EITHER SIDE OF STROKE OVER 
WHICH TRANSFORMER FUSES WILL BLOW - MILES 


Figure 3. Coulombs required to blow fuses 
of three-kilovolt-ampere 6,900-volt trans¬ 
formers connected to single-phase grounded 
neutral line 40 miles in length. Stroke of 
500 amperes assumed to strike phase wire at 
mid-point of line 


ampere distribution transformer per mile 
and that the line was fed from a 60-kva 
substation transformer. The voltage be¬ 
tween the line conductors at the stroke loca¬ 
tion was assumed to be limited by a valve- 
type lightning arrester. 

Curves plotted in Figure 3 of this discus¬ 
sion show the stroke charge required to 
blow fuses of several different, ratings as a 
function of the distance in either direction 
from the mid-point of the line where the 
stroke occurred. The right-hand scale shows 
the percentage of strokes expected to have 
charges at least as great as read from the 
left-hand scale based upon lightning data 1 
from the Empire State Building. The dis¬ 
tribution transformers and fuses were as¬ 
sumed to be the same for each location. 
There are a number of factors in service 
which will affect the locations where trans¬ 
former fuse blowing will occur. Among these 
are differences in the characteristics of the 



Figure 1. Oscillograms taken with long- 
duration impulse applied to one high-voltage 
terminal of three-kilovolt-ampere 6,900-volt 
distribution transformer with low-voltage ter¬ 
minals open-circuited • 

Voltage between high-voltage terminal 
and ground . 

/j?k—C urrent through high-voltage winding 
Tr- 60 -cycle timing wave 



Figure 2. Oscillograms taken with long- 
duration impulse applied to three-kilovolt¬ 
ampere distribution transformer with the low- 
voltage terminals short-circuited 

Ehv —Voltage between high-voltage terminal 
and ground 

Ihv —Current through high-voltage winding 
/iv—Current through low-voitage winding 
T— 60 -cyde timjng wave 


fuses, distribution transformers, variations 
in resistance of the grounds along the line, 
and the possibility that flashover may occur 
between the line conductors due to the high 
current peak of the lightning stroke which 
generally precedes any long-duration low 
current component that may occur. How¬ 
ever, these curves lead to the conclusion that 
fuse blowing on such a line will be restricted 
to the vicinity of the stroke and that the 
number of fuses blown decreases very 
rapidly as the fuse rating is increased. The 
impedance of the distribution line and the 
density of connected transformer kilovolt¬ 
amperes greatly influence the number of 
fuses that can be blown. The high im¬ 
pedance and light load of the line considered 
in Figure 3 of this discussion are favorable 
to fuse blowing by long-duration surges. 
Yet with five-ampere fuses only three per 
cent of the strokes that occurred to the Em¬ 
pire State Building have sufficient charge to 
blow the fuse of the transformer at the stroke 
location. 

As Brjrant and Newman state, more data 
.are needed to establish the frequency with 
which long-duration discharges blow trans¬ 
former fuses in service. This frequency 
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must, of course, be established in order to 
judge the permissible cost of any solution 
proposed. It is difficult to determine the 
portion of fuse blowing that is caused by 
long-duration discharges. Probably the 
most complete compilation of operating 
data on distribution transformer lightning 
protection was prepared by L. G. Smith 2 
based on reports from approximately 40 
utilities covering urban and rural territories 
for a period of three years; with conventional 
. arresters and solid interconnection, the rate 
of fuse blowing was 1.85 per cent for urban 
and rural territory combined in Table X, 
and 6.26 per cent for rural territory only in 
Table XI. Some undetermined part of this 
fuse blowing was probably caused by light¬ 
ning currents flowing in the transformer 
primary windings. 

In looking for means of preventing im¬ 
pulse currents from blowing primary fuses, 
the author of this discussion and his as¬ 
sociates developed a fuse with a small series 
inductance and a protective gap shunting 
the current responsive element of the fuse 
link and inductance. A number of years 
ago, a trial lot of these fuses was installed 
for experimental purposes on the line side 
of arresters protecting distribution trans¬ 
formers in order to gain service experience. 
The number of these special fuses blown 
by the relatively high impulse currents dis¬ 
charged by the arresters was much less 
than for standard fuses, see Table VI of 
reference 3. However, it was concluded 
that the combination of series inductance 
and shunting gap is relatively ineffective in 
preventing such fuse blowing as may occur 
because of lightning currents building up 
in the transformer primary winding, be¬ 
cause, with any practical fuse design, the 
shunting gap will not spark over on account 
of the slow rate of current rise. Further¬ 
more, should the shunting gap spark over 
because of a pulse of current through the 
transformer capacity, it will seal and long- 
duration current that may subsequently 
build up through the transformer primary 
winding will flow through the fuse element. 

Only strokes to the primary lines are 
mentioned by Bryant and Newman. How¬ 
ever, the effect of strokes to other parts of 
the circuit was investigated by the author 
of this discussion, and it was concluded that 
primary fuses can be blown by long-duration 
strokes to the secondary wires or to the 
earth near the ground connections at the 
transformer pole or on the secondary circuit. 
Unquestionably some portion of fuse blow¬ 
ing is due to strokes* that do hot reach the 
transformer over the primary circuit. 
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J. H. Hagenguth, H. C. Stewart (General 
Electric Company, Pittsfield, Mass.): We 
wish to discuss the first part of the paper 
describing the failure and deformation of 
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Figure 4. Abnormal 
secondary • winding 
current as function 
of stroke current 

Service pole remote 
from other poles. 
Solid horizontal lines 
are 10,000 amperes 
secondary - winding 
current levels for 
respective lightning- 
arrester currents 


Service pole ground 
Ri=30 ohms, curves 
1/2,3 

f?x=10 ohms, curves 
la, 2a, 3 a 
Customer's ground 
Ri— abscissa 
Secondary - winding 
inductance 
L=60 microhenrys 



GROUND RESISTANCE AT CUSTOMER Rg - OHMS 


Secondary-rieutral lead 
inductance U - 320 55.4 27.7 

Secondary-line wire 

inductance U/2- 160 27.7 13.8 
Length of secondary leads 600 100 50 

Curve 1,1<s 2,2a 3,3a 

/-0X00 wave 


the low-voltage winding of a distribution 
transformer. A few such cases, as described 
in the paper, have come to our attention. 
The number is so insignificant compared 
with transformers in service that in all 
probability it would not be economically 
justified to provide protection. 

The authors point out that, “such condi¬ 
tions, to a greater or lesser extent, must oc¬ 
cur in almost every case of a direct stroke to 
line near a transformer installation.” 

It is, of course, immaterial whether the 
stroke contacts the neutral wire directly or 
by way of the high-voltage line wire and 
the arrester. Some brief calculations have 
been made to show that the possibility of 
the occurrence of such phenomena should 
be extremely rare. Figure 4 of this discus¬ 
sion shows the circuit used as basis of the 
calculation, which represents the condition 
of a transformer installed on a line where 
the nearest transformer is at least five miles 
removed. This is, of course, purely hypo¬ 
thetical but represents the most severe con¬ 
dition possible, because practically all the 
current in a stroke has to be conducted to 
ground at that location. The secondary 
neutral lead is represented by an inductance 
based on ti.55 microhenry per foot. The 
inductance of the two secondary-line leads 
are assumed to be in parallel and therefore 
half the. value of the neutral wire. (Since 
all three wires carry current in the same 


direction and are closely spaced, these in¬ 
ductance values are not mathematically 
exact, but they are of the right order.) 
The use of the inductance is justified, be¬ 
cause after only a few reflections, the surge 
impedance of the wires changes into an in¬ 
ductance. 

The solid curves of Figure 4 show the 
current amplitude through the secondary 
winding in per cent of the total current at 
the neutral wire, when the service pole 
ground is 30 ohms, as function of the resist¬ 
ance of customer’s ground. All ground re¬ 
sistances are effective resistances. The 
dashed lines show the currents for ten-ohm 
pole ground. Stroke current wave shape 
used for calculation is 0X00. 

The authors assume that damage to the 
transformer shown in their Figure 1 was 
' probably caused by a current of 20,000 
amperes in each section. If we assume even 
one quarter of that value through one sec¬ 
tion or 10,000 amperes through both sec¬ 
tions, the three horizontal lines indicate the 
levels at which 10,000 amperes would flow 
through the secondary for different stroke 
currents as indicated at the first right-hand 
scale. 

McEachron and McMorris 1 have shown 
that the currents through distribution ar¬ 
resters are of relatively low value, .the high¬ 
est measured current from 1,608 records 
was 25,000 amperes (six records or 0.003 of 
the records indicated values in excess of 
25,000 amperes). The percentage and ex¬ 
pectancy figures given in their Figures 1 
and 2 are shown on the right-hand scale of 
Figure 4 of this discussion. Curves 1, 1 A, 
2, 24* and 3, 34 are drawn for 600-, 100-, 
and 50-foot long secondary lines between 
transformer and customer, respectively. 

Figure 4 shows clearly that the chances 
for even 10,000 amperes through a distri- 
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Figure 5. Effect of wave tail of lightning- 
arrester currents on amplitude of secondary 
'winding currents 


Ri —30 ohms, Ri — 5 ohms, 600-foot extension 
(See Figure 1 for diagram) 


button transformer secondary winding are 
very small even for the isolated transformer 
location calculated. 

As was pointed out by the authors, 
the probability of high currents through the 
secondary winding is rapidly reduced as 
the service pole ground resistance decreases 
below customer’s ground resistance. 

However, this is a solution that should 
hardly be recommended because of the as¬ 
sociated hazards. The resistance at the 
customer should be kept to as low a value 
as possible. Figure 4 of this discussion 
shows that even with 0 ohms resistance at 
the customer and 10 ohms or 30 ohms at 
the pole, high currents through the second¬ 
ary winding are improbable. 

The circuit shown in Figure 4 neglects the 
resistances of the secondary leads and wind¬ 
ings. Since the inductances and resistances 
are relatively small, current flow quickly is 
distributed according to resistances rather 
than inductances. The equations for circuit 
of Figure 4 which are of the form A(l—e~ fU ) 
were used because they readily can be evalu¬ 
ated for crest current. The effect of re-, 
sistances is similar to that of the induct¬ 
ances, and therefore a current time curve is 
practically the same for both conditions. 

There is a very good reason to believe 
that current peaks to distribution systems 
are of rdatively short duration, perhaps not 
longer than 40 microseconds, and conse¬ 
quently the duration of the secondary wind¬ 
ing currents would be reduced correspond¬ 
ingly to shorter durations. The effect of the 
length of the current wave is most pro¬ 
nounced for conditions of highest currents 
through the secondary winding. Figure 5 
• of this discussion shows the current wave 
shape through the secondary winding for 
rectangular tail, 40-microsecond tail and 
20 -microsecond tail of the current wave 
through Ri and J?s of Figure 4. The marked 
reduction in current crest is evident. 

The wave tail of the current through Ri 
and Ri is determined to a considerable ex¬ 
tent by the presence of other pole and cus¬ 
tomer grounds near the location struck by 
lightning; The effect of two adjacent 
grounds on either side, 1,000 feet and 6,000 
feet distant, is shown on Figure 6 of this 


discussion. Again the primary neutral 
lines are represented by inductance and 
infinite long stroke current wave is assumed. 
The current ti-Ha-Ha is rapidly reduced to 
half value, even for 5,000-foot distance be¬ 
tween grounds. Therefore, the duration 
and the amplitude of secondary abnormal 
currents are definitely limited. (This cal¬ 
culation neglects the inductance between 
stricken pole and customer. The ground re¬ 
sistance at the two far poles are assumed to 
be normally 30 ohms reduced to half to 
take account of resistance reduction* 
caused by impulse currents on account of the 
slow current fronts and customer’s ground 
at their locations.) 

From this brief study, it is shown that 
secondary winding currents of sufficient 
amplitude to damage the secondary winding 
in the way shown in the paper are hardly to 
be expected if the stroke contacts the pri¬ 
mary neutral wire, although the possibility 
exists. 

There is, however, a good possibility that 
damage of this type is caused from strokes 
contacting the electrical wiring at the 
customer's premises and due to high ground- 
resistance current flows from customer’s 
wiring to the service pole. The higher the 
customer’s ground resistance, the greater, of 
course, is the possibility of damage to the 
secondary winding, because there are no 
other additional connections which may 
drain the bulk of the lightning stroke cur¬ 
rent. 

Three cases are known to us where light¬ 
ning entered a distribution system through 
the secondary circuit without even then 
causing this particular damage. One is 
described in another paper.* In this case, 
the energy of the stroke was carried to 
ground through three different grounds. 



Figure 6. Reduction of length of current tail 
at point of stroke contact because of grounds 
at adjacent poles 

Primary neutral wire inductance ’ 

Li—U— 554; 2,770 microhenrys 
Distance U la between service poles 

1,000; 5,000 feet 

Ground resistance R{,**Rt 15/ 15 ohms 
Ground resistance Ri*=R$ 30/ 30 ohms 


Another case occurred in the city where the 
customer was grounded to the water system 
and a third at a Civilian Conservation 
Corps camp in wooded country. 

The greatest exposure to such damage 
should be expected on rural lines where the 
primary neutral wire is grounded at perhaps 
only a mile interval. The principal pro¬ 
tection as shown by the curves of Figure 4 
would be low service pole ground resistance 
and short secondary leads with customer’s 
ground at a minimum economical value. 
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E. E. Piepho (The Detroit Edison Company, 
Detroit, Mich.): During every lightning 
storm there are a few mysterious cases of 
blown primary fuses on distribution trans¬ 
formers, with no evidence of flashover or 
other failure on the transformer side of the 
fuse. Bryant and Newman’s proposition 
that such events may be caused by long- 
duratiOn lightning strokes which establish 
sufficient surge current through the pri¬ 
mary winding to blow the transformer fuses, 
appears a likely possibility. This situation 
has not been serious in the past, because we 
have generally avoided the use of low-cur¬ 
rent fuses, the five-ampere size usually being 
the smallest. Admittedly, this minimum 
size does not protect the smaller distribution 
transformers from secondary faults or even 
winding short circuits, but it serves the 
larger purpose of isolating a transformer in 
serious trouble from the rest of the circuit. 
Anyone undertaking to use low-current 
fuses, rated to provide complete transformer 
protection, may expect an appreciable in¬ 
crease in fuse blowings from electrical storms. 

Two years ago, when Bergvall and Beck 
presented their paper on "Lightning Pro¬ 
tection of Distribution Systems,” the writer 
suggested that their treatment of the sub¬ 
ject indicated that we might have to revise 
some of our thinking regarding protection 
of electric equipment and distribution cir¬ 
cuits, in accordance with the new concep¬ 
tion of long-duration lightning discharges. 
A wholesale blowing of customer branch 
fuses in one locality during a lightning storm 
was cited at that time, and it was indicated 
that long-duration lightning discharges into 
secondary wiring by way of the transformer 
connections may have been the cause. 
Bryant and Newman’s paper offers good 
proof that this may occur. 

Recently, we experienced an interesting 
case of lightning damage to the operating 
mechanism of a street-lighting time switch. 
From tests we have made we know the in¬ 
sulation level of the low-voltage operating 
mechanism is approximately 4,000 volts, 
which is rather low considering the degree 
of lightning exposure. We devised adequate 
lightning-arrester protection for this insula¬ 
tion, but a severe electric storm recently 
demonstrated an unlooked-for weakness. 
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Paralleling the low-voltage arrester there 
was a sneak circuit through the high induct¬ 
ances of the series field and armature of the 
time switch motor. We expected little or no 
surge current through this branch because 
or its high inductance; nevertheless, the 
motor field and armature windings were 
burned open in one switch. The insulation 
of these windings to ground was tested and 
found unimpaired. Our belief is that a 
long-duration discharge through the ar¬ 
rester could have established* enough cur¬ 
rent through these low-current windings to 
burn them open. 


Edward Beck (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.). Bryant and Newman discuss an 
aspect of lightning on systems which is of 
particular interest on the lighter rural dis¬ 
tribution circuits, since it contributes to 
outages where the fusing is light. One 
phase of this general subject has been dis¬ 
cussed in the Bergvall and Beck paper men¬ 
tioned by the authors, the phase dealing 
with the effect on arrester duty, which is 
relieved by the currents that flow through 
the transformers. The Bryant and Newman 
paper deals with the transformer currents 
and their effects on the transformer and the 
fusing. Considering the capacities of the 
smaller standard fuses, such as the two- 
ampere links mentioned by the author, for 
carrying current without damage, it is not 
surprising that the surge currents blow 
them occasionally. The danger of primary 
fuse blowing is diminished with increasing 
rating. This is almost axiomatic, and it has 
been shown by statistical data. 

It is practically impossible to fuse small 
transformers on the primary against over¬ 
load or secondary short circuits and main¬ 
tain a satisfactory degree of reliability and 
service continuity. Attempts to accomplish 
this with conventional fuse links has led to 
two types of fusing. The first of these is to 
fuse with small links in an effort to prevent 
transformer burnouts from overload. This 
type of fusing leads to a large number of 
outages caused by blowing of the links from 
secondary fault, lightning currents, and 
mechanical damage. The second type of 
fusing is to select links based upon secondary 
short-circuit currents. The larger links re¬ 
sulting from this type of fusing reduce the 
number of operations to some extent from 
the causes mentioned above but at the ex¬ 
pense of possible burning out of the trans¬ 
former from overload and short circuits re¬ 
mote from the transformer. The economics 
appear to favor the second type, and there 
is a definite trend towards this type of fusing 
by operating companies. There is another 
type of overcurrent protective system which 
provides both overload and short-circuit pro¬ 
tection to the transformer and at the same 
time eliminates unnecessary interruptions of 
service. This method employs a thermally 
controlled secondary breaker mounted in¬ 
side the transformer. By having the 
breaker operation based upon transformer 
winding temperature, protection of the 
transformer is afforded for all types of over¬ 
current conditions, and at the same time it 
is possible to take advantage of the inverse 
time temperature characteristics of the 
transformer to adjust the breaker so as to 
eliminate most of the interruptions in service 
encountered through the use of small fuses. 
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There is now a large amount of service 
experience available with these types of 
overcurrent protection, and it would be of 
interest and value both to operators and to 
manufacturers to have comparative operat¬ 
ing data published. 


J. M. Bryant and M. Newman: The writers 
are pleased that the paper has led to con¬ 
siderable discussion. D. D. MacCarthy’s 
comments and oscillograms on long-duration 
currents and fuse failures are interesting 
and in complete agreement with our work. 
As a matter of fact we have recorded almost 
identical oscillograms to those given by 
MacCarthy, which were, however, not in¬ 
cluded in this paper as they fitted in more 
directly in a series of papers on “Fuse 
Failures Due to Lightning,” published by 
the engineering experiment station, of the 
University of Minnesota. We were in¬ 
terested to learn that MacCarthy and his 
associates have had some favorable field 
experience with a series inductance and 
shunt gap arrangement of protection of 
fuses against surge outages, as we had in¬ 
vestigated such a scheme proposed a num¬ 
ber of years ago by R. R. Pittman of the 
Arkansas Power and Light Company. It 
was established on first consideration that 
such a scheme by itself functions primarily 
to by-pass around the fuse the initial current 
surges due to the transformer capacitance 
under conditions of rapid rate of rise of surge 
voltage. The long-duration currents pene¬ 
trating the transformer windings were elimi¬ 
nated as a factor in fuse blowing in several 
different ways, such as some special satura¬ 
tion by-pass schemes, and proper design of 
heat storage capacity of the links themselves. 
The theoretical background on fuse failures 
because of lightning is presented in the 
experimental station bulletins referred to 
above. Field experience is being collected 
on the simplest combinations of the various 
methods of surgeproof fuse design. 

The use of secondary breakers, as brought 
up by Edward Beck, is a perfectly good way 
of preventing lightning-fuse failures, in 
that it side-steps the problem by making 
the primary fuse so large as not to respond 
to surges, and thus to remove the trans¬ 
former only if it is already damaged, while 
depending on breakers on the secondary 
side for overload protection. We have been 
carrying on some researches to help solve 
the surge problem in relation to fuses from 
the point of view that as fuses are being 
used in any case, to isolate the transformer 
from the line after burnout, it would perhaps 
be more economical if they also protected 
the transformer. 

The discussion by J. H. Hagenguth and 
H. C. Stewart gives a very interesting ap¬ 
proximate theoretical estimate of the extent 
to which other cases of damage of secondary 
windings may occur. We do not, however, 
quite agree with attributing a greater possi¬ 
bility of such cases .from strokes on the 
secondary side, since under such circum¬ 
stances the paths to ground from the trans¬ 
former case neutral grounding point is the 
same anyhow, and there is a much greater 
probability that the stroke would short-cir¬ 
cuit the low-voltage leads together so that 
the transformer windings would be by¬ 
passed. While on the subject of strokes on 
the secondary side, it is of interest to note 
that it may be possible for surge currents to 


build up in the secondary winding after the 
manner of the abnormal currents in the 
primary winding discussed in the paper. 
Such build-up would be generally accom¬ 
panied by sufficient voltage to induce an ar¬ 
rester flashover and primary fuse failure; 
several such cases have been observed. 
The case of secondary-winding damage in 
the paper is, however, definitely due to cur¬ 
rent entering the winding from the neutral 
connection, as shown by the opposing direc¬ 
tions of twist of the winding sections. 

The comment by M. C. Westrate on the 
desirability of further investigation of effect 
of abnormal power current on fuse failures 
under surge transformer saturation condi¬ 
tions seems to us to be well worth emphasiz¬ 
ing. The discussion by E. E. Piepho brings 
out several interesting cases of lightning 
failures that might be readily accounted for, 
as he points out, by such analysis as pre¬ 
sented in the paper. The writers in con¬ 
clusion are pleased to note particularly that 
the discussion has been constructive in 
leading to further extension of these investi¬ 
gations in the field. 


Induced Voltages on 
Transmission Lines 

Discussion and authors' closure of paper 42- 
103 by C. F. Wagner and G. D. McCann, 
presented at the AIEE summer convention, 
Chicago, III., June 22-26, 1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
pages 916-30. 

W. W. Lewis (General Electric Company, 
Schenectady, N. Y.): The authors have 
prepared an excellent and exhaustive paper 
on the subject. I wish to discuss a few points: 

Figure 28 of the paper shows distribution 
curves of crest current in lightning strokes as 
determined by various investigators. In the 
text it is stated that the maximum current 
which has been reliably measured is 160,000 
amperes. This refers to a Fulchronograpb 
measurement of a stroke to a stack at Ana¬ 
conda, Mont., and in reference 10 of the 
paper it is stated that this represents the 
highest known magnitude in which the total 
current was measured at one point, as con¬ 
trasted with measurements obtained by 
summing up currents in parallel paths. 

We have shown in several papers 1 ** 
reasonably good agreement between total 
current and the summation of individual 
currents in parallel paths, and, considering, 
the wide tolerance necessary in this class of 
measurement, we believe such estimates to 
be as reliable as those made by any other 
method. 

In 1934 on the Glenlyn-Roanoke 138-kv 
line of the Appalachian Electric Power 
Company, measurements were made by 
magnetic links of a stroke with an estimated 
total current of 218,000 amperes negative 
polarity. This current was the summation 
of the currents in all the towers affected by 
the stroke, seven towers in all.* The maxi¬ 
mum current measured in any one tower is 
132,000 amperes obtained on the Phila- 
delphia-Delaware River 66-kv line of the 
Philadelphia Electric Company in 1935. 
This was also the total current in the stroke. 
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Another stroke in the same year on this 
line totalled 156,000 amperes in two towers. 
Magnetic link measurements have indicated 
146,000 amperes in the broadcasting tower 
of station WABC and 156,000 amperes in 
the tower of the Empire State Building. • 

In Figure 28 of the paper a curve by 
Waldorf is shown, giving distribution of 
crest current in lightning strokes, and ref¬ 
erence 15 in the paper is given, presumably 
for the origin of this curve. Waldorf’s origi¬ 
nal curve (Figure 1 of reference 15 of the 
paper) shows the distribution of 1,201 cur¬ 
rent measurements in towers and does not 
give total stroke current. We believe there¬ 
fore that this curve should not be included 
in Figure 28, which deals with total stroke 
currents. 

The authors state: "There are very 
little field data on lightning surge voltages 
for which the induced voltages can be segre¬ 
gated from those produced by direct 
strokes.” In 1929 at the Wallenpaupack 
laboratory, 95 cathode-ray oscillograms were 
obtained of voltage surges on the line. Of 
these 50 measured under 100 kv, 30 meas¬ 
ured between 100 and 300 kv, and 15 meas¬ 
ured above 300 kv. Data on the 45 oscillo¬ 
grams above 100 kv are given in reference 4 
of this discussion. In the same year at 
Newcomerstown, ten oscillograms were ob¬ 
tained ranging from 55 to 245 kv. Data on 
these are given in reference 5 of this dis¬ 
cussion. In 1930 at Cherry Valley oscillo¬ 
grams of 23 surges were recorded. Data on 
these are given in reference 6 of this dis¬ 
cussion. 

It is very reasonable to assume that the 
low-voltage positive polarity surges are 
induced. Peek has classified the 1929 surges 
as coincident with trip out and not coin¬ 
cident with trip out and has assumed that 
the latter were induced. 7 It would seem 
that there is a wealth of untapped informa¬ 
tion in these oscillograms. 

The curves of the paper indicate an in¬ 
creasing induced voltage with decreasing 
distance between the conductor and the 
projection of the stroke. Suppose the stroke 
hit the overhead ground wire, perhaps ten 
feet or so away from the conductor. How 
would this work out as far as the induced 
stroke is concerned? . 
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E* R. Whitehead (Duquesne Light Com¬ 
pany^ Pittsburgh, Pa.): During the first 


few years of field investigations of lightning 
on transmission lines with the cathode-ray 
oscillograph, it was my pleasant duty pa¬ 
tiently to await the occurrence of induced 
voltages caused by the release of bound 
charges on the line conductor. Despite the 
fact that many strokes were observed to 
strike the earth quite close to the line, very 
few oscillograms were obtained, and these 
were of low magnitude. 

Fortescue and Bewley showed that the 
principal reason for the low induced voltages 
lies in the' current-time characteristics of 
lightning, and both assumed the charge con¬ 
centrated at a point in the cloud. Wagner 
and McCann have applied their knowledge 
of the lightning-stroke mechanism in an ex¬ 
ceptionally lucid manner to show how the 
actual distribution and neutralization of 
charges may be utilized to calculate induced 
voltages much more accurately. I believe 
their contribution is of great value. 

If I interpret the curves of Figures 3 and 
11 of the paper correctly, it appears that any 
stroke which is close enough to induce a 
voltage of importance on lines at 66 kv and 
above is very likely to strike the line itself. 
Now this fact leads to a conclusion not men¬ 
tioned by the authors and one which I be¬ 
lieve may be of importance in practical 
application. 

Positive voltages of the order of 1,000 kv 
for a 100-kiloampere stroke to a tower 
would correspondingly increase the potential 
difference across the insulator string, since 
the tower would be depressed in potential by 
the amount of impedance drop in the tower 
and tower grounding system. The time of 
voltage crest is such that these voltage- 
difference components would be additive; 
hence the net effect is roughly equivalent to 
that obtained by conventional "direct- 
stroke” theory if a fictitious^ resistance of 
ten ohms is added to that of the tower 
footing. 

The inclusion of this effect may be signifi¬ 
cant if the tower-footing resistances lie in 
the range 0 to 50 ohms, and close compara¬ 
tive performance calculations must be made. 

Despite certain analytical difficulties, I 
believe the method presented by Wagner 
and McCann can be extended to the case of 
a stroke to the tower or ground wire. Pre¬ 
liminary studies I have made using the 
same stroke mechanism and L. V. Bewley’s 
method of analysis indicate that such an 
extension might be the missing link which 
would give a satisfying aspect of complete¬ 
ness to our theory of lightning effects on 
transmission lines and dispose of the terms 
"direct-stroke” theory and "induced-surge” 
theory. 

I should like to call the authors’ attention 
to an apparent discrepancy in the data given 
by the curves. Most of the curves give a 
voltage crest of about 1,100 kv for a 50-foot 
conductor, and a 100-kiloampere stroke at a 
distance of 150 feet from the line. Figure 
29, however, gives 1,100 kv for the same 
stroke 100 feet from a line of the same 
height. 


J. H. Hagenguth (General Electric Com¬ 
pany, Pittsfield, Mass.): The authors have 
made an excellent study in calculating the 
induced voltages on transmission lines using 
the mechanism of the lightning discharge as 
known from the photographic studies by 
Schonland (references 4-8 of the paper) and . 
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McEachron (reference 9 of the paper) and 
the oscillographic studies of McEachron and 
others as the basis of their calculations. 

They find that, in general, the gradients 
are of the order of 100 kv per foot or less, so 
that basically the calculations of Bewley 
(references 2 and 17 of the paper) can still 
be used to advantage in calculations as to 
the induced voltages. The authors find, 
however, that the gradients directly at the 
point struck reach tremendously high 
values. In Figure 6 of the paper the 
gradient approaches infinity at d = 0 as the 
stroke approaches the ground. Such high 
gradients, if they would actually exist, pre¬ 
sumably should cause flashover every time a 
tower of a transmission is struck, which, of 
course, is not the case in practice. 

Actually, the induced voltages appear to 
be considerably below the values calculated. 
Fortescue (reference 1 of the paper) showed 
that with a stroke 250 feet from a trans¬ 
mission line, 1,600 feet distant from a 
cathode-ray oscillograph connected to that 
line, no voltages could be measured at the 
oscillograph station. The photograph of 
this occurrence does not indicate any 
streamers from the line or from the tower, 
indicating that the gradients must have 
been less than 165 kv per foot, which is the 
critical breakdown gradient in the non- 
unifonn field in air at large spacings (30 
feet). 

The theory presented appears, therefore, 
at variance with observations. I question 
that the calculations of equations 8 and 11 
of the appendix are correct when consider¬ 
ing a point directly underneath or close to 
the lightning channel. These calculations 
are based on the assumption that each 
charged particle in the uniformly charged 
channel produced a gradient equal to a 
point charge at that point. By integrating 
over the whole channel, the combined gradi¬ 
ent is found. In the field produced by a 
charged vertical line, the effect of the 
charges distant from the ground on the 
gradient directly below or close to the path 
is negligible, and only the charges at the 
lower end of the channel should contribute 
materially to the gradients, and therefore 
the gradients should be considerably lower 
than calculated. 

It appears to me that further point to be 
considered is the availability of charges on 
line conductors. These charges can accu¬ 
mulate by leakage over the insulators which 
is a longtime process associated with the 
charges accumulating in the cloud. These 
charges are distributed along the line wire 
and bound by all the charges in the cloud 
distributed over the line. While the total 
bound charge thus may be of considerable 
magnitude, these charges are not immedi¬ 
ately available on the tine near the lightning 
channel. The charges bound in the im¬ 
mediate vicinity of the channel are small, 
and the charges which can be brought from 
the distance are limited for two reasons: 

1. It takes time to move these charges along the 

wire. , •- . 

2. Some relatively short distance away from the 
channel the effect of the cloud field will be greater 
than the effect of the field produced by the return, 
stroke, and the charges at those distances will re¬ 
main bound. 

From these considerations, it. would ap¬ 
pear that high voltages as shown in Figure 
12 could not exist on line wires. On ground 
wires, : the voltages at mid-span might be 
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quite high for very short times, because 
charges are more readily available. How¬ 
ever, even for this condition, flashover can 
hardly be expected. As shown by practical 
experience, even direct strokes of consider¬ 
able amplitude contacting the ground wire 
at mid-span hardly ever cause flashover at 
mid-span. 


R. H. Golde (The British Electrical and 
Allied Industries Research Association, 
London, England): The authors are to be 
congratulated on having attacked afresh 
the old problem of the calculation of induced 
voltages which has so far defied all attempts 
at a. correct solution. I have recently made 
similar calculations using the same funda¬ 
mental considerations with only a few 
modifications which prove, however, as will 
be shown elsewhere, essential for the numeri¬ 
cal solution of the problem. 

Before discussing the above modifications 
it may be pertinent to comment on the 
apparent agreement between the author’s 
calculations and observed values as pre¬ 
sented in Figure 33 of the paper. All the 
calculations are based on the assumption 
that the highest induced voltages are due to 
strokes to earth at a distance of three times 
the height of the line above ground. This, 
surely, overlooks the fact that much higher 
induced voltages must be released in the 
case of a direct stroke to a transmission 
tower or earth wire without flashover. As 
these cases must influence decisively the 
frequency-distribution curves of induced 
voltages, the authdrs appear to have started 
from wrong assumptions, and the agree¬ 
ment obtained in Figure 33 must be re¬ 
garded as only fortuitous. 

If it be conceded that the highest induced 
voltages occur in cases of direct strokes to 
earthed parts of the transmission system, it 
follows that the horizontal distance between 
the lightning channel and the nearest line 
wire is very small. This case leads, how-, 
ever, to excessively high-voltage values by 
the authors’ methods, as can readily be 
seen if the curves plotted in Figures 12 or 29 
are extrapolated to very short distances 
between the lightning channel and the line. 
The reason for this breakdown of the 
method adopted by the authors for the im¬ 
portant case of short distances lies in their 
assumption that the induced voltages are 
determined only by the charge distribution 
along the leader channel and by the veloc¬ 
ity of the return stroke. This results not 
only in voltages of several million volts but 
also in substantially infinitely steep wave 
fronts of the induced surges. It may be 
mentioned in passing that, on the authors’ 
assumptions, the wave shape of the light¬ 
ning current would also have an infinitely 
steep front with an exponential tail and 
would not give the normal double-exponen¬ 
tial shape as claimed in the introductory 
section. 

The above difficulties are overcome by 
recognizing that the neutralization of the 
charges deposited along the leader channel 
cannot take place instantaneously, 1 - 2 The 
authors attack this conception by the cal¬ 
culation given in their Appendix II but, 
omitting all further criticism of the method 
adopted, it should suffice to point out that 
the tip of the advancing return stroke can¬ 
not be maintained at zero potential. That 
part of the channel which is just above the 
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tip of the return stroke is still in electric con¬ 
tact with the cloud and therefore, omit ting 
tfie voltage drop along the leader channel, 
is practically at the cloud potential of several 
million volts. It is physically inconceivable 
that this potential falls to zero "instan¬ 
taneously” on contact with the tip of the 
return stroke, and the transition will actu¬ 
ally occur in the course of the few micro¬ 
seconds postulated for the time required for 
lateral neutralization of the channel charges. 

Calculations made with this new concep¬ 
tion show that the charge distribution along 
the lightning channel is not immaterial, as 
suggested by the authors. It thus follows 
that the voltages induced in overhead wires 
are determined by three factors, that is, the 
distribution of charge along the leader 
channel, the rate of neutralization of these 
charges, and the velocity of the return 
stroke. It may also be added that it seemed 
advisable to use an exponentially decreasing 
charge distribution along the channel and a 
similarly decreasing velocity of the return 
stroke. If the functions which are suggested 
for these parameters in the paper quoted 
above are accepted, the resulting induced 
surges in cases of strokes to earthed parts of 
the transmission system are of the amplitude 
and wave shape to be expected. A full 
description of the procedure adopted and 
of theresults obtained will be published later. 

In addition to the above fundamental ob¬ 
servations on the method of calculation, a 
few specific points may be briefly discussed. 
Thus the charge deposited along the leader 
channel is calculated by the authors by 
assuming a constant current of 100,000 
amperes flowing for 65.6 microseconds, that 
is, the time for the return stroke to reach 
the cloud discharge center. This assump¬ 
tion can hardly be regarded as valid, having 
regard to the wave shape of the average 
lightning current. It follows that the 
numerical value adopted for the charge 
along the channel is too large. The authors 
state, furthermore, that, at the instant 
when the leader stroke makes contact with 
the ground, the charge left in the cloud 
center has decreased to zero. Although this 
charge does not influence the occurrence of 
induced surges, it may be mentioned that 
actually an appreciable amount of charge 
must be left in the cloud, as shown in the 
paper quoted above, and also by the low 
current discharge flowing, even on the 
authors’ assumption, for a considerable 
time after the return stroke has reached 
the cloud (see Figure 2 of the paper). 

In this connection it was interesting to 
note that the authors incorporate partly 
in their Figure 1 the mechanism of succes¬ 
sive strokes, as outlined in the paper quoted, 
which differs from Schonland’s originally 
suggested picture. In particular, Figure Id 
accepts the idea that the conducting channel 
which connects the exhausted charge center 
in the cloud with earth will become posi¬ 
tively charged under the influence of the 
surrounding negative cloud charges. From 
this it is difficult to see how the authors 
account for the interruption of the positive 
current flow into the channel, as shown in 
Figure le. - Though the interesting ques¬ 
tion of the continuous current flow through¬ 
out a multiple lightning stroke has been dis¬ 
cussed elsewhere®, a reply with respect to 
Figure Id would be appreciated* 

In Table I ranges of return-stroke veloc¬ 
ities and their mean values are given for 
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three current ranges. It would be inter¬ 
esting to know on what information these 
values are based, since I am unaware of any 
measurements of return-stroke velocities 
with simultaneous determination of the 
stroke current. 

Finally, one small point in nomenclature 
may be cleared up. In discussing the ques¬ 
tion of lateral charge distribution the 
authors refer to the bright portions of the 
stepped leader which were observed by 
Schonland and add that these were called 
"dart leaders” in the paper mentioned 
above. Actually these short bright steps 
were called “darts,” whereas the term 
"dart leader” was used by Schonland to dis¬ 
tinguish the leader stroke of successive 
strokes in a multiple stroke from the 
"stepped leader,” which normally precedes 
the first stroke to ground. 
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C. F. Wagner and G. D. McCann: The 
most accurate field measurements of direct- 
stroke currents are those for which the total 
current passes through a single point, such 
as a mast. The currents in excess of 
160,000 amperes, which Mr. Lewis mentions 
in his discussion, were not measured in this, 
manner but were the result of summing the 
individual currents in parallel paths. 
Several cases for which checks could be 
made between actual current and the sum¬ 
mation in parallel paths showed consider¬ 
able discrepancy in the two results. This 
pointis discussed in more detailin reference 10.. 

The curve in Figure 28, labeled as Wal¬ 
dorf’s, was computed from the original data 
supplied by Mr. Waldorf and is plotted for 
the crest magnitude of the total lightning- 
stroke current and hot for tower currents. 

A comparison, between this curve and the 
curve of Figure 1, reference 15, to which Mr. 
Lewis refers; indicates that they are not the 
same. 

Lewis and Whitehead have raised the 
question of the voltage induced on phase 
conductors by strokes to the ground wire. 
This case is not considered in the paper. It 
requires more detailed knowledge of stroke 
mechanism, especially near the ground ter¬ 
minus, than for strokes to open ground. In 
regard to the influence of induction upon 
the voltage across the insulator string, we 
are not quite convinced whether its effect 
can be represented by a resistance, and, if 
so, whether, that resistance is ten ohms. 
Certainly if this effect can be represented 
by a resistance, it would be a very welcome 
simplification of the analysis. 

The apparent discrepancy between Fig¬ 
ures 11 and 29, referred to by Mr. White- 
head, arises from the difference in assump¬ 
tions for the two curves. The voltages in 
Figure 11 were calculated for a crest stroke 
current of 100,000 amperes and a return 
streamer velocity of 100 feet per micro¬ 
second, whereas for the voltage curves of 
Figure 29 the variation of return streamer 
velocity with stroke current has been taken 
into account. 
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There is little in Mr. Hagenguth’s dis¬ 
cussion with which the authors can agree. 
His reference to Fortescue’s experience, 
reference 1, is not inconsistent with the re¬ 
sults of the paper. As shown in Figure 29, 
for a line 100 feet high a stroke 250 feet 
from the line could have a current crest of 
15,000 amperes without inducing more th an 
200,000 volts on a phase conductor, assum¬ 
ing there were no ground wires present. 
The coupling effect of the ground wire re¬ 
duces the induced voltage still more. 

Mr. Hagenguth’s criticism of equations 8 
and 11 as being inaccurate is incorrect. 
These equations are a rigorous solution for 
the assumptions .made. They correctly 
represent the effective charge distribution 
along the stroke channel at any point along 
the surface of the earth. 

The method of calculation rigorously 
accounts for the presence of the computed 
voltages as required for the assumed dis¬ 
tribution of charge and current in the stroke 
channel. The method also includes rigor¬ 
ously, the effects of bound charges which 
seem to bother Mr. Hagenguth. 

The authors wish to thank Mr. Golde for 
his interest in the paper and for the detailed 
comments which he has given. It is grati¬ 
fying that two widely separated investiga¬ 
tors have come to substantially the same 
conclusions regarding the general nature of 
the phenomena. Most of the differences 
between the points of view regarding the 
assumptions that the authors use arise from 
Mr. Golde’s application of them to strokes 
to earthed parts of the transmission system. 
The limitations of the assumptions used 
were recognized by the authors. Induced 
voltages produced by strokes to ground 
wires and towers, and the preliminary in¬ 
duced voltage preceding a direct stroke were 
specifically eliminated from consideration. 
The basis for this action lay in the lack of 
Sufficient fundamental data Concerning the 
nature of rates of rise of currents and the 
character of upward streamers, factors 
which have a predominant effect in deter¬ 
mining the nature of these voltages. 

Mr. Golde is under the impression that 
the agreement between calculation and 
statistical data in Figure 33 is only fortui¬ 
tous, on the assumption that the field data 
must contain a number of records to ground 
wires which would vitiate the results. 
Actually, the date in Figure 33 were ob¬ 
tained on transmission lines which were not 
equipped with overhead ground wires. 
They were produced by positive polarity 
surges which did not cause flashover. The 
authors recognize that in the case of a stroke 
to a ground wire the initial portion of the 
induced stroke on a line conductor will, for a 
negative stroke, first have a predominantly 
high positive value, followed rapidly by a 
of negative polarity caused by coup¬ 
ling action. . 

The authors would like to discuss Mr. 
Golde’s statement that “The tip of the 
return stroke is still in electric contact with 
the cloud and therefore, omitting the voltage 
drop along the leader channel, is practically 
at the cloud potential of several million 
volts." The authors picture the phenome¬ 
non as one in which the initial leader is a 
conductor of relatively high impedance, and 
that the return stroke is a process in which 
this poorly conducting path is converted 
into one of higher conductivity. There¬ 
fore, it would appear that the potential of 


the tip of the return streamer would lie 
somewhere between the actual potential 
of the cloud and ground, but, because of the 
higher conductivity of the return stroke, it 
would be much closer to ground potential 
than cloud potential. 

The basis for the authors’ statement that 
the return stroke velocities increase with 
current magnitudes is given in the paper in 
the section under "Velocity of Return 
Streamer.” From a knowledge of the 
lower and upper range of velocities and 
similar date for stroke currents and the 
indications that return-streamer velocities 
increase with current, the simple assump¬ 
tion was made that these velocities could be 
segregated in the manner shown according 
to currents. Mean values were then as¬ 
signed to each range. This segregation 
should besufliciently accurate for the purpose. 

In conclusion, the authors believe that, 
for the subject with which the paper is con¬ 
cerned, namely, the induced voltages pro¬ 
duced by strokes to ground in the vicinity 
of a transmission line, the assumptions and 
analysis have been sufficiently justified in 
the paper. The paper does not consider the 
effect of strokes to the transmission line 
proper, whether the contact is made to 
either a conductor or a ground wire. In 
America, this type of stroke is usually re¬ 
garded as a direct stroke. Most of the trans¬ 
mission-line design is based upon so locating 
the ground wires that they adequately shield 
the current-carrying conductors. Thus it is 
generally assumed that the stroke strikes a 
ground wire, and the resulting difference in 
potential between conductors and tower or 
ground wire is calculated, taking into con¬ 
sideration such factors as tower footing 
resistance, coupling factors, and so forth. 
It was not intended to discuss this type of 
stroke in the paper. 

Practical Design of Counter¬ 
poise for Transmission- 
Line Lightning Protection 

Discussion and authors' closure of paper 
42-91 by E. Hansson and S. K. Waldorf, 
presented at the AIEE summer convention, 
Chicago, III., June 22-26, 1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
August section, pages 599-603. 

Herbert B. Dwight (Massachusetts Insti¬ 
tute of Technology, Cambridge, Mass.): 
The interesting measurements presented in 
the paper by E. Hansson and S. K. Waldorf, 
besides leading to the six general engineering 
conclusions listed in their s ummar y, pro¬ 
vide an unusually good check on ground- 
resistance formulas, and they show the 
practicality and desirability of making 
ground-resistance calculations. 

Practical questions described in their 
paper, such as “What percentage reduction 
in tower-footing resistance can be expected 
by putting in one or more additional buried 
wires?’’ can be answered easily and reliably 
by the ground-resistance formulas. 

In checking the measurements given in 
Table II and Figure 1 of the paper, the 
average resistivity of the ground was first 
computed from the average of the resist- 
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The potential caused by the image of that 
wire=»2$X2.09. 

Potential when there are two wires 
40 feet apart=2g(14.85+2.094-2.09) - 2a X 
19.03. 

1 2gX 19.03 

C * = 4g X4,800X2.54 

Resistance to ground of two wires 40 
feet apart 

178,000 _19.03 

2t X 2 X4,800 X2.54 = 22,1 0hmS 

The measured value, from Figure 1 of 
the paper, is 22 ohms. 

Other cases calculated give curves of the 
same shape as those in Figure 1, and agree¬ 
ing with them within 11 per cent or less. 

The reduction in ground resistance by 
putting in a middle wire is shown in Table 
I of this discussion. 

• In a similar manner, the data in the last 
half of Table III of the paper can be 
computed from the average of the first 
four items, as shown in Table II of this 
discussion. 

The practical check on the accuracy of 
the formulas is welcome. But, in future 
work, when an engineer wishes to know 
what percentage of change in ground resist¬ 
ance should be caused by a given change in 
counterpoise design, the information can be 
obtained more reliably by calculations of the 
type described than by comparing with 
previous tests. Such calculations are so 
short that they could be made in the field 
as soon as a measurement has shown that a 
tower-footing resistance is too high. 
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L. A. Terven (West Penn Power Company, 
Pittsburgh, Pa.): The West Penn Power 
Company has in operation 3-132 kv single- 
circuit steel-tower lines which are provided 
with counterpoise, and one of them has 
been in service long enough to accumulate 
data to afford a comparison of lightning- 
protection characteristics with and without 
counterpoise. The line extends 68.8 miles 
from Lake Lynn on the border of West 
Virginia and Pennsylvania to Cumberland, 
Md., over a mountainous terrain with high- 
resistance substrata. The construction is 
horizontal with 20-foot separation between, 
conductors and two ground wires are pro¬ 
vided approximately ten feet above the con¬ 
ductor and separated 20 feet from each 
other. Because of the poor ligh tn in g per¬ 
formance of the line it was decided in the 
fall of 1936 to install continuous counter¬ 
poise between towers with unsually high 
footing resistance (the 17 towers affected 
averaged 171 ohms footing resistance). At 
the time six years of lightning season records 
had shown 16 interruptions. Some 9,000 
feet of number 2 copper weld counterpoise 
was installed about 18 inches under the 
surface and was connected from tower to 
tower. 

Table III of the discussion shows the 
lightning performance of the line before and 
after the counterpoise had been installed. 
The year 1937 is not considered, because 
the counterpoise was installed during the 
lightning season of the year. 


Table III. Lightning Performance Before and 
After Installation of Counterpoise 
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In the spring of 1939 quick reclosing 
breakers were installed at the line terminals 
which served to mask the performance of the 
line. Five instantaneous reclosures were 
registered in 1939-40 which were attributed 
to lightning, but which did not result in 
interruptions to service. 

The table does not show any improvement 
in lightning protective characteristics’caused 
by the counterpoise, the average interrup¬ 
tions per year per 100 miles being 4.6 before 
the counterpoise was installed and 4.7 after 
installation. Possibly the amount of coun¬ 
terpoise was not adequate, as a number of 
towers tested to 100-ohms footing resist¬ 
ance, which were not included in the 
counterpoise program, or perhaps the in¬ 
complete shielding of the conductors by the 
ground wires prevented the effect of the 
counterpoise being noticeable, 

J. H. Hagenguth (General Electric Com¬ 
pany, Pittsfield, Mass.): The authors give 
a very comprehensive study of the effective¬ 
ness of low ground resistance on the pre¬ 
vention of transmission-line flashovers. 
They have found by practical experience 
that the counterpoise is an excellent means 
of reducing tower-footing resistances to suf¬ 
ficiently low values to prevent flashover of 
line insulation where ground wires are used 
for all of the strokes contacting the towers 
or ground wires of 220-kv lines and in prac¬ 
tically all cases of 132-kv and 60-kv lines. 
In the latter case, however, the tower cur¬ 
rent limit appears to be of the order of 
60,000 amperes even for* footing resistances 
of the order of six ohms. As stated by the 
authors, there appears some doubt with 
regard to actual tower currents, inasmuch 
as it has been found that currents in single 
legs are not necessarily equal, and further, . 
that considerable percentages of the total 
tower currents may flow in the tower 
braces and therefore may not be measured 
with links installed at the tower legs only. 
Multiplication factors up to two have been 
found applicable, depending on the tower 
structure, to arrive at total tower currents 
from leg measurements only. In this way 
the authors calculate a maximum safe cur¬ 
rent of 120,000 amperes. 
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Figure 1. Counterpoise impedance (16, 26) 
and tower potential (1 A, 2 A) caused by 
tower currents (1, 2) 

D-c resistance of counterpoise—six ohms. 
Plotted for two 200-foot counterpoises 


I believe that our knowledge of the be¬ 
havior of counterpoises, from theory and 
tests, is sufficiently accurate to permit cal¬ 
culations of actual voltages at a stricken 
tower for given current fronts and counter¬ 
poises installed. While it is not claimed 
that such calculations are very accurate, I 
believe that only by means of such calcula¬ 
tions can we finally arrive at the true answer 
to some of the still unexplained phenomena. 
More accurate calculations can be made if 
any particular installation is considered 
where detailed data of counterpoise resist¬ 
ances are available. 

The basis of the calculations is that the 
counterpoise is a variable impedance as 
shown by tests. 1 The time variation of 
this impedance depends principally on the 
length of the counterpoise and its d-c re¬ 
sistance. The counterpoise impedance 
varies with applied current wave front 2 as 
indicated by Figure 1 of this discussion. 
Multiplication of instantaneous values of 
current and counterpoise impedance re¬ 
sults in the instantaneous tower voltage. 
The tower current is-assumed to have a cur¬ 
rent peak of varying fronts and a tail of 
ten microseconds to half value on lines 
equipped with ground wires. The length of 
the tail of the tower-current wave depends 
essentially on the length of the span and the 
value of ground resistances of the towers. 
There is some evidence that the current 
peaks in stricken transmission-line towers 
are substantially of this order. 

Figure 2 shows the crest values of tower 
voltages thus calculated as functions of 
tower-current wave front (solid lines) and 
the expected arc-over voltage of the insulator 
strings in use on the 66-kv lines described 
in the paper (635-kv negative 1.6X40 
wave). The arc-over voltage curve is cot- 



wave FRONT OF TOWER CURRENT — jJl SEC 

Figure 2. Maximum tower potential as func¬ 
tion of wave front and amplitude of tower cur¬ 
rent for two 200-foot counterpoises connected 
to tower 

D-c resistance of counterpoise—six ohms 
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rected for the type of voltage wave and the 
coupling factor given in the paper. Four 
parallel counterpoises of 200-foot length 
are used with combined d-c resistance of 
six ohms. The effective impedance used is 
the impedance of one counterpoise divided 
by four. This is not strictly true because of 
proximity effects between counterpoise 
wires in the same span, but suffices for the 
purpose of this example. 

Figure 3 of this discussion shows a similar 
calculation for two 200-foot counterpoise 
wires with assumed d-c resistance of six 
ohms. Curves of this type show that the 
amplitude of the tower current, which will 
not cause flashover, greatly depends on the 
current front, as well as on the number of 
counterpoises installed. The tolerable cur¬ 
rent for a four-counterpoise ground is of 
the order of 1.6 times as great as for the 
two-counterpoise ground, even though the 



WAVE FRONT OF TOWER CURRENT-yiSEC 


figure 3. Maximum tower potential as func¬ 
tion of wave front and amplitude of tower cur¬ 
rent for four 200-foot counterpoises con¬ 
nected to tower 

D-c resistance of counterpoise—six ohms 

d-c resistance of both systems is equal. If, 
therefore, the tower current causing flash- 
over on a two-counterpoise tower is 60,000 
amperes, this would indicate that the cur¬ 
rent front of the tower current was of the 
order of not more than three microseconds'. 
On the other hand, if the current was 
120>000 amperes, the current front would 
have to be of the order of not more than 4.5 
microseconds. Similarly, on a four-counter- 
poise tower, 80,000 amperes require a tower- 
current front of less than one microsecond 
and 120,000 amperes a front less than 3.5 
microseconds. On this basis, a 60,000- 
ampere tower current should not cause 
sparkover on a tower grounded through 
four counterpoises. 

It would be interesting if the authors 
could give in greater detail the conditions 
existiug at towers of the 66-kv and 132-kv 
lines where sparkover occurred, the number 
of counterpoises installed and the probable 
amplitude of the tower current causing the 
flashover. A comparison of the data ob¬ 
tained in the field with curves of the type 
shown in Figures 2 and 3, would provide a 
valuable check between theory, laboratory 
tests, and actual lightning performance of 
Counterpoise systems. 
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F. O. Wollaston (Commonwealth Edison 
Company, Chicago, Ill.): Much of the in¬ 
formation in this paper was made available 
to Commonwealth Edison Company by 
the authors and their associates for use in 
designing the counterpoise installation on 
the 220-kv Powerton-Crawford line. This 
information proved very helpful in the pre¬ 
liminary layout of our counterpoise system. 

In the actual installation of counterpoises, 
which were of the discontinuous type, no 
practical means of predetermining counter¬ 
poise requirements was found. The pro¬ 
cedure actually followed was to install suc¬ 
cessively wires up to 300 feet long, starting 
each wire at the tower. The combined re¬ 
sistance of tower footing and counterpoise 
wire was measured after each 1Q0 feet of 
wire had been buried, and installation con¬ 
tinued until the desired ohmic resistance was 
obtained. 

Footing resistances were measured in all 
cases by the probe method, employing a 
Megger-type ground tester, and auxiliary 
current, and potential probes. While this 
method is satisfactory for determining the 
resistance of tower footings and driven 
grounds, it must be used with considerable 
care for counterpoise systems; otherwise 
some uncertainty will always exist as to the 
true ground resistance. The auxiliary 
grounds must be located far enough from 
the ground under test to eliminate errors 
caused by the large area covered by the 
grounding system. It will generally be 
found necessary to investigate the effect of 
varying the spacings of the auxiliary probes, 
and to determine the minimum distance at 
which accurate readings are obtained. For 
tower lines with extensive counterpoise sys¬ 
tem, the necessary distance to the current 
probe may be several hundred feet. 


P. L. Bellaschi (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): An 
important characteristic of grounds is the 
lowering of the impulse resistance with cur¬ 
rent. This is particularly the case for 
grounds driven in high-resistance soil. 1 

Other important factors connected with 
the problem of grounds are the effect of the 
discharge-circuit or lead inductance, and 
the conditions in the earth. Conclusion 1 
in the paper by Hansson and Waldorf and 
the field experience reported previously 2 
focus attention on the inductance drop and 
its importance. The lead or tower induct¬ 
ance becomes particularly significant when 
steep-front currents of high magnitude are 
discharged to earth. For example: analysis 
shows that for a 2x40-microsecond, 40,000- 
ampere current the voltage developed in a 
50-foot down lead or a 100-foot tower may 
well attain several times the ground-resist¬ 
ance drop (five-ohm resistance ground). 
This inductance drop is practically over in 
two microseconds. 

Besides the lead or tower inductance, ap¬ 
preciable inductance may be present also 
in the ground proper, as is the case for 
grounds driven deep into the earth, or for 
a counterpoise spread over a wide area. 
Consider, for instance, a five-ohm 100-foot 
driven ground or counterpoise which taps > 
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its low resistance largely at the further end 
from the tower. The total inductance of 
the rod or conductor is in the order of 50 
microhenrys, and, accordingly, this ground 
would have a time constant of about 
L/i?=50/5 = 10 microseconds. A current 
rising to crest in a time shorter than this, 
naturally builds up a voltage across the 
ground which is the sum of the two drops, 
L(di/dt)-{-Ri. For currents rising rapidly 
to high crest values, the initial voltage de¬ 
veloped across the ground is largely the in¬ 
ductance drop, and this can reach magni¬ 
tudes considerably greater than the resist¬ 
ance drop corresponding to crest current. 
If the resistance is distributed along the 
length of the conductor or rod, the relation¬ 
ship of the two drops is more complex than 
previously stated—only a part of the total 
inductance of the conductor or rod is ef¬ 
fective. 

The foregoing are limiting factors. They 
do not, however, detract from the fact that 
deep grounds or counterpoise grounds, as 
the case and circumstances require, provide 
an easier path to the current discharge to 
earth. 
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S. K. Waldorf and E. Hansson: It is not 
surprising that the performance of the - 
transmission line described by Mr. Tervan 
was not improved by the addition of the 
counterpoise. The installation was made 
along only about three per cent of the line, 
and apparently the footing resistances of 
most of the towers in the line exceeded by a 
good deal the optimum footing resistances 
recommended in the summary of the paper 
undo: discussion. Undoubtedly Mr. Ter- 
ven’s analysis that the amount of counter¬ 
poise installed was not adequate is the funda¬ 
mental reason for the lack of improvement 
in the line’s performance. 

It is interesting to note that Mr. Wollaston 
has also found field measurements as the 
only practical guide for counterpoise instal¬ 
lation. Perhaps there are some localities 
where counterpoise characteristics can be 
satisfactorily predetermined, but Mr. Wol¬ 
laston’s experience around Chicago and 
that reported in the paper indicate that there 
are at least two widely separated territories 
where individual field testing of counterpoise 
is required during installation. Mr. Wollas¬ 
ton’s comments on the spacing of auxiliary 
probes for ground-resistance measurements 
is welcome confirmation, of the experience 
summarized in the first paragraph of section 
VI of the paper. 

Professor Dwight suggests that the 
ground resistance of, a counterpoise system 
can be calculated in the field and that the 
proper amount of conductor can be pre¬ 
determined for a given location. This can 
occasionally be done* but field experience 
in the territory covered by the paper and 
that cited by Mr. Wollaston show that this 
is usually impossible. Changes in soil 
resistivity are frequently so large and abrupt 
that the resistance of 100 feet of wire is no 
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sure criterion of the effect of the next 100 
feet installed. Usually such changes occur 
most often when the counterpoise sys tem 
passes from a wooded section into a culti¬ 
vated field, or vice versa, A method of de¬ 
signing counterpoise systems was tried in 
which the required amount of conductor 
was calculated from the ground resistance 
of tower foundations, tower-foundation re¬ 
sistances themselves being a measure of 
soil resistivity. The field results differed 
so frequently and so widely from those pre¬ 
dicted by calculation that the method was 
abandoned in favor of the cut-and-try or 
install-and-measure method. 

The accompanying Table IV of the discus¬ 
sion complies with Mr. Hagenguth’s request 
for more complete details about towers at 


of the strokes went to the lower half of the 
sphere with the top of the sphere apparently 
shielded to some extent. It would seem that 
an explanation of this effect could be ad¬ 
vanced on the basis of relative gradient 
distribution about the sphere portion and 
the supporting shank. Simple approximate 
gradient calculations indicate that the 
gradient about a small radius shank could 
easily exceed the gradient about the much 
larger radius sphere itself, especially when 
the opposite electrode, in this case the cloud, 
is far removed so as to contribute little 
relative increase of gradient at the top of 
the sphere. The writer recalls a photograph 
in a British publication which shows the 
case of a 60-cycle discharge which took place 
around the spheres when they were widely 


Table IV. Flashovers on Transmission Towers Provided With Counterpoise 



Ground 
Resistance of 

Tower Counter- Tower 

Current poise in Potential 

Line and Tower in Amperes Ohms (IXR) Type of Counterpoise Installed 


Holtwood-York Tower 1 r.o .inn 

63 (66 kv) |->8.400. 


Holtwood-York Tower ] 
146 (66 kv) ] 


..13.8. 805 kv. 


.60,000. 


.1,140 kv. 


Holtwood-Coatesvil 1 e ) 400 

Tower 40 (66 kv) | . 

Holtwood-Coatesville ) «n onn 

Tower 07 (66 kv) j 00,200 * 

Safe I-Iarbor-Perryville) «•> nnn 

Tower 15 (132 kv) /' "' ,6 °°' 


.17.2.1,110 kv. 

. 5.4. 325 kv. 

.12.2. 640 kv. 


f Two 1,075-ft conductors west to next 
•j tower, two 425-ft conductors east to 
(next tower 

(Two 500-ft conductors west to next 
j tower, two 425-ft conductors east to 
' next tower 

(Three 400-ft conductors west, four 
1600-ft conductors east to next tower 
(Two 750-ft conductors west to next 
(tower, three 400-it conductors east 
(Pour 300-ft conductors north, four 
1825-ft conductors south to next tower 


which flashovers have occurred and at 
which counterpoise was installed. 

The Holtwood-York 66-kv line with a 
coupling factor Of 0.35 gives an insulating 
level of about 980 kv. On the Holtwood- 
Coatesville 66-kv line the corresponding 
values are about .0.25 and 850 kv, and on 
the Safe Harbor-Perryville 132-kv line 
they are about 0.36 and 1,550 kv. The 
counterpoise systems at the towers of Table 
IV are all arranged in simple patterns such 
as shown in Figure 2 of the paper. The 
tower currents were in every case either the 
sum of currents measured in the four corner 
legs of the tower or the current measured 
in one corner leg multiplied by four. 

Mr. Bellaschi’s analysis of the behavior 
of counterpoise and long ground rods helps 
one to understand the phenomena involved 
when flashovers occur with low measured 
ground resistances. 

Effect' of Lightning on . 

Thin Metal Surfaces 

Discussion and authors' closure of paper 
42-104 by K. B. McEachron and J. H. Hagen- 
guth, presented at the AI EE summer conven¬ 
tion, Chicago, III., June 22-26, 1942, and 
published in AIEE TRANSACTIONS, 1942, 
August sect|on, pages 559-64. 


separated; and, while no explanation was 
given with the photograph, it would seem 
that the considerations submitted by the 
writer of this discussion of relative gradients 
about the sphere and support would fit both 
the 60-cycle case referred to and the case of 
the long-duration lightning discharges oc¬ 
curring to the lower portions of the sphere. 

It would be of interest to have more com¬ 
plete information on the details of the sup¬ 
port and whether any pits were visible on the 
support itself. It would seem probable that 
many of the streamers would extend from 
the supporting shank slightly below the 
shielding zone of the sphere with a possi¬ 
bility of the completed discharge path shift¬ 
ing to the shorter paths to the sphere 
surface. 

McEachron and Hagenguth are to be 
greatly complimented on presenting in their 
paper a great deal of new interesting data 
which lead to new information. It is hoped 
the new data will be clarified further in this 
and other discussions. The points in the 
present discussion are submitted, because 
they have a bearing on questions of shielding 
theory and also on the question: of whether 
the discharges necessarily originated from 
the sphere. \ 

P. L. Bellaschi (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): I 
agree with the authors that the fusion found 
on metallic objects hit by lightning is a 
source of useful information. For instance, 
initial information Of this character from 


M. Newman (University of Minnesota, electric conductors provided a valuable 
Minneapolis, Minn.): The paper by K. B. guide during the early laboratory research 
McEachron and J. H. Hagenguth presents on long-duration low-current components 
several very interesting cases of lightning to of lightning strokes, so that important de¬ 
spheres on top of radio towers, where many velopments on protective devices and other 


electrical apparatus were well under way in 
1938. 

From the data discussed in a paper on this 
subject, which I presented to the Institute 
a year ago (reference 2 of this paper), the 
mean value of the charge in lightning strokes 
to electric-power lines, lightning rods, and to 
other objects near the surface of the earth 
was estimated to be between 15 and 30 
coulombs. The maximum charge observed 
was 200 coulombs, but there is evidence 
from the high volume of fusion that this 
charge might reach 300 coulombs in rare 
cases. Although the data presented by the 
authors may differ somewhat from that ob¬ 
tained by the writer in regard to the meth¬ 
ods of test and of analysis, it appears to 
me that the results seem to be in fairly dose 
agreement. 

In addition to their basic interest, these 
investigations are of direct practical value 
as pointed out by the authors in determining 
the minimum thickness of metal for con¬ 
tainers of flammable or explosive materials. 
The question has been asked, “What mini¬ 
mum-size conductor can be used on over¬ 
head lines that will not be burned in two by 
lightning?” According to my data for 
copper, a number 4 conductor should be satis¬ 
factory in most cases. A few cases of larger 
conductors having been sundered by light¬ 
ning have been reported, but the evidence 
is not entirely conclusive. In addition to the 
heating effect of the stroke, consideration 
must be given to the mechanical forces 
exerted on the conductor by the action of 
the high-current component. 

The fusion on metals and the various 
effects associated with the high-current com¬ 
ponent provide about the only clues that. 
can be found at the scene to assess the 
nature and severity of the lightning stroke 
and to reconstruct the probable or true 
circumstances in a particular case. 

K. B. McEachron and J. H. Hagenguth: 
With regard to Mr. Newman’s question con¬ 
cerning pits on the sphere supports, no in¬ 
formation is available for the WSM sphere. 
We have recieved another similar sphere 
from WLW, which had been mounted 828 
feet above ground for approximately seven 
years, with a five-inch-long portion of the 
shank. The sphere had a 14-inch outside 
diameter and 23-mil thickness of copper. 
The inside diameter of the shank was I s /u 
inch and the outside l T /« inch, with a wall 
thickness of the shank of 5 /s 2 inch. There 
are 122 pits on the shank. The distribution 
of these pits along the shank is of interest, 
being 28,41,36,14; 3 pits per one-inch band, 
starting from the sphere. This would indi¬ 
cate that the number of pits at distances of 
six inches and greater from the sphere 
should be negligible. While the theory of 
gradient distribution is attractive, it is very 
difficult to state whether the shank is hit 
and the arc travels to the spheres or whether 
the sphere is hit and the arc moves down 
the shank. Because the pits on the shank 
are numerous only close to the sphere, it 
should be expected that the sphere would 
shield that portion of the shank and the 
stroke channel moves down toward the 
shank. 

The distribution of the holes shows a 
similar concentration in the center belt as 
for the WSM sphere, about 52 per cent of 
the holes being found in 42 per cent of the 
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six-inch-wide zone at the equator. Clerk 
Maxwell shows the lines of force (Figure 
III, article 120) 1 caused by a charged point 
in a uniform field. If we use one of the 
nearer equipotential surfaces as a metallic 
surface, we obtain practically a sphere. 
The gradients there would correspond to 
the location of the hole. The shank, 0 f 
course, should upset this field. The rapid 
decrease in pits on the shank away from the 
sphere, as well as the distribution of pits 
and holes in the center belt of the sphere, 
would indicate that the gradients at the 
sphere are substantially the same with 
shank as shown by Maxwell without the 
shank. 

There were a total of 695 pits on the 
sphere and the shank, 27 holes in the upper 
half, and 29 holes in the lower half. The 
largest hole indicated 200 coulombs and 
was located in the lower half. The ex¬ 
pectancy curve checks very closely the 
curve obtained from the WSM sphere, 60 
per cent of the holes indicating about 20 
coulombs. 

Information such as obtained by holes 
burned in metal and fusion of conductors is, 
of course, only a very rough indication of 
the total charge involved. The current 
values and duration cannot be obtained by 
such methods. Only the oscillograph or 
other devices which can measure both timp 
and current amplitude can give accurate 
i esults. Oscillographic evidence of the long- 
duration discharges were first obtained in 
• 1937 at the Empire State Building and 
reported in 1939 by McEachron. 2 Evidence 
of fusion in the field is valuable, however, 
because it shows that long-duration dis¬ 
charges exist not only on tall structures such 
as the Empire State Building but also on 
distribution circuits, dwellings, and other 
structures of relatively low elevation above 
the earth's surface. There is no reason why 
results of the tests presented in the paper 
should not check with Bellaschi’s findings 
on fusion of lightning rods. Combination 
of such data will result in a better quantita¬ 
tive understanding of the long-duration 
discharges. 
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Transient Recovery Voltages 
and Circuit-Breaker 
Performance 

Discussion and author's closure of paper 
42-120 by R. C. Van Sickle/ presented at the 
AIEE summer convention/ Chicago, III., 
June 22-26, 1942, and published in AlEE 
TRANSACTIONS, 1942, November sec¬ 
tion, pages 804-13. 


J. A. Elzi (The Commonwealth and South¬ 
ern Corporation, Jackson, Mich.): Circuit 
breakers used as switching devices for 
equipment such as motors, capacitors, line¬ 
charging reactors, and synchronous-con- 
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denser starting present one of the most 
difficult application problems, and breaker 
performance for these applications has fre¬ 
quently not been satisfactory. This is 
evidenced by excessive contact burning and 
distress during operation, both of which are 
an indication of improper co-ordination 
between rate of transient recovery voltage 
and the rate of recovery of dielectric 
strength between the breaker contacts. It 
frequently happens that these breakers are 
nonautomatic in their operation or that the 
short-circuit duty is quite low, so that 
interrupting rating is not a suitable criterion 
for the selection of a breaker. 

The results of the tests presented in this 
paper and also the data presented in the 
companion papers indicate that, even 
though the rate of transient recovery volt¬ 
age may be relatively high, it is possible 
to select a type of circuit-interrupting de¬ 
vice which will give trouble-free perform¬ 
ance at the relatively low values of current 
which the breaker is required to interrupt in 
these applications. 

In the past it has been the practice to 
apply a breaker having a higher interrupting 
capacity as a remedial measure where such 
troubles have been encountered. This 
method has met with some measure of 
success, but, judging from the results pre¬ 
sented in this paper, it appears that a far 
better approach in making these applica¬ 
tions will consist in the proper selection of 
the type of interrupting device used rather 
than in simply providing a larger breaker. 


F. Von Voigtlander (The Commonwealth 
and Southern Corporation, Jackson, Mich.) : 
The author shows that the extremes of 
transient recovery voltages are higher than 
had been anticipated, but that generally 
the values actually encountered in practice 
are much lower. Companion papers have 
shown that but few circuit breakers have 
failed in service caused by high tran¬ 
sient recovery voltages; yet many circuit 
breakers now in service were designed be¬ 
fore complete data were available on these 
phenomena. 

The writer of this discussion would there¬ 
fore like to ask whether the present switch- 
gear may not be overdesigned in this re¬ 
spect, possibly at the expense of other de¬ 
sirable characteristics, and whether worth¬ 
while economies or improvements of other 
features might not be possible by taking 
into account the lower recovery rates usu¬ 
ally experienced, even though such a pro¬ 
cedure might require measures to limit 
extremes in certain special applications. 

Raymond C. R. Schulze (Public Service 
Electric and Gas Company, Newark, N. J.): 
Published data in the past have indicated 
that the recovery rate had a definite effect 
on the interrupting capacity, but there have 
been no co-ordinated data or series of tests 
on this problem. This paper by Mr. Van 
Sickle supplies some much needed informa¬ 
tion on the subject. 

When I was employed by Public Service 
Electric and Gas Company my first job was 
to calculate short-circuit currents and to 
compare circuit-breaker duties with their 
ratings. I have had a hand in this job ever 
since. About the time that we appeared to 
be up-to-date, something was added to the 

Discussions 


system, or the manufacturer derated his 
breakers, and we had to start over again. 
Sometimes there are too many circuit 
breakers to be rebuilt or replaced for the 
money available in any one year, and so it 
becomes necessary to pick out the worst 
ones. This is done by comparing the short- 
circuit amperes, the probability of opera¬ 
tion, and the experience on the various 
breakers. The experience consisted of the 
recovery-voltage rate and certain mis¬ 
cellaneous factors; before the appearance 
of Mr. Van Sickle’s paper, it was felt that, 
if the time were available, the recovery 
voltage rates for the various breakers could 
be calculated, and then .this factor could be 
separated out of the experience. However, 
this paper seems to indicate that for oil 
circuit breakers the arcing time is sub¬ 
stantially independent of the recovery volt¬ 
age rate. (This is above some critical value 
of recovery rate which is relatively too low 
to be troublesome.) This is indicated by 
various figures and statements in the paper. 
If true, this is fine, because if the arcing time 
is not appreciably affected by the recovery 
voltage rate, then there should be no real 
need for calculating this factor. This should 
save a lot of work. 

On page eleven of the paper, the state¬ 
ment is made that "Published data has 
frequently shown that breakers with self¬ 
generated deionizing action have shorter 
arcing times at high currents than at low 
currents.” We have had some experience 
to substantiate this statement. One 
manufacturer tested one breaker, of which 
we have a number, and which we felt was 
rated too conservatively. The rating we 
finally adopted for this one breaker is 140 
per cent of its name plate value, although 
this particular breaker actually withstood up 
to 280 per cent of its name plate rating. It 
has been our practice to replace these 
breakers when the duties exceeded 140 per 
cent (when some other work was being done 
on equipment associated with it). In view 
of the statement in the paper, and the fact 
that the breaker actually took more than 
our rating, perhaps we have spent a lot of 
money unnecessarily. 

Another point in Mr. Van Sickle’s paper 
interests me. Various figures concerning 
oil breakers show that the arcing time is 
relatively constant with an increase in 
either short-circuit current or recovery 
voltage. However, the arcing time in a 
. compressed-air breaker does increase as the 
recovery voltage rate iricreases. I am 
wondering if this might be an argument for 
continuing to use oil breakers rather than 
the compressed-air type. 

Considering the data which Mr. Van 
Sickle must have on the varying rates of 
decay of current at various natural fre¬ 
quencies, and the value of a curve of dec¬ 
rement factor versus natural frequency 
for use in future recovery voltage calcula¬ 
tions, I am wondering if Mr. Van Sickle 
could develop such a curve for the use of 
the industry. 

David C. Prince: For discussion, see page 
1016. 

R. L. Webb (Consolidated Edison Company 
of New York, Inc., New York, N. Y.): All 
of the papers just presented on the subject 
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of transient recovery voltages as applied to 
power switchgear should prove informative 
and useful to both users and manufacturers 
of circuit breakers. 

The paper giving a "Practical Calcula¬ 
tion of Circuit Transient Recovery Volt¬ 
ages’’ provides a simplified method of cal¬ 
culation that can be used with reasonable 
accuracy by engineers not expert in this 
particular field. The method was used by 
us in assisting with the Association of Edison 
Illuminating Companies survey, and it was 
found relatively easy to follow. The data 
furnished on circuit constants are essential. 

The paper on "Transient Recovery- 
Voltage Characteristics of Electric-Power 
Systems” shows that recovery rates above 
5,000 volts per microseconds may be ex¬ 
pected on only a small percentage of all 
breakers. We do not know yet whether fur¬ 
ther developments in some breakers may 
be proved essential for satisfactory perform¬ 
ance at recovery rates approximating 
10,000 volts per microseconds, but utility 
engineers can give some thought to means 
for keeping the recovery rates low. 

High recovery rates are usually associ¬ 
ated with a circuit of very low capacitance 
connected between a breaker terminal and a 
lumped reactance, such as a reactor or a 
transformer. On one such circuit of our 27- 
kv system the recovery rate was calculated 
to be 8,600 volts per microseconds. In 
experimenting with the calculations we 
found that this rate could be reduced to 
less than 5,000 volts per microseconds by 
connecting a five-foot length of lead-covered 
cable in series with, or as a stub to, the low 
capacitance part of the circuit. In this 
case the cable added about 750 micromi¬ 
crofarads to the capacitance of the connec¬ 
tion. Some such correction might be found 
for any circuit. 

It appears, therefore, that the problem 
of relieving stresses on switchgear resulting 
from high recovery voltage rates rests with 
the user as well as with the manufacturer. 
The user can lay out his connections ini¬ 
tially, in many cases, so as to avoid the type 
of circuit which inherently gives high re¬ 
covery rates. 

It is encouraging to see the extent to 
which new testing facilities for high voltage- 
recovery rates have already been used to 
check the performance of both oil and* air 
circuit breakers. The paper "Transient 
Recovery Voltages and Circuit-Breaker 
Performance” describes laboratory tests at 
the highest recovery rates used so far in test 
circuits. The limits reached in voltage- 
recovery rate seem satisfactorily high for 
proving breaker performance, in view of the 
upper values found in the AEIC survey. 
The tests would be more conclusive, how¬ 
ever, if high current at rated voltage could 
be interrupted with associated high re¬ 
covery voltages applied to the breaker ter¬ 
minals on the same test. 

C. Concordia and H. A. Peterson (Oeneral 
Electric Company, .Schenectady, N. Y.): 
These papers on transient recovery voltages 
present a clear picture of the recovery rates 
which may be encountered in actual circuits, 
of methods of calculating them, and of the 
effect of these recovery voltages on circuit- 
breaker performance for the simplest form of 
test circuit. However, a review of actual 
circuit-breaker performance indicates that 
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factors other than the rate of rise of re¬ 
covery voltage may, in particular instances, 
have a greater effect on breaker perform¬ 
ance; that is, the rate may be low and 
yet the interruption difficult. 

The conclusion brought to light by several 
recent analytical studies is that the con¬ 
figuration of circuits containing appreciable 
amounts of capacitance may make them 
much more severe than the simple circuit 
considered as the laboratory test. For 
example, high reactance grounding 1-5 ma y 
reduce the recovery rate and at the same 
time increase the severity. Again, inter¬ 
ruption of line charging current has a very 
low associated recovery voltage but is 
known to be a severe duty. 4 

The points above are worthy of emphasis, 
because they are not merely special cases. 
Rather, one or more phases of a breaker may 
be required to interrupt a small current with 
a slow recovery voltage rate since un¬ 
balanced faults are more prevalent than 
three-phase faults. This small current 
may be either capacitive in nature (similar 
to line charging current) or reactive, de¬ 
pending upon the assumed condition, 
phase-clearing sequence, and system ground¬ 
ing impedance. Consequently the fore¬ 
going points are essential factors in the 
development and in evaluating the perform¬ 
ance of any breaker. 
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A. J. Krupy (Commonwealth Edison Com¬ 
pany, Chicago, Ill.): As a general comment 
upon the three papers relating to the system 
recovery voltages and their effect on the 
performance of the circuit breakers, I would 
like to stress a point which was briefly 
mentioned in the Adams-St. Clair paper and 
also give some data on the service experi¬ 
ence with the breakers which may be of 
interest to MacNeill and Van Sickle and to 
others: 

When the voltage-recovery calculations 
were completed and the results analyzed, 
it was found that a fairly large percentage 
of the system breakers were subjected to. a 
high recovery voltage. From this, it would 
appear that considerable trouble should be 
experienced with the circuit breakers oper¬ 
ating under such voltage-recovery condi¬ 
tions. However, in case of our system, a 
careful check of the service performance of 
breakers during the period of some 20 years 
showed that there was not a single case of 
breaker failure or even any serious distress 
which could be definitely traced to a high 
rate of voltage recovery. Such breaker 
failures as did occur were invariably con¬ 
fined to the breakers with the previously 
known inadequate interrupting capacity, 
or to those which failed because of some 
other clearly established reasons. 

Discussions 


This leads us to the conclusion that a 
substantial well-designed breaker, which 
has an ample thermal capacity and a suffi- 
cient interrupting duty for a given location, 
has given us a remarkably satisfactory serv¬ 
ice even at the locations which in calcula¬ 
tions gave rather high recovery voltages. 

The above service record may be • ex¬ 
plained in several ways: 

1. The calculations were made for the most 
pessimistic system conditions which exist only a 
small fraction of the total service time, and, there¬ 
fore, the calculated results are unduly pessimistic. 

2. A three-phase ungrounded fault, which was 
assumed in calculations, is a very rare occurrence 
as compared with the variety of other faults ex¬ 
perienced on the system. 

The breaker itself reduces the voltage-recovery 
rate to an appreciable extent especially for the high 
values of current. 

4. A breaker which was designed to obtain high 
interrupting capacity inherently possesses a suffi¬ 
ciently good voltage-recovery characteristic. 

5. During the past 20 years, our system has been 
persistently lucky. 

» 

It is most likely, of course, that not only 
one but several of the above factors were 
responsible for the observed service record. 
This does not mean, however, that the work 
and the tedious calculations which have 
been made in connection with the survey 
are of no practical value. On the contrary, 
in case of our system, for example, it was 
plainly demonstrated that only a very 
minor change in the design of a switch 
house, or a minor change in the connection 
between the reactor and the breaker, can 
reduce the initial rate of voltage recovery 
to a fraction of its original value. Thus, we 
have found an easy and simple way to con¬ 
trol to some extent the voltage-recovery 
rate at a given location, should conditions 
arise which would warrant it. 


J. B. MacNeill (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The group of three papers on tran¬ 
sient recovery voltages form a symposium 
covering system conditions and circuit- 
breaker design aspects. This is a valuable 
contribution and should correct certain 
wrong impressions which have grown up 
over a period of years, and which have been 
associated with the inadequate performance 
of early switchgear for difficult restored 
voltage conditions. 

The results of the Association of Edison 
Illuminating Companies study and the work 
done by manufacturers in their laboratories, 
as shown by the Van Sickle paper, may be 
summarized as follows: 

1. Extremely higli rates of recovery voltage are 
rather unusual under normal operating conditions. 

2. Modern circuit interrupters are not sensitive to 
recovery voltage rate as were earlier devices. In 
fact the average modern interrupter will handle 
without distress, a broad band of recovery rates. 

3. The occasional extremely high-speed rate of 
recovery does not affect a large system area, and, 
if necessary, means of slowing down the recovery 
rate are generally available. 

The modern oil circuit breaker for¬ 
tunately handles widely differing rates of 
recovery without its performance being 
affected greatly. This, I believe, is due to 
the nature of the dielectric in the arc stream 
during interruption. It cannot be assumed, 
however, that other forms of interrupter 
will necessarily have the same latitude in 
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handling recovery voltages. Radically 
dilTerent forms of interrupter will need to 
lie verified in this important respect. In 
general, however, laboratory testing equip¬ 
ments present restoration rates higher than 
average operating conditions. With the 
knowledge now available on system condi¬ 
tions, design engineers should be able to 
provide adequately against extended arcing 
times caused by any reasonable rate of 
voltage recovery. 


R. C. Van Sickle: The discussions of these 
papers have brought out a number of im¬ 
portant points which arise in interpreting 
the data for circuit-breaker application. 

Ihc scope of the data needs emphasis. 
I lie tests were made to determine the 
elfeet of varying the transient recovery volt * 
age while the current interrupted ami the 
normal frequency recovery voltage were 
held constant. To obtain the high natural 
frequencies associated with the most severe 
transient recovery voltages reactors were 
placed in the test cells adjacent to the 
breaker. They limited the current which 
could lie used in this type of telling. These 
tests fulfilled their purpose by demon¬ 
strating the elumieterisltet; of the transient 
recovery voltages which ate found with the 
maximum arcing times. These character 
isties were found on the normal testing eir 
cuits at the highest currents. 

The data demonstrated that at a given 
voltage and current, increasing the severity 
of tiie transient recovery voltage increased 
the arcing time up to a limit and that fur 
Jher increase iu the severity dit! not further 
increase the arcing time. This limit was 
reached well below the values obtained on 
normal testing circuits. 

To fully demonstrate a breaker for a 
given voltage and current it is necessary to 
test it with a transient recovery voltage 
which producer, (hi* maximum arcing. A 
test or service on a circuit which produces 
less than the maximum arcing can demon¬ 
strate the breuker for that service, hut the 
breaker might fail completely if applied on a 
more severe circuit. 

A circuit breaker passing the high power 
laboratory test, should perform us well or 
better in service. It lines not follow that 
the breakers ate designed with loo high 
a factor of safety for the majority of appli¬ 
cations. As shown by the data submitted 
iu this paper, the maximum arcing time of 
the breakers tested was reached at rela¬ 
tively low natural frequencies of the 
transient recovery voltage. 'The voltage- 
recovery rates corresponding to them can he 
obtained on over 70 per cent of the breaker 
locations of the 11,000 to I.’l,8tl0 volts range 
»» shown by Figure 10 of the paper by St. 
Clair and Adams. Of the remaining .'{0 
per cent, part will be on circuits which can 
cause almost the maximum arcing time. A 
few will be on circuits where they can never 
be severely stressed. These few might be 
built less ruggedly but would be hazardous 
if moved to other circuits requiring the same 
interrupting capacity but having more 
severe transient recovery voltages. The 
few which could safely be applied for light 
duty only would hardly justify the de¬ 
velopment and maintenance of a second 
line of breakers. If other types of breakers 
are found to have their performance more 


dependent on tin- transient recovery volt 
age, this eouelusion might not hold for 
them. 

The data of the survey and the breakers’ 
performances indicate that the niujmiiv 
of (lie circuit breakers can be -.ubji-eted in 
service to conditions which produce their 
maximum arcing times, The normal test¬ 
ing circuits of the high {tower labouttory 
have fortunately been suUieirntly severe lo 
require breaker designs adequate for nuv 
service condition. 

The arcing time of the compressed ait 
breakers tested varied less with transient 
recovery voltage than did the arcing time, 
of the oil breaker. Figure 1 '-hows that tin- 
arcing time of tin* plain break oil circuit 
breaker vuried from n.f* to .*2 s »-yvh-. 
Figure 0 shows, that the arcing time of du¬ 
de ion grid breaker varied from 0.:» to •„* l 
cycles. Figure It for the l./itUi.itfitt-kva 
compressed ait eirenit showed no significant 
difference in the arcing time at K.Miki am¬ 
peres and an average increase about time 
fourths cycle at nt amperes The 

cathode ray oscillograms of the test-, at 
higher current indicated that the maximum 
arcing time had hceti reached As stated 
in the text, varying the transient tecoveiv 
vnltage rate on the li.nUO.niHi kva bnaket 
from .'itIti to Cl.tiiNi volts per muroo-coud 
at K.tMMi amperes Id.’JUO volts varied the 
minimum and maximum arcing times by 
only one or two tenths of a cycle. 

f he rate of decay of the euriciit in tin- 
transients during these tests appear , to be 
approximately proportional to ftequeney 
and corresponds closely with the factor tied 
in the survey I'sing capacitor. for loading 
the circuit decreased the rate and using 
transformers fur loading the circuit in 
creased the rate, but the vatiutioie, wete 
relatively unimportant and demons'rated 
that the factor was satisfactory 

Transient Recovery**Voltage 
Characteristics of Electric- 
Power Systems 

Discuiiton and author'* clone# of paper 
42-130 by H. P. St. Cl#fr and }, A. Adam*, 
presented at the AIEE summer convention, 
Chicago, 111., June 22-26, 1642, end pub¬ 
lished In AIEE TRANSACTIONS, 1942, 
September section, pages 666-9, 

W. f . Sims (Coinmumveulth Kdisuti Com¬ 
pany, Chicago, III.): As pointed out 
by Mr, St. Clair in the presentation of 
hix paper, the papers on t his subject are 
bast'd tut a survey of voltage recovery 
rates on six large utility systems eon- 
ducted by the commit tee on electric 
switching and switchgear. Association of 
Kdiaoii Illuminating Companies. Condi 
tions leading up to this survey should lie of 
interest in consideration of the information 
contained in these papers. 

In lfKiH a report on eirenit-breaker test 
mg was prepared by the oil circuit breaker 
testing subcommittee of the commit tee on 
electric switching mul switchgear, ABIC, in 
which it. Was pointed out that there was 
insufficient information available in ref 
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which their products must meet, and 
it is only reasonable to expect that with 
definite knowledge available, ways will be 
found to tailor the product exactly to the 
need and in that way reduce the cost to t he 
consumer for a given service rendered. 

The data presented by R. C. Van Sick le 
do not really negate this conclusion. The 
factors in circuit-breaker design which 
cause the circuit breaker in operating to 
alter the rate at which recovery voltage 
appears involve the dissipation of energy in 
the circuit breaker itself. In the cases 
mentioned by Mr. Van Sickle, the kilovolt¬ 
amperes interrupted have been small, and 
the presence or absence of auxiliary losses 
which altered the recovery rate consequently 
unimportant. Where higher interrupted 
capacities are involved, the conclusion 
might well be different, and it is to be hoped 
that with the splendid new high-capacity 
testing station available to him, Mr. Van 
Sickle will extend his work in that direction. 

R. L. Webb: For discussion, see page 1014. 

C. Concordia and H. A. Peterson: For dis¬ 
cussion, see page 1015. 

A. J. Krupy: For discussion, see page 1015. 

J. B. MacNeill: For discussion, see page 
1015. 


J. A. Adams: Mr. Webb and Mr. Krupy 
mention one of the benefits of the work 
which has been done on recovery voltages: 
namely, to suggest to users of circuit break¬ 
ers that the severity of the recovery voltage 
characteristics of circuits can be reduced by 
changes in station design. However, as a 
word of caution, it should be pointed out 
that the introduction of lead-covered cable, 
as mentioned by Mr. Webb, or of capa¬ 
citors may introduce an additional hazard in 
some cases. This may be especially true in 
the case of a switch house where the breakers 
are located next to the bus with reactors on 
the line sides of the breakers. If the 
breakers have been applied on the basis of 
breaker duties determined for faults beyond 
the reactors, it is essential that the circuits 
between the breakers and reactors be made 
as reliable as possible. Additional capa¬ 
citance inserted in this portion of the circuit 
should be obtained in as reliable a manner 
as possible. 

In connection with the Association of 
Edison Illuminating Companies survey 
an attempt was made to co-ordinate re¬ 
covery rates with breaker failures such as 
was done by Mr. Krupy. This would have 
given an indication of the effect of recovery 
rates on breaker operation. However, 
records in some cases were incomplete, and 
in others time did not permit the analysis to 
be made. It is reasonable to expect that in 
the future this factor will be more carefully 
studied for its effect on breaker operation. 

Mr. Krupy and also Mr. MacNeill point 
out that actual fault conditions may not 
result in as severe recovery voltage , char¬ 
acteristics as the calculations indicate, This 
is true, in some cases, because the system 
connections may not be the same as those 
for which the calculation was made, and in 
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others, because the fault may not be a 
three-phase fault or may not be located at 
the station line terminal. However, the 
most severe recovery voltage conditions 
that can be obtained with operating con¬ 
nections should be recognized when apply¬ 
ing a breaker. In the survey the calcula¬ 
tions were based on connection which gave 
the most severe characteristics under normal 
or emergency conditions. In a great many 
cases these were the connections used for 
normal operation. Also the gfllmbtiotis 
were for the highest three-phase fault cur¬ 
rent that could be obtained for the connec¬ 
tions used. In actual practice, the fault 
might only be phase-to-ground or phase-to- 
phase and might not be located at the line 
terminals, both of which factors would tend 
to reduce the severity of the recovery volt¬ 
age characteristic. 

Mr. Prince refers to the possibility of 
tailoring breakers to the need and thus re¬ 
ducing costs. It is sincerely hoped that the 
results of this survey will be of assistance in 
this respect. 

Practical Calculation of Circuit 
Transient Recovery Voltages 

Discussion end Authors' closure of paper 
42-131 by J. A. Adams, W. F. Skeats, R. 
C. Van Sickle, and T. G. A. Sillers, presented 
at the AIEE summer convention, Chicago, III., 
June 22-26, 1942, and published in AIEE 
TRANSACTIONS, 1942, November section, 
pages 771-9. 


G. W. Dunlap (General Electric Company, 
Schenectady, N. Y.): In the consideration 
of transient recovery voltages there are four 
general methods by which the form of such 
voltages may be obtained for a given circuit 
or system. These may be listed as: 

1. Direct . oscillographic measurement during 
actual fault interruption. 

2. Mathematical analysis. 

3. Electrical analysis of miniature circuit repre¬ 
senting actual circuit. 

4. Electrical analysis by measurements on actual 
circuit. 

All of these methods have their limita¬ 
tions and advantages, and all have been 
used to obtain valuable information and 
must be considered as supplemental to each 
other. The authors have presented in then- 
paper a new and simplified technique for 
the second method which should greatly 
increase its usefulness, and it is the purpose 
of this discussion to point out how the ad¬ 
vantages of methods 3 and 4 may be readily 
made available to supplement calculations 
by the use of the simple device called the 
recovery voltage analyzer, which is de¬ 
scribed in the author’s reference 10. 

This recovery voltage analyzer may be 
used dn either actual circuits or miniature 
representations thereof. It performs elec¬ 
trically the same trick of injecting a current 
into the circuit under study that is used 
mathematically as the basis for calculation 
of transient recovery voltages, and, in case 
of the analyzer, the answer appears on the 
screen of a catiiode-ray tube as a stationary 
trace of the transient recovery voltage de¬ 
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sired. In other words, with the analyzer 
connected to the circuit for which the curve 
of Figure 11 was calculated, the Figure 11 
curve would appear on the cathode-ray tube 
to be observed, measured, or recorded photo¬ 
graphically as desired. 

As pointed out in the paper, it is extremely 
important that the capacitances associated 
with higher-frequency circuits be estimated 
accurately, and in such cases the analyzer 
may be used to advantage, not only to check 
calculations based on estimated capaci¬ 
tances with actual measurements of re¬ 
covery transients, but to measure these 
capacitances as well. In addition, since the 
analyzer does not care how complicated a 
circuit may be, such measurements may be 
used to check the validity of the simpli¬ 
fying assumptions made for purposes of 
calculation. The analyzer has been used 
to make such measurements on a number of 
power systems. Wherever it is possible to 
de-energize a circuit for analyzer application 
the actual measurement is accomplished 
with such speed and facility that the time 
of calculation may be saved, and this has 
also been done in a number of cases. 

This feature of speed brings up the possi¬ 
bility of using the analyzer to eliminate the 
routine work of calculating points on the 
recovery transient curve. The simplified 
lumped constant circuit of Figure 10, for 
example, could be connected to the analyzer, 
and by the throwing of a switch the recovery 
transient could be made to appear in its com¬ 
plete form on the cathode-ray tube, and 
the envelope or any portion of the wave 
desired could be measured. If there were 
any doubt as to the validity of estimated 
capacitances, the values could be varied 
over any desired range, and the effect on 
the recovery transient would be immediately 
apparent. 

Still another use of the analyzer is in 
determining the characteristics of individual 
circuit elements such as generators, trans¬ 
formers, reactors, and so forth. In this 
way values of natural frequency, equivalent 
inductance, and capacitance may readily 
be obtained for subsequent use in calcula- 
» tion of a system as a whole. 

In conclusion, it would appear that the 
usefulness of the method described by the 
authors may be further enhanced by in¬ 
cluding the feature of electrical analysis as 
embodied in the recovery voltage analyzer. 

W. F. Sims: For discussion, see page 1016. 

^R. D. Evans (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The authors deserve commendation 
for the methods of recovery voltage calcu¬ 
lation and the data on capacitance that they 
have presented. 

For network problems of the complexity 
treated in the paper the solutions are not 
rigorous, and only reasonable engineering 
accuracy is intended. Bold approximations 
have been used by the authors to reduce the 
networks to a more manageable form, for 
which rigorous and practical solutions are 
available. These approximations will give 
good accuracy when skillfully used. Never¬ 
theless, a word of caution is desirable for the 
benefit of those , who are unfamiliar with 
such calculations but have occasion to use 
the methods presented in the paper; unless 

1017 




Figure 1. Equivalent circuits for recovery 
voltage calculations 

Symmetrical-component presentation 
Network simplifications 


the approximations are permissible for the 
particular case, the accuracy will be con¬ 
siderably reduced. 

For setting up the network for recovery 
voltage calculations, there are several 
possible methods, including the single-phase 
method used by the authors. We, however, 
prefer to start with a netowrk based on 
symmetrical-component methods, such as 
described by Evans and Monteith. 1 This is 
a general method for setting up networks 
and permits representation of circuit ele¬ 
ments which may be unequal for the 
positive-, negative-, and zero-sequence 
circuits. This method is convenient be¬ 
cause of the practice nowadays of calculating 
the constants of circuit elements by sym¬ 
metrical components. The labor of the 
symmetrical component method is about 
the same as that of the single-phase method 
for the cases where the latter is applicable. 

One method of using symmetrical com¬ 
ponents to set up the equivalent circuit 
for recovery voltage calculation is shown in 
Figure la of this discussion with the in¬ 
ductances and capacitances indicated by 
the usual notation. This network correv 
sponds to the system of Figures 4 and 5 or 
the paper but is presented in a more general 
form which permits differences in the posi¬ 
tive- and zero-sequence inductances and 
capacitances of the various circuit elements. 
In addition, there is provided a path for 
zero-sequence current through the feeder 
beyond the fault, as shown by the dotted 
line section of the figure. For the opening 
of the first pole of the circuit breaker for the 
case of a three-phase ungrounded fault, it 
is permissible to parallel the two remaining 
phases which reduces the network of Figure 
la to that of Figure lb. If it is assumed 
that the positive- and zero-sequence in¬ 
ductances, and the positive- and zero- 
sequence capacitances of the various circuit 
dements are equal, and if the zero-sequence 
path through the feeder beyond the fault 
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is neglected, the network of Figure lb re¬ 
duces to that of Figure lc, in which the 
subscripts have been dropped for con¬ 
venience. By simple rearrangement, the 
network of Figure lc reduces to that of 
Figure Id. 

The network of Figure Id may be sim¬ 
plified in various ways to reduce it to a 
more manageable form for calculation. 
The authors do this by: 

1. Reducing the left-hand part to three raeahea 
by combining capacitances 2C and 2(C-\-C') 
(ignoring the latter) and combining the inductances 
*/j L and 

2. Reducing the right-hand part to one mesh by 
combining the capacitances C and C' (ignoring the 
latter) and combining the inductances U and L. 

The procedure just described reduces 
the network of Figure Id to the form of 
Figure 9 of the paper. An alternative 
method of simplifying the network is to 
ignore the small capacitances 2 (C'-j-C') 
in comparison with the adjacent large 
capacitances 2 C and 3 C' and combining 
the inductances l /%L' and 1 /iL". If the 
inductances in the two right-hand meshes 
of Figure Id are relatively large in com¬ 
parison with the remaining inductances, 
it would be desirable to use a two-mesh 
solution for this part of the circuit instead 
of the single-mesh solution used in the 
paper. 

In setting up equivalent networks for 
the solution of transient problems, it is 
preferable to start with accurate network 
representation for the various circuit ele¬ 
ments and then with the network in view to 
simplify it by the usual methods, such as 
combining branches in series and in parallel 
or eliminating unimportant branches. This 
procedure is preferable to one in which cer¬ 
tain branches are eliminated and other 
branches combined before the network has 
been set up. 

Reference 

1. System Recovery Voltage Determination 
by Analytical and A-C Calculating-Board 
Methods, R. D. Evans, A. C. Monteith. AIEB 
Transactions, volume 56, 1937, June section, 
pages 696-705. 

C. Concordia and H. A. Peterson: For dis¬ 
cussion, see page 1015. 

Discussions 


Raymond C. R. Schulze (Public Service 
Electric and Gas Company, Newark, N.J.): 
This paper is very interesting to me, since 
I was one of those people involved in the 
recovery voltage rate survey. When the 
survey was started, the working group was 
called together, and Mr. Adams outlined 
the method of calculation. The procedure 
is clear and easy to follow, except that there 
appear to be certain disadvantages to the 
application of Boehne’s method for the 
calculation of the various natural fre¬ 
quencies. This methodrequires the combina¬ 
tion of certain inductances and capaci¬ 
tances in order to reduce the number of 
oscillating circuits, and then it requires the 
use of certain very complex graphs which 
appear as Figures 20 and 21 of the paper. 

The objection to the method is based on 
these thoughts: 

1. The combination of certain inductances and 
capacitances results in a circuit with a natural 
frequency, which does not actually exist in the 
system; certain actual frequencies, therefore, do 
not appear in the calculations. This may result in 
an erroneous value of recovery voltage, and re¬ 
covery voltage rate. Also, when combining induc¬ 
tances, one must be careful to maintain the true 
series circuit of inductances (reactances) from the 
generators to the fault, in order to maintain the 
proper voltages across each reactance of the system. 

2. The graphs of Figures 20 and 21 are quite 
complex, and one must have blind faith in the 
accuracy of the graphs and in the factors which 
one reads from these graphs. 

3. Furthermore, there is no way to check one’s 
work when using this method, except to repeat the 
whole process (and perhaps the same mistakes). 

Therefore, the method used in Public 
Service Electric and Gas Company was to 
continue with the diagram of Figure 6 and 
to resolve it into its oscillating circuits 
without any reduction in the number of 
circuits. This meant that there were as 
many oscillating circuits in the final diagram 
as there were in the original system diagram. 
This meant, in turn, that each natural fre¬ 
quency in the system was represented in 
the calculation. Trouble may be experi¬ 
enced because of a change in the natural 
frequency of a circuit, when the natural fre¬ 
quencies of two adjoining circuits have a 
ratio of less than two to one, but in these 
cases the correct natural frequencies can be 
obtained either by using Boehne’s graphs 
for these particular cases (of which there 
were very few) or by computing these 
natural frequencies by the usual methods 
employed for coupled circuits. An ex¬ 
cellent reference for a study of the behavior 
of oscillating circuits is the Bureau of 
Standards circular 74. 

The method utilized in Public Service 
Electric and Gas Company should be es¬ 
pecially useful after reading the conclusions 
shown in Mr. Van Sickle’s paper. 1 Mr. Van 
Sickle shows that the various natural fre¬ 
quencies die out at varying rates, so that a 
truer calculation should be possible when 
each frequency is identified. 

Also, the calculations seemed to indicate 
that the highest value of recovery rate was 
for a fault just beyond a feeder reactor, 
and this recovery rate was largely de¬ 
pendent on the natural frequency asso¬ 
ciated with this reactor. On this basis an 
equation of a half dozen terms was de¬ 
veloped, which gave answers to within five 
per cent of those obtained by the long de¬ 
tailed process for faults just beyond the 
feeder reactor. 

AIEE Transactions 



As mentioned before, Mr. Van Sickle’s 
work shows that the various frequencies die 
out at different rates. This indicates that 
the one uncertain factor in the method of cal¬ 
culation is the decrement factor to be used 
for each of the various natural frequencies. 
The accuracy of the calculation of recovery 
voltage could be improved, if a graph of 
natural frequency versus decrement factor 
could be obtained. 

Reference 

1. Transient Recovery Voltages and Circuit- 
Breaker Performance, R. C. Van Sickle. AIEE 
Transactions, volume 61, 1942, November sec¬ 
tion, pages 804-13. 


R. L. Webb: For discussion, see page 1014. 


J. B. MacNeill: For discussion, see page 
1015. 


A. J. Krupy: For discussion, see page 1015. 


J. A, Adams, W. F. Skeats, R. C. Van 
Sickle, and T. G. A. Sillers: The analyzer 
referred to by Mr. Dunlap should prove to 
be very helpful in analyses of this kind and 
would have been used more extensively in 
the Association of Edison Illiiminfl.t itig' 
Companies survey, had it been available. 
It was used in at least one case to check 
part of a circuit which had been calculated, 
and the results were astonishingly close to 
the calculated values. However, other 
circuits which are more complex would 
probably show wider discrepancies, and in 
these cases the analyzer should be most 
helpful. It is usually not possible, how¬ 
ever, to obtain the complete recovery volt¬ 
age characteristic with an analyzer, as 
this would mean isolating a large portion 
of the power system, which is generally not 
permissible. 

With respect to the accuracy of the pro¬ 
cedure, it was pointed out in the paper that 
the recovery rate for breakers having the 
same voltage and current rating may vary 
over a range of almost 100 to 1 and, while 
quite different performance may be ex¬ 
pected in some cases at opposite ends of this 
range, it is seldom that an important differ¬ 
ence in performance will result from a 
change of even a good many per cent. The 
accuracy required in these calculations, 
therefore, is not of a very high order, and it 
is quite permissible to sacrifice accuracy 
to simplicity to a considerably greater ex¬ 
tent than could be tolerated in many other 
fields. This has been done in many in¬ 
stances throughout the paper, ap it was 
quite necessary in order to keep the job 
within the realm of economic possibility. 

Mr. Evans’ discussion echoes a warning 
also found in the paper to the effect that 
caution must be exercised in applying the 
methods of the paper where a high degree 
of accuracy is required. 

With further reference to Mr. Evans’ 
discussion, it may be pointed out that the 
phase-sequence circuit reduces at an early 
stage of simplification to the same thing as 
the circuit used by the authors, as may be 
seen by comparing Mr. Evans’ Figure lc 
with the authors’ Figure 6. The high de* 
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suability of this simplification where 
accuracy requirements permit is indicated 
by the difference in complexity between Mr. 
Evans’ Figure lc and his Figure lb. . 

The authors agree that it is preferable to 
start with accurate circuit representation 
and recommend that this be done to the 
extent compatible with the complexity of 
the job. A great many of the simplifying 
steps will depend upon the relative magni¬ 
tude of the capacitances and inductances 
involved. This was the case with the steps 
between Figure 6 and Figure 8 of the paper, 
which, as Mr. Evans suggests, would not 
have been sound under different conditions. 

No hard and fast rules can be set up for 
the simplification procedure, and a certain 
amount of judgment is necessary in de¬ 
ciding just what steps to take. This is 
illustrated by Mr. Schulze’s discussion 
which points out that he made rather wide 
departures. It is probable that the in¬ 
clusion of all circuits resulted in improved 
accuracy in some cases, while his distrust 
of the curves caused some loss in others. 

The factors mentioned by Concordia and 
Peterson should of course be recognized in 
applying and designing circuit breakers. 
This paper covers only the recovery voltage 
part of the picture and makes no attempt 
to review these other factors. 

A Compressed-Air Oper¬ 
ating Mechanism (or 
Oil Circuit Breakers 

Discussion and author's closure of paper 
42-114 by R. C. Cunningham and A. W. Hill, 
presented at the AIEE summer convention, 
Chicago, III., June 22-26, 1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
September section, pages 695-8. 


H. E. Strang (General Electric Company, 
Philadelphia, Pa.): Development during 
the last few years on air-blast circuit break¬ 
ers, in which contact movement is provided 
by pneumatic mechanisms, has built up a 
better understanding of the simplicity, 
sturdiness, and reliability of this type of 
operating power. It is quite natural that 
this has led to the development of such air 
mechanisms for the operation of oil break¬ 
ers. Similar to others which have been de¬ 
scribed, the mechanism disclosed by Cun¬ 
ningham and Hill undoubtedly possesses 
many of these desirable characteristics. 

Without belittling in any way the im¬ 
portance of this new type of operating 
mechanism, it must not be inferred that 
it alone made it possible to provide the 
industry with super-speed reclosing circuit 
breakers. The first mechanisms for such 
service, which were of the motor-operated 
type, were installed on 138-kv breakers in 
1936 and have been in regular service ever 
since. Subsequently, over 50 more of this 
motor-driven cam type have been placed in 
service, and, as shown by reports to’ the 
Institute, have contributed their share in 
demonstrating the value of this kind of 
triple-pole, super-speed reclosing service on 
high-voltage lines. 

Since super-speed reclosing of triple-pole 
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high-voltage breakers was already an es¬ 
tablished procedure., it was only natural 
that pneumatic operators should be em¬ 
ployed for this service. It has now been es¬ 
tablished that they perform this same func¬ 
tion with ease and with the obvious ad¬ 
vantages incident to stored energy and low 
battery drain. Starting with the first in¬ 
stallation during the summer of 1940, well 
over 100 pneumatic mechanisms have al¬ 
ready been placed in service on both new 
and modernized oil circuit breakers of all 
voltages from 34.5 kv to 230 kv. 

In attempting to reconcile the relatively 
flat output characteristics of the simple air 
piston with the rising characteristics of 
force required to close a circuit breaker, 
Cunningham and Hill have resorted to a 
mechanically operated throttling valve 
which opens near midstroke to give the pis¬ 
ton an additional boost. Under ideal con¬ 
ditions this should work satisfactorily, but 
at best it is another moving part which may 
require some adjustment, maintenance, 
and attention. A simple toggle built right 
into the mechanism between the driving 
piston and the output crank has been found 
by experience to serve as the means of 
matching these characteristics, and elimi¬ 
nates the need for throttling valves or other 
such critical moving parts. 

H. W. Haberl (Montreal Light, Heat, and 
Power Co. Consolidated, Montreal, Que., 
Canada): If the control mechanism 

for oil circuit breakers as described in the 
above paper is to be used in freezing tem¬ 
peratures where large variations above and 
below freezing occur, it is suggested: 

(а) . That the inlet air to the compressor be passed 
over by some type of drying equipment; this could 
be in the form of a glass bottle in which colored ac¬ 
tivated alumina or silica gel were used as the de¬ 
hydrated medium; in this way, the air in the storage 
tank would be reasonably dry. 

(б) . The mechanism’s housing be lined with an in¬ 
sulating material, similar to (ten-test) and a ther¬ 
mostat and heater mounted inside the control 
cabinet wnich would maintain the control cabinet 
at or above freezing temperature. 

The preceding suggestions would insure 
the air being free of moisture and conse¬ 
quently would prevent any of the small 
valves from freezing. 


R. C. Cunningham and A. W. Hill: Mr. 
Strang has pointed out the relative effect 
of a throttle valve and a toggle, either of 
which modifies the flat characteristic of the 
simple air cylinder to match the typical 
breaker load. One reason for including a 
simple mechanically operated throttle valve 
is to make possible the application of this 
mechanism to existing breakers. In this 
way, the pull curve is made to follow closely 
that of the solenoid formerly used. 

Another and more important reason for 
using the throttle valve with a slotted link 
is to provide controlled flow of air on or- 
, dinary closing, and full air flow when needed 
for rapid redosure. A range of adjustment, 
both as to time of operation and amount of 
opening of the throttle valve, makes it 
suitable for use on any of several sizes of 
breaker. 

It is obvious also that with the breaker 
starting from the full open-contact position, 
air is admitted above the piston when the 
cylinder volume is smallest, and full air 
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pressure immediately acts to start move¬ 
ment. A restriction in the air line is per¬ 
missible and desirable to prevent excessive 
speed later in the closing stroke. However, 
for fast reclosure, air is admitted while the 
piston is part way out in its stroke, so that 
the full effect of the supply pressure is not 
felt until after a time interval while air is 
being poured into this large cylinder vol¬ 
ume. A large opening in the air line serves 
to gain time, so that the utmost over-all 
reclosing time can be secured. 

The use of a drying agent, as suggested 
by Mr. Haberl, was considered in the early 
design stages but not adopted, as it would 
introduce another item requiring mainte¬ 
nance and possibly be the cause of trouble if 
essential to proper operation and not prop¬ 
erly cared for. During freezing tempera¬ 
tures, there is so little water in the air sup¬ 
plied to the compressor that none will be 
deposited after the air passes the inlet valve. 
Heaters are supplied to maintain all parts 
within the housing at a temperature enough 
above the outside ambient to prevent 
trouble, although in extreme low outside 
temperatures it is not considered necessary 
to keep the parts above the freezing point. 

In a test set up at the factory one of these 
mechanisms was operated at temperatures 
down to —20 degrees Fahrenheit. Even 
when air was drawn from outside the cold 
room, at a temperature of 50 to 60 degrees 
Fahrenheit, freezing of condensed moisture 
gave no trouble at any of the control valves. 
Similar performance is indicated by break¬ 
ers in regular winter service. 


Tests and Analysis of Circuit- 
Breaker Performance When 
Switching Large Capacitor 


ments in compact physical arrangements. 
It may be of interest to compare the inrush 
currents calculated from physical dimen¬ 
sions to the results of the actual tests made 
by the authors. Figure 1 shows a compact 
equipment rated 2,520 kva. A number of 
such equipments may be grouped together 
with space to allow for ventilation and 
accessibility to form a larger bank. One 
or more of those equipments may be con¬ 
nected to the system through a suitable 
circuit breaker. 

Assuming a typical arrangement for each 
of the three-phase kilovolt-ampere ratings, 
wye-connected, inductance and resistance 
values have been calculated, conservatively 
leaning toward the minimum practical 
values. The circuit used for calculation 
includes individual capacitor units, fuses, 
bus connections, cable between equipments, 
and connections up to line side of circuit 


Using the inductance and resistance 
values from the table, it can be shown that 
the transient inrush current will decrease 
to a negligible value in less than one cycle 
(60-cycle frequency). For example, con¬ 
sider the 10,080-kva bank on a 13,800-volt 
60-cycle line. The transient current will 
decrease to one-half its maximum value in 
approximately one-quarter cycle (0.00416sec¬ 
ond), or to one-tenth its maximum value in 
approximately three-fourths cycle (0.0125 
second). The natural period of the tran¬ 
sient would be approximately 7,300 cycles 
per second. 

The above calculated data indicate maxi¬ 
mum inrush currents of 76,500 peak am¬ 
peres with a physical arrangement typical 
of a practical permanent installation ex¬ 
cept that an infinite bus is assumed at the 
circuit-breaker terminals. Actually, the 
additional inductance in 30 feet of line be¬ 


Figure 1. Outdoor 
large rack-type ca¬ 
pacitor equipment, 
rated 2,520 kva, 
13,800 volts, wye- 
ungrounded neutral, 
three-phase, 60 
cycles 



Banks 

Discussion and authors* closure of paper 
42-119 by T. W. Schroeder, E. W. Boehne, 
and J. W. Butler, presented at the AIEE 
summer convention, Chicago, III., June 22-26, 
1942, and published in AIEE TRANSAC¬ 
TIONS, 1942, November section, pages 
821-31. 


R.M. Partington and M. E. Scoville (Gen¬ 
eral Electric Company, Pittsfield, Mass.): 
The physical arrangement of a capacitor 
bank and circuit connections determines the 
inductance and, therefore, affects the 
magnitude of inrush currents with ener¬ 
gizing the bank. Maximum inrush cur¬ 
rents are obtained with switching equip¬ 


breakers. The inrush currents were cal¬ 
culated from the relation 

., . , line voltsX 1.41^ C 

t (maximum) =»--X Vi ~ 

neglecting resistance which has a negligible 
effect on the inrush current magnitude. 

The inrush currents shown in the table 
are maximum with assumption of infinite 
bus at line side of circuit breaker terminals. 
Consequently the presence of other capa¬ 
citor banks on the same infinite bus would 
not increase the values of maximum inrush 
current. . Rarely, however, would these 
inrush currents be obtained in practice 
since there would be some system induct¬ 
ance ahead of the circuit breaker which 
would reduce the inrush current? 


Table I 


Rated 60-Cycle 

3-Phase Line 

Calculated Values Per Phase 

Maximum 

Inrush 

Current 

(Amperes) 

Inductance Capacitance Resistance > 

(Microhenrys) (Microfarads) (Ohms) 

Kva 

Voltage 

. 2,520..... 


.... 8.17... 

. 387 ... 

0 0025 

i 

23 400 

5.040. 

.....4,100..... 

.... 4.08... 


...0.0012... 

.46,700 

10,080. 

;.... 4,100..,.. 

.... 3.05... 

.1,548 . 

.. .0.0000 

76 500 

2,520..... 

.13,800..... 

9.15... 

. 35.2. 

...0.0040.... 

.22,100 

5,040...... 

.....13,800. 

_4.46... 

. 70.4 . 

0 0023 

44 300 

10,080_ 

.....13,800..... 

.... 3.34... 

. 140.8. 

. .0.0012.... 

__ 73^000 

5,400..... 

.... .25,000,.... 

....11.27... 

. 23.0. 

...0.0042.... 

.29,100 

10,800. 


. 8.45. .. 

. 46.0. 

...0.0022... , 

.47,000 


tween the circuit-breaker terminals and an 
infinite bus, which is typical of a practical 
installation, will limit the peak currents 
to less than the values obtained in the tests 
recorded in the paper. 

R. D. Evans (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The transient-recovery-voltage prob¬ 
lem for de-energizing capacitors is similar to 
that which arises from de-energizing trans¬ 
mission lines. The latter problem was in¬ 
vestigated several years ago in the paper, 
"Power-System Transients Caused by 
Switching and Faults’’ by Evans, Monteith, 
and Witzke. 1 It is. pertinent to compare the 
results of these two studies since part of the 
analytical and transient-calculator work of 
the present paper follows closely the pro¬ 
cedure used in the earlier paper. In that 
paper a power system with typical sending 
and receiving stations, and with two 100- 
mile transmission lines were used for the 
study of several types of switching tran¬ 
sients. The case considered included the 
de-energizing of one line starting with one 
and two lines in service. The comparison of 
the recovery voltages obtained is given in 
the accompanying Table II. . 

The difference in voltage transients in¬ 
cident to de-energizing transmission lines 
between switching lines and de-energizing 
capaicitors depends to some extent on the 
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differences between lumped and distribu¬ 
ted capacitances and the presence of line 
resistance. However, the more significant 
difference for many conditions of operation 
arises from the difference in the positive- 
and zero-sequence constants. Capacitor 
connections may be made so as to give 
widely different ratios of zero- to positive- 
sequence constants, whereas with trans¬ 
mission lines the ratio is fixed and for the 
case covered by the earlier paper was in the 
ratio of 1 to 1.35. This means that the volt¬ 
age transients on grounded capacitors with 
neutrals grounded or interconnected should 
correspond approximately with the tran¬ 
sients of switching lines connected to 
grounded systems. 

It is believed that the differences in the 
results of tests for the comparable condi¬ 
tions from the two papers may be ex- 

Table II 


Transient Voltages for 
De-energizing Operations 
Expressed as Ratio 
to Rms Voltage 

Line to Ground 

Voltage to 
Ground 

Switch 

Volts 

Trans- 

Switching mission Capaci- 
Conditions Line* tor** 

Trans¬ 
mission Capaci- 
Line* tor** 

Grounded neutral 
Transmission line 
Initially l.2.7 


3 6 


Initially 2. 2 3 


3 4 


Capacitor 

0.5 microfarad. 

. .3.0.. 


4. n 

0.5 microfarad 
with 0.2 
microfarad 
unswitched. 

. .2.4.. 


4 ft 

Interconnected ca¬ 
pacitor neutral 

0.5 microfarad 
with 0.2 micro- 
farad un¬ 
switched. 

.. 3.3 


4 ft 

Ungrounded neutral 
Transmission line 

Initially 2 .2.6... 


5 0 


Initially 1.2.2... 


a a 


Capacitor 

0.5 microfarad. 

.6.0... 


6 6 

0.5 microfarad 
with 0.2 
microfarad 
unswitched. 

.6.0... 


.8.2 

* Reference 1. 

** From the authors' paper. 


plained on the differences in the circuit 
constants. 

The earlier paper also gave data on volt¬ 
age transients for two restrikes. In¬ 
cidentally, it may be observed that these 
tests showed lower transient voltages for 
some value of neutral impedance than with 
solidly grounded systems. 

The results obtained by the authors of 
the present paper are of interest and show 
the desirability of reducing transient volt¬ 
ages by grounding capacitor neutrals or by 
interconnecting them. There is also some 
advantage in switching capacitors in rela¬ 
tively small blocks. 

Reference 

1. Power-System Transients Caused by 
S wToraNo and Faults, R. D. Evans, A. C. Mon- 
teitn, K. L. Witzke. AIEE Transactions, volume 
58,1939. August section, pages 386-97. 


T. W. Schroeder, E. W. Boehne, and J. W. 
Butler: Partington and Scoville have pro¬ 
vided some very useful data for estimating 
inrush currents and their duration for typi¬ 
cal large banks. It should be emphasized 
that the inrush or discharge currents will 
be reduced measurably by comparatively 
short lengths of conductor to the capacitor 
banks. It is felt that the m aximum test 
value of 52,000 amperes is sufficient for 
most practical installations because 

This is a greater equalizing current than that 
which will flow between two groups of two 10,080- 
kva 13.8-kv banks each, with an inductance of five 
microhenries between the groups. This value is 
about 44,600 amperes. 

A bank of 10,080 kva which is shown to have 
“i|" er inrush current than values reached in test 
(76,500 amperes maximum) could discharge such 
current through a breaker only in the case of a 
solid three-phase fault immediately on the line 
side of the breaker, which would be a rarity. 

3. On energizing such a bank, very small values 
of system inductance will greatly reduce the possible 
inrush current. 
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120-Kv Compression- 
Type Cable 

(42-133) 

120-Kv High-Pressure 
Gas-Filled Cable 

(42-135) 

Low-, Medium-, and High- 
Pressure Gas-Filled Cable 

(42-102) 


Discussion and authors' closures of papers 42- 
133 and 42-135 by I. T. Faucett, L. I. Ko- 
mives, H. W. Collins, and R. W. Atkinson, and 
paper 42-102 by G. B. Shanklin, presented 
at the AIEE summer convention, Chicago, III., 
June 22-26, 1942, and published in AIEE 
TRANSACTIONS, 1942, September sec¬ 
tion, pages 652-7,658-65, and October sec¬ 
tion, pages 719-26. 


L. L. Phillips (General Electric Company, 
Pittsfield, Mass.): Some of the all-gas-filled 
terminals to which Mr. Shanklin refers now 
are in service at 15 kv. Similarly designed 
terminals for ratings 23'kv, 34,5 kv, and 46 
kv, have been developed and are available 
for gas-filled cable installations pending. 
These gas-filled terminals utilize an ingen¬ 
ious method for controlling the electric 
stresses in the insulation at the termination 
of the cable-shield extension. The ordi¬ 
nary construction of termination regularly 
used in compound-filled and oil-filled ter¬ 
minals is unsatisfactory for gas-filled as¬ 
semblies, because of the, differences of volt¬ 
age distribution resulting from the use of 
gas as a part of the dielectric. 

Stress control is accomplished largely by 
a specially developed cloth having the ca¬ 
pacity to divert a part of the charging cur¬ 
rent which tends to flow directly to the end 
of the cable-shield extension. The cloth is 
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processed to have a controlled resistance to 
the flow of current. It is assembled in con¬ 
tact with the metal of the cable-shield ex¬ 
tension to provide a partially conducting 
cylinder for approximately one inch be¬ 
yond. The special cloth serves to distribute 
the charging current through a larger cross 
section of the insulation, thus preventing 
concentration at the immediate end of the 
cable-shield extension. Therefore, a part of 
the charging current flows from the terminal 
conductor through the insulation to the 
cylindrical surface formed by the applied 
cloth and thence to the cable-shield exten 
sion. 

In addition to the “shielded” extension for 
stress control, wrappings of varnished cam¬ 
bric tape are applied to exclude filler gas— 
except in the thin films between tapes— 
from regions immediately surrounding the 
cylinder of special cloth. The total thick¬ 
ness of this applied tape varies according 
to the circuit voltage at which terminals 
will operate in service. Thus, any appreci¬ 
able thickness of the filler gas is preyented 
from entering the dielectric circuit, except at 
suitable locations. 

L.I. Komives (The Detroit Edison Company, 
Detroit, Mich.): After seeing with his own 
eyes 29 inches of vacuum in an impreg¬ 
nated-paper cable line which operated at 24 
kv successfully for the last 12 years in De¬ 
troit, the writer appreciates Mr. Shanklin’s 
contribution to the industry more than ever 
before. If some means could be found 
which would enable the cable user to main¬ 
tain positive (above atmospheric) pressure 
at all times in a solid-type cable, certainly 
more efficient operation could be expected 
than from the above described Detroit 
cable. As the service record of the solid- 
type cable is very good, the insulation 
thickness may be reduced, or the normal 
maximum operating temperature (cable 
loading) may be increased. This is essen¬ 
tially what the low-gas-pressure cable ac¬ 
complished in addition to the "self-super¬ 
vision,” a feature which is very valuable to 
the operating engineer. 

In this paper Mr. Shanklin takes the ap¬ 
parently very logical step and tries to extend 
the usefulness of this principle into higher 
brackets, in regards to both pressure and 
voltage. He divides the field into three 
pressure classes and prescribes cables suited 
for each class. The writer will discuss each 
class separately. 

1. Low-Pressure Gas-Filled Cable 

There is only one observation which the 
writer would like to make with regard to 
this cable. Nowhere in this nor in Mr. 
Shanklin’s previous AIEE paper describing 
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this cable has a direct parallel been drawn 
nor comparative test results shown which 
would indicate the superiority of the low- 
gas-pressure cable over that of an ordinary 
solid cable. It would be desirable to show 
for instance paralleling cases for Figures 6, 
10, 11, and 12 of Mr. Shanklin’s paper 
where no nitrogen is applied to ordinary 
solid cables employing the same dimensions 
and construction as the low-gas-pressure 
cables shown in Figure 1 of this discussion. 

The argument that the low-gas-pressure 
cable of Figure 6 stood up for more than a 
year under certain conditions would be more 
convincing if parallel cases on solid-type 
cables would be shown. In Detroit solid- 
type cables stood tests at higher voltages 
than that shown on Figure 6. One such 
example is shown on Figure 1 of this dis¬ 
cussion. 

2. Medium-Pressure Gas-Filled Cable 

The economic voltage range for this cable 
is given as from 40 kv to 69 kv. This is the 
range which is the most awkward and 
bothersome from the cable designers’ point 
of view—apparently too high for solid-type 
insulation and too low to permit the appli¬ 
cation of reservoirs or other accessories 
economically. If the medium-pressure sys¬ 
tem will solve some of the problems in this 
field, it will be a real contribution. In the 
opinion of the writer the problem of the 
high-creep-strength alloy sheath will have to 
be worked out more completely especially 
with regard to higher temperatures, resist¬ 
ance to corrosion, and aging. The double- 
reinforced sheath could be justified in very 
few cases and under a constant pressure of 
30 pounds per square inch. This construc¬ 
tion still has to prove itself. 

3. High-Pressurb Gas-Filled Cable 

In paragraph 2 of this discussion the 
statement was made to the effect that Mr . 
Shanklin took the “apparently’* logical step 
of extending the gas-feeding principle into 
the higher-voltage field. As long as Mr. 
Sh anklin tries to improve the solid-type 
cable, he will find the majority of the cable 
engineers behind him, because most of them 
realize the inherent weaknesses. In the 
higher-voltage field, however, there are 
several excellent solutions, and naturally 
these systems should be used as a yardstick 
when judging Mr. Shanklin’s high-pressure 
cable. 

A. Sheaths intact: 

1 . Compression versus high-pressure: 
Theoretically the lead sheath is not flexed in 
the high-pressure system, but it is flexed in 
the compression system. On the other 
hand the gas in the pressure chamber is in 
contact with the insulation in the high- 
pressure cable from -the very beginning, 
while in the compression system the same 
conditions will appear only if and when the ' 
lead sheath ceases to function as an im¬ 
pervious membrane. Otherwise, the two 
systems are alike except that the cable of 
the high-pressure system will cost somewhat 
more if three-conductor cable can be used, 1 
and a great deal more if single-conductor 
construction has to be fesorted to. 

2 . Oil-filled versus high-pressure: The 
writer would like to see a comparison in cost 
between these two types of cable. As the 
spread between oil-filled and compression 
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cables is not too great, the higher cable 
cost of the high-pressure system would 
probably bring it quite close to the cost of 
the oil-filled system. In such a case the 
new construction would have to compete 
with the reliable proved oil-filled system on 
purely technical basis. 

B. Sheaths stripped off: 

1. Modified Beaver ( SMD ) versus high- 
pressure: When Mr. Shanklin strips his 
sheath, his cable in time becomes an SMD 
cable with the following exceptions: 

(а) . He does not design his cable for such condi¬ 
tions, that is, grades his butt space thicknesses, 
insures gas supply to all voids, and so forth. 

(б) . He has to use an impregnating compound of 
lower melting point; otherwise he cannot impreg¬ 
nate. With lower melting point oil drains at cor¬ 
responding temperatures, and in a large steel pipe 
there is nothing to hold the oil in the cable insulation. 
In an SMD cable impregnating compound with a 
much higher melting point may be used. 

(c) . He does not even use strand shielding, be¬ 
cause tests on “new" cables do not show the need 
of it. 

(d) . His cable cost probably somewhat less, be¬ 
cause he does not use preimpregnated tape in a low- 
humidity room. Although in order to obtain good 
taping, he probably "regulates” the humidity of 
the taping room.. 

Between the two alternatives the writer 
prefers the SMD. 

Strand Shielding 

Although strand shielding did not ap¬ 
pear to show any improvement in the long¬ 
time tests, it should still be retained, be¬ 
cause it influences impulse strength. It is 
a well-known fact that insulation thicknesses 
of voltage cables are based on transient 
voltage requirements. This is emphasized 
in Mr. Shanklin’s paper. 

Impulse Tests 

The writer would like to add a note of 
warning to Mr. Shanklin’s conclusions. 
It has been fairly well established that ag¬ 
ing does not affect the impulse strength of 
an oil-filled cable, but it does affect that of 
the solid-type cable. As the gas-pressure 
cable constructionally speaking is some¬ 
where between the two, it seems that 21 
days aging at 75 degrees centigrade should 
not be accepted as a complete proof that 
aging does not affect the impulse strength 
of the gas-pressure cable. 


L. F. Hickemell (Anaconda Wire and Cable 
Company, Hastings-on-Hudson, N. Y.): 
Referring to Figure 6 of Mr. Shanklin’s 
paper, it is noted that after 252 days at 85 
volts per mil the power factor at 85 degrees 
centigrade was two per cent. Reference 
to a published AIEE paper ("The Type-CB 
Impregnated-Paper Cable,” by S. J. Rosch, 
Figure 12), will show that after a similar 
period at 100 volts per mil, the power factor 
of type- CB cable at 80 degrees centigrade 
was of the same order (that is, two per cent). 
From this point on the test conditions are 
not comparable. Accordingly, from a 
power-factor-stability standpoint, it would 
not appear that the added complication of 
gas-pressure operation were warranted. 

Referring to “Strand Shielding,” com r 
parison of Figure 6 with Figure 10, insofar 
as it goes, substantiates the author’s conclu¬ 
sion that no great benefit was obtained from 
stand shielding. Figure 10, however, at 


the time of writing the paper was incom¬ 
plete, the cable having been subjected only 
to the 85-volts per-mil cycles. Since the 
cable on test was constructed with metal- 
lized-paper strand shielding, we presume the 
author intends ti limit his conclusions to 
this design only. 

In reference to "Impulse Tests,” it is 
stated that for all practical purposes, solid, 
oil-filled, and gas-filled cable have the same 
impulse strength; this appears reasonable. 
However, in this connection, consideration 
should be given to the fact that other in¬ 
vestigators have found strand shielding to 
improve the impulse strength (“Impulse 
Strength as a Measure of Cable Quality,” 
by L. I. Komives, 8 and "Impulse Strength 
of 24-Kv Type-# Cable,” by G. B. 
McCabe, transmission and distribution com¬ 
mittee, Edison Electric Institute, Detroit, 
Mich., February 17,1941). 

The type SMD cable discussed in paper 
42-135 is typically American in that it rep¬ 
resents a melting pot of ideas. Taking the 
graduated gas spaces of Beaver, the design¬ 
ers have put the cable in Hochstadter’s steel 
pipe, thrown away the lead-sheath dia¬ 
phragm, and applied the pressure in direct 1 
contact with the impregnated insulation as 
suggested by Fisher, Atkinson, Bennett, 
and probably others. 

All that is needed to make this a truly 
up-to-date design would be to incorporate 
Rosch’s carbon-black protection. On this 
point, however, the designers have appar¬ 
ently been content on simple conductor 
shielding. Since impulse strength was evi¬ 
dently of some concern (refer to “Impulse 
Tests”), this seems unfortunate, in view of 
one of the authors’ own data 8 and that of 
one of his associates (“Impulse Strength of 
24-Kv Type-# Cable,” by G. B. McCabe). 
These data indicate the highest impulse 
strength was obtained with type-CB con¬ 
struction. 

Referring to “Field Tests,” in discussing 
Figure 2, the authors state: “These meas¬ 
urements show no evidence of deterioration 
of the insulation.” So far as it goes, this 
statement is correct, but it might be added 
that the data do not show anything else 
either; certainly not that no deterioration 
took place. Power-factor measurements 
at (or below) room temperature are value¬ 
less as criteria of insulation deterioration. 
Reference to cyclic-aging data will disclose 
that during the cycles prior to instability 
the cold power factor seldom exceeds ap¬ 
preciably the initial power factor. On the 
other hand, the hot power factor gradually 
increases until failure (reference 1, Figure 
12). It is the high-temperature, not room- 
temperature, power factor which discloses 
the presence of deleterious products which 
cause insulation deterioration. 

Referring to “Compound Migration,” if 
a 65-day test at 100 degrees centigrade can 
be relied upon to indicate the expected life 
of the cable at rated operating temperature, 
it would appear that the migration problem 
has been solved by the use of a high-vis¬ 
cosity impregnant (3,000 Saybolt Universal 
seconds at 100 degrees centigrade). On the 
other hand, operating ’ experience on this 
same system has indicated that viscosity 
is not the only factor involved in migration. 
(“Examination of 60 Paper-Lead Cables 
After Operating in High Vertical Runs,” by 
F. Farmer, underground systems commit¬ 
tee, National Electric Light Association, 
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Detroit, Mich., April 4-5, 1933). It will, 
acconfcngly, be interesting to learn at a 
later date the actual field experience with 
respect to compound migration. Until 
such time it might be well to accept sum- 
1113X7 3, J^ d P°ssibly 4, with some qualifica¬ 
tions. This observation is further prompted 
by the fact that tests in several laboratories 
and operating experience have indicated 
that migration will eventually take place, no 
matter how high the viscosity, if the im- 
pregnant is operated above its melt point 
I like one important feature of Sys¬ 
tem, modestly omitted by the authors, 
namely, that it has a second line of defense 
It it doesn’t work with gas, it can always be 
filled with oil; provided rationing has not 
extended to the Midwest by that time! 


References 

RoST : AiEE C '^i MPRBGNATED ' PAPER Cable ' S ‘J. 

page 1047. E Transactions . volume 59, 1940, 

S T S r TR r G ™ AS A Mbasurb or Cable 
Quality, I». I. FComiyes. AIEE Transactions 
volume 00, 1941, October section, pa£ 929 ’ 


Robert J. Wiseman (The Okoiiite-Callender 
Cable Company, Inc., Passaic, N. J.): I am 
not able to go along with Mr. Shanklin’s 
statement that a. pipe cable system is limited 
in open ground and not adaptable to paved 
city streets. I think the Detroit Edison 
installation of the 120-kv gas-pressure 
cable proves this, and calculations that we 
have made on installation costs indicate 
that our Oilostatic cable system ran com¬ 
pete very nicely with a cable system drawn 
mto ducts. It is true that it is necessary 
to draw the three cables into one pipe and, 
therefore, the heat is concentrated more 
than for a duct system, but the heat-dis¬ 
sipating properties of a buried cable or pipe 
are better than a duct, and, therefore, we 
arrive at the same conductor size or in some 
cases a smaller size. A steel-pipe cable sys¬ 
tem (Oilostatic and gas-pressure) is able to 
cany as heavy loads as is considered good 
engineering in concentrating in one circuit 
large amounts of power. The Oilostatic sys¬ 
tem has a very high emergency-overload 
characteristic because of the high heat stor¬ 
age capacity of the oil in the pipe and the 
surrounding earth, so that, if occasion arises, 
it can be heavily overloaded for several 
hours without reaching excessive tempera¬ 
tures, and it will cool rapidly when the load 
is reduced. 

I do not agree with the statement in para¬ 
graph d referring to the effect of exposure 
of the unleaded cable as it is being drawn 
into the pipe to absorption of air and mois¬ 
ture, as it pertains to the Oilostatic system, 
and I also question it for the gas-pressure 
system. This is another of the fears tha t we 
had in the past that is not borne out by facts. 
We have drawn the individual unleaded 
cables for the Oilostatic system into pipes for 
lengths of 1,500 to 4,000 feet, and power- 
factor measurements did not show any 
increase. Many of us have stripped lead 
sheaths off cables, left them exposed, and 
then measured the power factor without 
finding an increase over the values before 
removing the lead, sheath. 

I am disappointed that the authors of 
paper 42-133 have not included in the paper 
any data regarding the thermal characteris¬ 
tics of the compression-cable system. They 
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refer to load-cycle tests that have been m 
but do not tell us what temperatures were 
found for the conductor, lead sheath, and 
pipe, nor show curves of the temperature 
rise with time when the load is on, and the 
rate of cooling when the load is off. A load 
cycle of 2.5 hours on and off and four hours 
on and off is a very short cycle, and I doubt 
that the cable arrived at its maximum tem¬ 
perature at all. The 190-hour load cycle 
should show good data. The heat-storage 
capacity of a buried-cable system is very 
large and results in a slow rate of rise of 
temperature. In the case of the compres¬ 
sion cable you have copper, insulation, lead, 
gas, steel pipe, and surrounding earth. 
For the high-gas-pressure cable there is no 
lead. For the Oilostatic-cable system we 
have copper, insulation, oil, pipe, and sur¬ 
rounding earth. Tests which we have had 
made on Oilostatic cable indicate the heat 
capacity inside the pipe is very high and re¬ 
sults in a slow rate of rise in temperature 
outside the pipe. One test indicated that 
the temperature of the earth 17 inches from 
the center of the pipe did not begin to rise 
until six hours after the load was applied to 
the cable. I would expect the compression 
cable to have good but not as much heat 
capacity because of the use of gas which has 
a very low heat capacity instead of oil sur¬ 
rounding the cables inside the pipe. 

I am also interested in the thermal con¬ 
stants for the compression cable, insulating 
gas zone, earth. What formulas are used 
for calculating the thermal gradient in each 
zone? 

The SMD-type cable is a logical develop¬ 
ment from the Beaver-type cable as used 
in England and the compression cable; that 
is, take the pipe of the latter and pull into 
it preimpregnated paper-insulated cables 
and apply high gas pressure to fill all the 
spaces in the insulation with gas. It differs 
from the Oilostatic system, in that, the lat¬ 
ter has oil as the pressure medium, and oil 
is forced into all the spaces in the insulation. 
As the oil is gas-free, when pumped into the 
pipe which has been previously evacuated, 
and fills all voids, there is no worry about 
ionization taking place, so that we do not 
have a critical electric stress at which ioni¬ 
zation will start. 

We do not consider it necessary to lay up 
the three conductors in the Oilostatic cable, 
because there is free movement in the pipe 
to take care of the longitudinal thermal ex¬ 
pansion. The authors found this to be so 
for their cable. The testing of a 50-foot 
length for the end thrust as described in the 
compression-cable paper is inconclusive, 
as the length is too short as compared to 
actual installation. Actually we have at 
least several hundred feet between joints, 
and on installation we have noted a gradual 
turning as the cables are drawn in, giving 
the equivalent of a long lay cable which will 
result in radial expansion of the three con¬ 
ductors instead of longitudinal, as they are 
not bound together, and so are free to move 
radially. 

My comments on lack of thermal data in 
the compression-cable paper also apply here. 

The authors stated that they have collected 
a great deal of data; yet they do not give us 
this necessary information to understand 
properly how to design this system. We 
are interested in the temperatures found for 
the conductor, shielding tape over the insu¬ 
lation and pipe. We would also like to see 


curves showing the temperature rise with 
time while the load is on and the rate of 
cooling when the load is dropped. I ques¬ 
tion very much the value of such short load 
cycles as 2.5 hours on and off, and four 
hours on and off. I doubt that the cable will 
arrive at its maximum temperature at all. 
Information on the 190-hour load-cycle test 
would be helpful in appreciating what this 
system is capable of doing in the way of tak¬ 
ing care of heavy loads. We will be inter- - 
ested to compare the heat-storage capacity 
of this cable with the heat-storage capacity 
of the compression and an Oilostatic cable. 

The information regarding soil thermal 
resistivity is very interesting. I am glad 
that the authors state the formula in the 
third paragraph is empirical. We have used 
a sphere in making thermal-resistivity tests 
and the well-known sphere formula. The 
values of soil resistivity given in Figure 4 
are quite interesting and show fairly low 
values. However, the important thing is 
how do they use this thermal resistivity in 
determining the thermal resistance of the 
earth term for the total thermal resistance 
of the system ? 

The coefficient of friction of 0.37 for pull¬ 
ing the cables into the pipe up to 1,500 feet 
is very good considering it is a dry pipe. 
We have found for the Oilostatic system 
for lengths of 2,000 feet and more a value 
of 0.26. We have no hesitancy in p ulling 
as high as 4,000 feet of cable without ex¬ 
cessive strains on the conductors. 


E. H. K i r kha m (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
Under some circumstances it is desirable 
that a pressure relay be installed at the far 
end of a gas-filled cable when gas feeding 
from one end only. In the event that the 
feeder is operating as a closed system this 
relay will function equally well at either end. 
However, should it be necessary to operate 
with a constant supply of gas from a cylinder 
through a regulator, while the regulator 
will maintain a relatively steady pressure 
at the feeding end, pressure gradient in the 
cable may be such as to result in a danger¬ 
ously low pressure at the far end. In one 
instance, this occurred with a leak in the 
order of one-half cubic foot per minute when 
fed at 12 pounds per square inch from one 
end; the pressure at the far end was meas¬ 
ured at six pounds per square inch. Of 
course, the temporary feed was supplied 
at the far end pending location of the leak. 

I agree with Mr. Shankfin that it is not 
necessary to "blow out" gas-filled cable 
equipped with a solid tube, but experience 
has shown that the excess compound should 
be drained from the joints periodically, a 
procedure which has the same effect as 
blowing out the cable. 

At the present time, field experience indi¬ 
cates that this need not be done oftener thar? 
once a year, and probably, as the free com¬ 
pound is eliminated from the cable, the 
period may be extended. 


Discussions 


E. R. Thomas (Consolidated Edison Com¬ 
pany of New York, Inc., New York, N. Y.): 
There has been another type of compression 
cable described before the Institute which 
was not mentioned in paper 42-133. This 
was my paper on sheath-compensated cable 
presented before the winter convention 
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several years ago. The cable described at 
that time has operated satisfactory at pres¬ 
sures up to 100 pounds per square inch. 

From an operating viewpoint several 
points in the compression-cable paper are of 
interest. First, the increase of several hun¬ 
dred per cent in the life of the lead sheath, 
when subjected to diaphragm action, by 
the elimination of oxygen from contact 
with the sheath surface, seems to be of 
practical value. We have occasions in New 
York to run cables over bridges and other 
vibrating structures and would like to in¬ 
quire whether the fatigue strength would be 
similarly increased under these conditions 
by the elimination of oxygen from contact 
with the sheath surface? 

Frequently cracked sheaths occur, par¬ 
ticularly in the smaller manholes, from 
longitudinal movement and concentrated 
bending. Would it not be possible to reduce 
the cable fault rate from this cause by seal¬ 
ing the sheath surface from oxidation at 
these vulnerable points? 

It was also pointed out in this paper that 
longitudinal movement was negligible when 
single-conductor cables were Cabled together 
with a short lay and no external covering 
used. Under certain conditions such a 
procedure applied to duct installations may 
provide a simple solution to the problem of 
longitudinal movement and its effect on the 
lead sheath. 

The Consolidated Edison Company of 
New York has made a number of labora¬ 
tory and field tests on three-conductor 
cables of special construction for determin¬ 
ing ]the ability of such cables to absorb 
within the sheath the longitudinal expan¬ 
sion of the Conductors. Cables made with 
short lays, special binder construction, and 
sheaths of different degrees of looseness were 
tested. Laboratory tests showed that the 
greatest gain in reducing the restraining 
force necessary to prevent longitudinal 
movement was obtained by using short lays. 
Field measurements on a number of cable 
sections having special binder construction 
and short lays showed cable movements on 
these sections to be considerably smaller 
than for equivalent sections of standard 
construction. 

There are several items in the paper on 
compression cable that, the authors may 
clarify by answering the following questions: 

1. How are countersunk type of connectors ap¬ 
plied to a cable joint? 

2. In Figure 5 of the paper, is the step on which the 
joint sleeve ends the lead sheath of the cable? 
If it is, what is the next higher step oh the cable? 

3. Since a void is left at the end of the cable sheath 
in the joint, is there any tendency for the joint 
sleeve to buckle and put undue strain on the wipe 
when external pressure is applied? 

4. What is the 60-cycle dielectric strength of the 
cable, as compared to that of the joint? 

From the standpoint of simplification, 
high-pressure gas-filled cable seems to ap¬ 
proach more nearly the dream of the operat¬ 
ing man than any cable available for such 
high voltages. The test data are very il¬ 
luminating and convincing. If the future 
operating record proves as highly satisfac¬ 
tory as is indicated to date, I think high- 
pressure gas-filled cable will be hard to 
compete with. 

Of particular interest is the fact that pipe 
oafele was well adapted for installation under 
<-ity streets in a city of the size of Detroit. 
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Under such conditions of installation, I 
should like to ask how the cost of such a 
pipe system compares with the conven¬ 
tional duct system and also, how much of 
this seven-mile pipe system was under 
paved city streets, as well as what type of 
street paving was used. 

The measurements of soil thermal resis¬ 
tivity are not only interesting but very help¬ 
ful because of the lack of exact knowledge 
on this subject. In many .cases in this 
country 80 degrees centigrade per watt per 
centimeter cubed has been used as the net 
value for soil resistivity. The variation 
shown by the Detroit data, from 75 to 120, 
indicates that 80 is probably not a very 
conservative figure to use. 


H. C. Fr ank (General Cable Corporation, 
Bayonne, N. J.): Some supplementary data 
in connection with the laboratory tests of 
diaphragm action of lead sheath, mentioned 
in the paper on 120-kv compression-type 
cable, are significant. The daily load cycle, 
it will be recalled, was simulated by a labo¬ 
ratory cycle of 4.8 minutes. Because of the 
shortness of the laboratory cycle, it was a 
real problem to insure that the lead sheath 
would move uniformly throughout its 
length. 

It became apparent that very little vol¬ 
ume change takes place until nearly the 
full-pressure differential is established. Ar¬ 
rangement was therefore made to establish 
substantially this full-pressure differential 
in the first one third of each half-cycle. 
Thus, two thirds of each half-cycle was 
utilized for producing volume changes in 
the cable at substantially full pressure. 

Experiment showed that this arrangement 
resulted in uniform longitudinal distribu¬ 
tion of diaphragm action, as evidenced by 
breaks and general damage to the sheath 
occurring no more frequently at the ends of 
the samples than elsewhere. 

One projected application of the com¬ 
pression-type cable involved installation on 
a bridge carrying heavy traffic and under 
severe vibration. Experiments were made 
as to the feasibility of such an installation 
and the results are pertinent not merely to 
this type of cable but to installation of any 
ead-sheathed cable on a vibrating structure. 

Samples of pure lead sheath, about four 
feet long, two inches in outside diameter, 
and having an 85-mil wall, were supported 
at both ends by trunnions and vibrated at 
their natural frequency (about 1,000 cycles 
per minute) by means of an electrically pow¬ 
ered vibration motor. The amplitude of 
vibration could be regulated. 

The modulus of elasticity, as calculated 
from the physical dimensions, mass, and 
experimentally determined frequencies, was 
found to be constant over a wide range of 
amplitudes (for the frequencies used in the 
tests) and to have a value of 1.7 to 1.9 X 
10 ® pounds per square inch for common 
lead. The peak vibration stresses were 
readily calculated from this modulus, the 
physical dimensions, and the amplitude. 

The curve showing cycles of life as a func¬ 
tion of vibration stress was found to be 
asymptotic to a line parallel to the life axis. 
A sample will fail in a limited number of vi¬ 
bration cycles if stressed beyond this asymp¬ 
totic value but will last indefinitely if the 
vibration stress is held below this value. 
For pure lead protected against : oxidation 
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the asymptote was found to be 500 pounds 
per square inch. When oxidation was not 
prevented, the value dropped to 350 pounds 
per square inch. 

During these tests it was attempted to 
determine whether unbalanced stress would 
affect the fatigue limit. It was found that 
the fatigue limit was unaffected since no 
unbalanced force could be supported by the 
sheath when under considerable vibration 
stress. The sheath would creep rapidly 
until all such unbalanced forces or stresses 
were removed. It follows also from this 
that there can be no complications caused 
by residual stresses being superimposed 
upon vibration stresses. 


G. D’Eustachio (General Cable Corpora¬ 
tion, Bayonne, N. J.): Mention is made in 
the paper on 120-kv compression-type cable 
of lie injurious effect of oxidation on dia¬ 
phragm action. Specifically, the substitu¬ 
tion of nitrogen for compressed air as the 
pressure medium in these tests resulted in 
increasing the life of laboratory samples by 
a factor of 4. 

This effect of oxidation is in line with the 
generally known fact that corrosion of met¬ 
als greatly hastens their destruction by fa¬ 
tigue. The following is offered as an explana¬ 
tion of the mechanism involved. 

When a fresh surface of lead is exposed to 
air, a thin coating of oxide is quickly formed. 
Normally, this acts as a protection against 
further oxidation. However, in a sheath 
subjected to vibration or diaphragm action, 
the brittle oxide film is readily broken, and 
a fresh surface is continually presented to 
the effect of oxidation. Repeated bending 
tends to concentrate the action in definite 
cracks which ultimately penetrate the en¬ 
tire sheath. 


William A. Del Mar (Phelps Dodge Copper 
Products Co., Yonkers, N. Y.): In the year 
1935 I visited many of the principal cities 
of the United States and spoke before local 
engineering organizations on compression 
cable, exhibiting a motion picture of the then 
recently completed compression-cable sys¬ 
tem at Copenhagen in Denmark which I 
had seen under construction. 

Engineers discussed this system at these 
meetings and the discussion was nearly al¬ 
ways in one vein. They said, in effect: 

"We have troubles on our cable systems 
and troubles on our high-pressure pipe sys¬ 
tems. Now you describe a system that will 
combine these two kinds of trouble on one 
system; We prefer to take our troubles 
singly." 

Ten years after the first European instal¬ 
lation the Detroit Edison Company takes 
the plunge and decides to take on both kinds 
of trouble in their regular stride. 

The type-# cable, also was held in abey¬ 
ance except for one installation for about 10 
years after its European introduction. 

I have made my appreciative comments on 
the low-pressure gas-filled cable in the dis¬ 
cussion of Mr. Shanklin’s 1939 paper and 
will now confine myself to a few critical 
comments on some of the details. 

Both Doctor Wiseman and Mr. Mildner 
in that same discussion,' asked why Mr. 
Shanklin Used average rather than maxi¬ 
mum stresses in designing his insulation 
thicknesses. 
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I am one of those who believes that the 
maximum stress, as ordinarily calculated, is 
of doubtful significance in many cable prob¬ 
lems where it has been used indisc rimina tely 
in the past, but it seems to me that the gas- 
pressure cable, at operating voltage, is one 
case where there can be little doubt of its 
applicability. 

Mr. Shanklin seems to agree with this, for 
in his reply to Mr. Mildner he said: 

“Mr. Mildner is correct in stating that it is better 
to deal with maximum voltage stress than average 
voltage stress. Most of the cable lengths we 
tested had compact sector conductors with rela- 
tively sharp corners. For conductors of this shape 
it is difficult to express maximum voltage stress 
accurately, and it is for this reason that average 
voltage stress is generally used as a practical yard¬ 
stick in the United States.” 

Thus, while Mr. Shanklin recognized in 
1939 that the maximum stress should be 
used in the design of gas-pressure cables, and 
that this was not done only because of the 
difficulties, he continues to use the average 
stress for design purposes in his present 
paper. 

Let us see where this leads us in a specific 
case. 

Assume a 350,000-drcular-mil 34,500-volt 
sector cable with the wall thickness recom¬ 
mended for this voltage, namely, 310 mils. 

The average operating stress will be 64 
volts per mil, and Mr. Shanklin considers 
this to be a satisfactory basis of design. 
We have studied the stress around the con¬ 
tour of a 350,000-circular-mil cable with 312 
mils of insulation, using the electrolyte 
method, and have shown the results as a 
graph. 1 Reference to this graph will show 
that the stress at the surface of the conduc¬ 
tor at the shoulders of the sector is 1.7 times 
the average stress, or 109 volts per mil, 
neglecting strand effect. 

It is well known that ionization starts, in 
a drained cable, at a maximum stress of 50 
volts per mil at atmospheric pressure. Mr. 
Shanklin’s Figure 5 indicates that this is in¬ 
creased by a factor of 1.63 at 12 pounds gas 
pressure, that is, to 81 volts per mil. 

We thus, have a cable operating at a stress 
of 109 volts per mil which is 35 per cent 
greater than its initial ionization stress of 
81 volts per mil. It therefore appears that 
the low-pressure gas-filled cable takes about 
70 per cent advantage of the 50 per cent in¬ 
crease in stress permitted by the self-ex¬ 
tinguishing effect, and therefore Mr. Shank¬ 
lin is only literally accurate but really some¬ 
what misleading in saying that this effect 
■“offers an additional factor of safety.” 
In fact, he appears to recognize this, in the 
next sentence, by admitting that the self¬ 
extinguishing effect “allows working voltage 
stress to more safely approach the critical 
voltage stress at which cumulative ioniza¬ 
tion deterioration occurs.” 

It would help an understanding of this 
important type of cable if Mr. Shanklin 
would clarify this matter of voltages stresses, 
in detail, in the light of his experience and 
research. 

Mr. Shanklin’s statement that he has 
■ “tried about all of the recognized available 
types of high-viscosity compounds, includ¬ 
ing rosin mixtures, and so forth” is probably 
a more comprehensive statement than he 
intended it to be, as each laboratory has its 
own line of development which overlaps 
with others to some extent but, in the main, 
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proceeds along independent lines, with its 
own materials, processes, equipment, and 
methods of test. 

I cannot help believing with Mr. Faucett 
and associated authors, that some of the 
recognized and maligned blended oils will 
give better results than the so-called “stand¬ 
ard all-mineral compound used for some 
time past.” This last-named compound is 
capable of becoming electrically unstable 
as the result of contamination in the im¬ 
pregnation process and should be easily sur¬ 
passed, for this service, by compounds more 
permanently immune to ionization. 

Also, the particular oil referred to by Mr. 
Shanklin is entirely incompatible with rosin 
or rosin derivatives, and cables made with 
such mixtures are quite unstable, a fact 
which may explain his aversion to the 
blends. 


Table I 


Faucett, Komives, 

Collins, and Atkinson Shanklin 


Table II 



Power Factors— 
Degrees Centigrade 


85 

25 

At beginning. 

After 100 load cycles... 

-0.76.... 

_2.47_ 

_0.42 

....0.41 


ing on how much cable is ruined by water 
entering the pipe, how much will be per¬ 
forated by transient voltages or even work¬ 
ing voltages in the event of loss of gas pres¬ 
sure. The Detroit Edison Company de¬ 
serves the thanks of the industry for taking 
these risks in the interest of progress. 

The paper gives a great deal of interest¬ 
ing information among which the data on 
soil resistivity may be especially noted. 

The formula, g=* 128/WiTi-T*), while 
empirical, is derived from the following ra¬ 
tional formula for a sphere: 


G-^(r,-r,) 


Optimum viscosity is 
100 Saybolt at 100 
degrees centigrade. 
(This is about the 
lowest viscosity ever 
used in solid-type 
cables) 

Cable exposed to air for 
eight hours had good 
endurance at 120 volts 
per mil but had in¬ 
creased dielectric loss 


Ionization voltage with 
three-mil paper was 
no kigherthan usually 
obtained with stand¬ 
ard six-mil tape. Life 
test with three-mil 
paper "little if any 
longer” 

Thin paper tends to 
wrinkle and will not 
withstand cable-bend¬ 
ing as well 

Ionization voltage same 
with and without 
strand shielding, and 
time to stabilize at 
85 volts per mil same 


Data on impulse dielectric strength given 
by R. Davis 8 indicate that highly drained 
cable at atmospheric pressure has an im¬ 
pulse strength of only about one-third that 
of normally impregnated cables. This 
points definitely to the desirability of using 
viscous compound to obtain minimum 
drainage and maximum impulse strength. 

Mr. Faucett and his associate authors do 
not share Mr. Shanklin’s belief in a low- 
viscosity impregnant. On the contrary, 
they are insistent on the use of one of "very 
high viscosity.” 

This brings me to the very interesting 
contrast between the views of these authors 
on several important points as shown in 
parallel columns in Table I. .... 

Turning now to paper 42-135 by Faucett, 
Komives, Collins, and Atkinson, we firid a 
cable system which is virtually the Oilostatic 
system without the oil and oil-pressure 
accessories, It should therefore be interest¬ 
ing from a first-cost standpoint. 

Whether it will prove economical even¬ 
tually may not be known for years, depend- 


1. The saturant used in 
the Detroit cables 
has a very high 
viscosity 


2. Since it was desir¬ 

able not to expose 
the insulation to 
the atmosphere 
any longer than 
necessary, and so 
forth 

3. Very thin tapes re¬ 

sult in increase of 
dielectric strength 


4. Cable with thin 

paper withstands, 
without damage, 
normal bending 

5. Strand shielding of 

SMD .cable be¬ 
lieved responsible 
for its having 
higher dielectric 
strength than un¬ 
shielded oil-filled 
cable 


where r —radius of sphere, and the other 
quantities are as given in the paper. This 
formula is based on the assumption that heat 
is dissipated equally, in all directions, from 
the sphere. 

On the other hand, the Kennelly formula 
for heat resistance from a cable or pipe to 
ambient is based on the assumption that the 
heat is all dissipated upward. It is, there¬ 
fore, obvious that the constants obtained 
by the authors’ tests cannot be used di¬ 
rectly in the Kennelly formula for deter¬ 
mining the thermal resistance from pipe to 
ambient. 

The formula for the test electrode gives a 
lower soil resistivity than the true one, be¬ 
cause more watts are expended in driving 
heat through the nonuniform actual path 
than through a uniformly radial path. 

On the other hand the Kennelly formula 
gives a falsely high resistance, because it 
neglects the very considerable amount of 
heat which flows in other directions than 
upward. 

Therefore, if we use an unduly low resis¬ 
tivity in the Kennelly formula, we tend to 
counteract the falsely high resistance which 
that formula gives. Judging by BEAIRA 
publication F/T128, these errors cancel, 
for all practical purposes, as we find, that 
the usual correction factor of */», used in 
connection with the Kennelly formula, in 
British practice, is “unnecessary when the 
thermal resistivity of the ground is measured 
in situ by one of the methods described in the 
appendix ” This is very important to note 
in view of existing controversies on soil re¬ 
sistivity. 

For some years past I have been contend¬ 
ing in favor of the use of a soil resistivity of 
180 for standard carrying-capacity tables, 
using it in the Kennelly formula with the 


Table III 



Power Factors— 
Degrees Centigrade 

60 25 

At beginning. 

... 1.23.... 

....0.45 

After 20 load cycles...... 

... 1.44.... 

....0.47 

Increase, per cent..... 

...17 ..... 

_4.5 
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usual correction factor of 1 /% so as to give a 
net value of 120. 

Others have contended for a net value of 
80 or less for this purpose. 

The data presented in Figure 4 of the 
paper indicate the following safe net values, 
all of which are to be used without the 4 /s 
correction factor. 

Porous loam.100 

Clay.105 

Sand..120 

This suggests a basis of compromise on a 

net value of 105 except for sandy soil, for 

which a net value of 120 should be used. 

Values as low as 80 are attained only with 
porous loam during the three coldest months 
and are, therefore, unsafe. 

It should be noted that these values would 
have to be increased something like 50 per 
cent for comparison with resistivities, de¬ 
rived from measurement of soil between 
definite boundary plates, such as given by 
Shanklin. 3 

The authors use, as criterion of stability 
of their cable, the power factor at room tem¬ 
perature or less, giving as reason that "it 
was not feasible to obtain power-factor 
measurements at elevated temperatures, 
since it required a relatively long time to 
switch the experimental cable out of the 
circuit and connect up the power-factor 
measuring equipment." This reason seems 
somewhat inadequate, as it is well known 
that room-temperature power-factor meas¬ 
urements are not a sensitive indication of 
deterioration. Data on cables life-tested in 
accordance with the procedure described by 
Boehne and Liqde (page 207 of reference 4) 
are typical of results on laboratory made 
samples of definitely unstable character, as 
shown in Table II. 

Similarly a cable of poor quality, life- 
tfcsted in accordance with the procedure de¬ 
scribed on page 209 of reference 4 gave the 
results shown in Table III. 

Here the room temperature reading 
showed some change but only about one- 
fourth that at 60 degrees centigrade. 

The instability of these cables would have 
passed unnoticed if room temperature 
power factors had been relied upon. 
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J. A. Peterson (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
Three types or methods of installation of 
high-pressure gas-filled cable are mentioned 
in paper 42-135: 

1. Method used by the Detroit Edison Company 

2. English method with reinforced lead sheaths. 

8, Oil-filled (Oilostatic) method. 

Is there any information available as to 
the relative costs of these three methods? 

It will be interesting to know the expected 
life of the iron pipe treated with one-half- 
inch Somastic as used in the Detroit Edison 
method. 

The data on soil therinal resistivities con- 
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stitute very valuable information, especially 
to the Detroit Edison Company, but it 
would be more valuable to the industry as a 
whole if the actual moisture content of the 
various types of soil were known for the 
different values of thermal resistivities. 
Was this point checked at the time the tests 
were made? 

It would be interesting to know how con¬ 
ductor expansion is taken care of on this in¬ 
stallation—by the lay of the cable, by the 
snaking effect of the cable in the pipe, by 
expansion bends, or by a combination of 
these methods. The report states that in 
the experimental installation the expansion 
of the iron pipe was taken care of by expan¬ 
sion bends. Was this method used for the 
entire installation? 

The viscosity of cable-impregnating oil 
used in low-voltage solid impregnated-paper 
lead-covered cable ranges ordinarily from 
100 to 150 seconds Saybolt Universal at 
100 degrees centigrade. The viscosity of 
the oil used in the gas-filled cable is given as 
3,000 seconds Saybolt Universal at 100 de¬ 
grees centigrade. What is the viscosity of 
this latter oil at 50 and 150 degrees centi¬ 
grade? What is the maximum temperature 
at which this cable is expected to operate? 
Will this impregnating oil remain in the in¬ 
sulation, or will it gradually drain out into 
the pipe, and, if it drains into the pipe, will 
it be necessary to drain the oil from the pipe? 
It is possible that the oil will remain in the 
insulation and that none of these points 
present any problem. 


Johnstone Wright (Central Electricity 
Board, London, England): The first de¬ 
parture from conventional solid-type under¬ 
ground-cable practice in Great Britain was 
an extensive application of oil-filled cables in 
sections of the British Grid. Such oil-filled 
cables were used at 66 kv and 132 kv. They 
have been quite successful, but their use is at¬ 
tended by certain disadvantages, particu¬ 
larly where the contour of the cable route 
includes steep sections. We were, therefore, 
interested in any developments which 
would minimize these difficulties and at the 
same time be economically attractive. 

A gas-pressure cable of the Hochstadter 
type was, therefore, laid in a London area 
and put into service on October 1, 1932. 
This cable was laid in a steel pipe which has 
given rise to a certain amount of electro¬ 
lytic corrosion trouble. The source of this 
trouble was discovered and the necessary 
remedial measures instituted, and subse¬ 
quent experience has been all that might be 
desired. We are, nevertheless, somewhat 
apprehensive regarding the possibilities of 
corrosion in steel pipes, and a subsequent 
gas-pressure cable in the same area is of the 
double-lead-sheath type. At no time has 
there been any electric fault on either of 
these gas-pressure cables. 

When the - internal gas-pressure cable 
was mooted, we took a close interest in its 
development, and when all the necessary 
works proving tests had been satisfactorily 
carried out, we put a one-mile trial length 
of 132-kv cable into service as a field experi¬ 
ment. This cable went into use on Decem¬ 
ber 4,1937. It has carried the loads, short- 
circuit currents, and surge stresses encoun¬ 
tered during the intensive bombardment of 
London without trouble. The cable was on 
one occasioii damaged during street excava- 
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tion, and the necessary repairs were effected 
expeditiously, the circuit being put back 
into service much in the same way as is done 
in everyday conventional mains practice. 

The success of this experimental cable 
led us to utilize the same type of two fur¬ 
ther short 132-kv routes where it was im¬ 
practicable to have overhead lines. We 
are now engaged in the final stages of making 
a seven-mile circuit of 132-kv gas-filled 
cable. 

This outline cannot do justice to the ex¬ 
cellent work which has been done by the 
manufacturers in producing economical 
and reliable 132-kv underground cable, but 
the detailed story must be left to be told 
when conditions become more normal. 


L. Meyerhoff (General Cable Corporation, 
Bayonne, N. J.): The information contained 
in the paper on 120-kv high-pressure gas- 
filled cable regarding temperature stability 
is amplified and brought to date by the 
following. 

Two lengths of cable representative of 
that furnished for the commercial run were 
cut up into a number of 12-inch lengths. 
These were individually sealed in lead pipe, 
the free space in the pipe being filled with 
nitrogen at about five pounds gage pressure. 
The sealed samples were then placed in an 
oven and maintained at 100 degrees centi¬ 
grade. Samples were withdrawn at intervals 
for test purposes. 

In addition to the above samples, two 
samples from each length were equipped 
with electrodes and guard rings before be¬ 
ing sealed into the lead pipe, and leads 
were brought out through insulating bush¬ 
ings so as to permit electrical measurements 
to be made at 100 degrees centigrade dur¬ 
ing the progress of the aging run. 

In Figure 2 of this discussion is shown the 
variation of power factor at 100 degrees cen¬ 
tigrade with time of aging on the four last 
mentioned samples. It will be noted that 
the power factor after 220 days of aging has 
changed very little, what change there is 
being apparently in the direction of improve¬ 
ment. 

Figure 3 shows the temperature-power 
factor data for several samples of one of the 
cables, tested after various aging times up 
to 184 days. The points for all the samples 
(including the unaged cable) are represented 
very Well by a single curve. The variations 
between these samples are no greater than 
would be expected of a similar number of in¬ 
dividual samples of new cable. 

Figure 4 shows the radial power factor at 
80 degrees centigrade for the cable in its 
original condition and after 40,113, and 184 
days of aging. It will be noted that in the 
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Figure 2. Power factor versus days of aging 
at 100 degrees centigrade 


A, B, C, and D represent four similar samples 
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Figure 3. Power factor versus temperature 
Showing effect of aging at 100 degrees 
centigrade for 184 days to be insignificant 

X New cable + Aged 113 days 

O Aged 40 days • Aged 184 days 

main the radial power factor is quite flat in 
all cases and that such changes as appe ar 
are in the direction of reduction rather than 
rise of power factor. In the case of the 
last two samples withdrawn there appears 
a slight rise in power factor near the sheath. 
Whether this rise is due to the aging or is 
characteristic of the particular samples will 
not be known until further samples are with¬ 
drawn and tested. 

In Figure 5 the tensile and tearing 
strength values have been plotted for the 
new cable and for a sample which had been 
aged for 184 days. It is apparent from these 
results that there is no material change in 
mechanical strength. The sharp change at 
20 per cent distance from the conductor 
coincides with a change in the type and 
thickness of the paper. 

Thus, from all the standpoints studied 
there has been no significant change in the 
electrical or physical properties of the cable 
during more than six months’ aging at 100 
degrees centigrade. 

I should like also to discuss the benefit 
of using thin paper in gas-filled cable. Our 
tests have indicated that gas-filled cable 
with thin paper has considerably higher 
breakdown strength than similar cable with 
thick paper, particularly on short-time and 
surge tests. The difference in strength ap¬ 
pears to be greater than can be justified on 
the basis of the increase of the specific 
breakdown strength of gas, by reason of the 
reduction of the gap distance. From the 
published data, the breakdown strength of a 
2.5-mil gap of air at 200 pounds pressure is 
about 12 per cent higher than that of a five- 
mil gap at the same pressure, whereas gas- 
filled cable made with 2.5-mil, paper is ap¬ 
parently considerably more than 12 per 
cent stronger electrically than cable made 


entirely with five-mil paper. Thus, the 
above explanation seems numeri call y in- 
adequate. 

What appears to be a more adequate ex¬ 
planation is the following. The benefit of 
the thin layer does not lie so much in the 
voltage at which the gap breaks down as in 
the reduction of the amount of energy dis¬ 
sipated in any gap after it breaks down, 
that is, above ionization voltage. 

Compare two cables of the gas-filled type, 
one, cable A, made up of five-mil paper and 
the other, cable B, of 2Vj-mil paper. As¬ 
sume the power-factor versus voltage char¬ 
acteristics of the two cables as a whole to 
be identical. Thus, at any voltage above 
the ionization point, the total energy dis¬ 
sipated in all of the gas spaces will be the 
same in cable A as in cable B. However, 
since cable B has twice as many gas spaces 
as cable A, the energy dissipated in any 
one gas space of cable B will be only one 
half as much as in a similarly placed gas 
space of cable A. This means that in any 
2y 2 -mil space there is only one half as much 
energy ready to bombard and start to burn 
the paper and oil or to find a path around 
the paper as in a corresponding five-mil space. 
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Figure 5. Mechanical strength of insulation 
as affected by aging of cable at 100 degrees 
centigrade 

A. Cable aged 184 days 


B. New cable 
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Figure 4. Radial power factor as affected by 
aging at 100 degrees centigrade 

A. New cable C. Cable aged 113 

days 

B. Cable aged 40 D. Cable aged 184 

days days 


Dawes 1 has found that the energy loss 
caused by the ionization of the gas spaces, in 
a cable may be represented approximately 
by the expression K {E - E 0 ), where if is a 
constant, E the voltage applied, and E 0 a 
voltage substantially equal to the ioniza¬ 
tion voltage. Thus, in order for the energy 
in one gas space .to be the same in the two 
cables, E — E 0 must be twice as great as in 
the case of cable B as in the case of cable A. 
For instance, if E 0 is 140 kv for the two 
cables, 200 kv applied on cable A will pro¬ 
duce the same amount of energy in a given 
gap as 260 kv will produce in a correspond¬ 
ing gap of cable B. 

In the above discussion it was assumed 
that the power-factor versus voltage char¬ 
acteristics of the two cables are the same. 
As previously stated, however, at 200 
pounds per square inch a 2 Va-mil gap begins 
to ionize at a 12 per cent higher voltage than 


does a five-mil gap. Thus, in changing from 
five-mil to 2y 2 -mil paper there is a gain in 
breakdown strength of this 12 per cent plus 
the additional gain indicated in the above 
discussion. The amount of this additional 
gain will depend on the ionization charac¬ 
teristics of the cable and on the voltage 
applied. 

In tests of long duration the value of 
E — E 0 is small, so that the gain in strength 
caused by the use of thin paper in such tests 
may be substantially only that, caused by 
the increase in ionization voltage. In short- 
time tests, however, E — E 0 is large, and the 
gain in strength will be very considerable. 
On the basis of this analysis, the gain should 
be even more marked in surge tests. It 
should be noted further that at lower gas 
pressures, say 30 pounds per square inch, a 
given amount of gain due to the thin paper 
will occur at a lower voltage than at the high 
pressure because of the large reduction in the 
ionization voltage. Tips fact makes it feas¬ 
ible to test cable with 2y 2 -mil paper for ac¬ 
ceptance purposes at much lower pressures 
than would be permissible for cable, with 
five-mil paper. 
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C. Beaver (W. T. Glover and Company, 
Ltd., Manchester, England): The authors 
of paper 42-135 and all concerned are to be 
congratulated on the successful introduc¬ 
tion into the United States of the high 
pressure gas-filled cable on a commercial 
scale. It is to be hoped that it will have an 
operating experience similar to that of gas- 
filled cable in England. 

It is, of course, essentially the same cable 
but differs in the method of installation and 
in this important respect would appear to 
carry a greater burden of risk. That is to 
say, the difficulty of maintaining long 
lengths of pipe line free from leakage under 
high gas pressure would appear to be con¬ 
siderable, whereas experience shows that 
perfect freedom from leakage is obtainable 
with the reinforced sheath type. In actual 
practice in England no supplementary gas 
supply is ever necessary after the initial 
charging. 

Under conditions of laying and installa¬ 
tion obtaining in England, it is very doubt¬ 
ful whether the pipe-line method would 
ever be used;, the self-contained perfectly 
gastight reinforced sheath type having 
everything in its favor from the user’s point 
of view, that is, embracing economical, 
technical, installation, and maintenance 
aspects. 

The substantial character of the protec¬ 
tive coatings of the pipe is noted, but it has 
to be remembered that in the presence of 
vagabond currents in the vicinity of a mi¬ 
nute imperfection or damage the current 
density at such a point might be relatively 
high and corrosion correspondingly rapid. 
In other words, the very excellence of the! 
protection from ordinary chemical attack 
entails possible susceptibility to concen¬ 
trated electrolytic corrosion. 

It is gratifying to iiote that the authors 
consider this type of cable to be at least 
equal, electrically, to the oil-filled cable, and 
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that, physically, the type is superior to the 
oil-filled cable in that 

(o). No draining or migration of the impregnating 
oil is encountered, so that stop joints or other de¬ 
vices are not required. 

(6). No allowance has to be made for impregnating 
oil expansion so that oil reservoirs are not neces¬ 
sary. 

In the reinforced lead sheathed cables 
such as have been installed in England the 
maximum operating conductor temperature 
is 80 degrees centigrade, and at this tem¬ 
perature the gas-pressure rise is such that 
the gas density at the conductor surface, 
where the electric stress is highest, is approxi¬ 
mately equal to that at 15 degrees centi¬ 
grade, and in consequence the ionization 
voltage is substantially the same at 80 de¬ 
grees centigrade as at 16 degrees centigrade. 
(It should be noted that these cables are 
sealed off and are not in communication with 
gas reservoirs at the terminals.) In the pipe 
form of the cable the gas-pressure value at 
high-conductor temperature will not in¬ 
crease proportionately to the absolute tem¬ 
perature, and hence the ionization voltage 
will be lowered at high-conductor tempera¬ 
ture. This is fundamentally clue to the 
fact that the average temperature of the 
gas-filled system in the pipe type of cable 
does not increase much with increase of con¬ 
ductor temperature. 

The authors have given the reasons for 
the radial grading of the paper thicknesses 
in a very dear and concise manner. In 
England the thinnest paper tapes used at 
present are 1*/* mils thick, and the ioniza¬ 
tion voltage at 200 pounds per square inch 
by gauge of a 600,000-drcular-mil round 
conductor cable insulated with 600 mils of 
paper, of graded thickness 1 s /< mils to 5 l /i 
mils, would be 165 kv minimum between 
conductor and sheath, the permittivity of 
the dielectric being 2.9 to 3.0. Cables have 
operated at maximum stress values of 335 
volts per mil at 200 pounds per square inch 
by gauge in England for nearly five years as 
compared with the value of 288 volts per 
mil at 255 pounds per square inch by 
gauge for the installation described in the 
paper. 

It has long been known that increasing 
the density of paper results in high break¬ 
down voltages in solid-type dielectrics. 
In the gas-filled cable a particular advan¬ 
tage accrues under impulse voltage condi¬ 
tions, because the gas-filled spaces shunt 
their stresses to the solid (impregnated- 
paper) component of the dielectric, and the 
breakdown Occurs due to disruption of this 
part of the didectric. 

As a matter of fundamental design the 
provision of conditions which suppress 
ionization up to twice working voltage also 
provides the didectric with an asymptotic 
a-c time-breakdown value sufficiently above 
the working voltage to take care of such 
margins as manufacturing variations and 
installation exigencies, together with suffi¬ 
cient impulse strength to resist the maxi¬ 
mum impulse voltages encountered in serv¬ 
ice. 

The authors’ work on the latter aspect is 
very valuable as showing the influence of 
various factors on the impulse strength of 
the gas-filled didectric. 

No data are given in the paper as to per¬ 
mittivity and thermal resistivity values. 
In the cables installed in* England the per¬ 
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mittivity value is 2.9 to 3.0, while the ther¬ 
mal resistivity value is 700 thermal ohms 
per cubic centimeter. These cables are in¬ 
sulated with paper dried and preimpreg¬ 
nated in sheet form on a spedal vacuum 
paper serving machine (British patent 373,- 
697). On this machine the impregnated 
sheet of paper is scraped, while hot, by 
means of heated knives, so that all excess 
or free impregnating compound is removed. 
The roll of impregnated paper 15 inches in 
diameter and 36 inches wide is split into 
spools and then lapped on to the cable in 
air with no control of the humidity. The 
power factor-temperature characteristic is 
practically identical with that given in 
Figure 12 of the paper. The cables insu¬ 
lated with this paper can be successfully 
subjected to mine-shaft cable drainage tests 
at 80 degrees centigrade. 

The authors' remarks in the third para¬ 
graph of the section dealing with dielectric 
strength, regarding the origin of the failures 
under prolonged a-c tests are interesting. 

We have also noticed in similar tests us¬ 
ing high-impedance circuits and short time 
relays to limit the burning at the fault that 
the puncture generally occurs in the gas- 
filled space within a distance of ten mils 
from the edge of the paper strips for gaps 
width of the order of 60 to 100 mils. We 
attribute this location of the fault to.the 
fact that the thickness of the gas space here 
is equal to the paper thickness, whereas to¬ 
ward the center of the gap width the thick¬ 
ness of the gas space is reduced because of 
bowing of the paper strips bounding the 
gap. 

Referring to Figures 10 and 11, the data 
given show the effect of moisture on the 
high-temperature power-factor values and 
also the effect of control of humidity during 
the lapping process. According to English 
manufacturing experience, however, it is 
not necessary to control the humidity in 
order to produce power-factor values equal 
to those of curve A in Figure 10. 

Further, the absence of free impregnating 
oil in the gas-filled cable eliminates the pos¬ 
sibility of metallic contamination of the di¬ 
electric by the copper-conductor screening 
tape, or lead sheath during temperature 
cycles. This phenomenon has of course 
been noted frequently in cable in which the 
dielectric is filled with oil. 

I note that there is little reference in the 
paper to physical features except with re¬ 
gard to paper density and viscosity of the 
impregnating medium, and perhaps, with¬ 
out being too elementary, I may be allowed 
to point out that the high-pressure gas- 
filled cable—at least in its reinforced sheath 
form—has an important physical basis of 
design. It strikes at the root of the ioniza¬ 
tion troubles which limit the use of solid- 
type cables, by substituting completely re¬ 
versible conditions of expansion and retrac¬ 
tion inside the confines of the cable sheath 
for the partially reversible conditions which 
are responsible for the said limitations. 

In providing for expansion and contrac¬ 
tion at constant volume it also obviates 
"cold working” of the lead sheath—a result 
not obtained in any other type of cable. 

The corollary is that the original condi¬ 
tions established in' the cable, as regards 
freedom from ionization, are. never subse¬ 
quently infringed. 

In condusipn, the authors’ figures for 
mileages of high-pressure gas-filled cable 
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installed in England may be brought up to 
date as follows: 

Installed: 

132 kv—6.5 conductor miles 
33 kv—52 conductor miles 

(A considerable proportion of this has been In 
service 5 years.) 

Proceeding, about to be put into service: 

132 kv—18 conductor miles 
33 kv—25 conductor miles 


G. B. Shanklin (General Electric Company, 
Schenectady, N. Y.): My discussion of the 
two papers by Faucett, Komives, Collins, 
and Atkinson will deal chiefly with the high- 
pressure gas-filled type of cable, but I will 
first comment briefly on the compression- 
type cable. 

We made a close study of the latter type 
when it was first introduced about ten 
years ago. The main thing that discour¬ 
aged us from further work along this line 
was the fact that safe operation of this de¬ 
sign depended upon complete gastightness 
of the lead sheath, joint sleeves, and wipes. 
If high-pressure gas in the steel pipe, nor¬ 
mally segregated from the cable by the im¬ 
pervious sheath covering, once enters the 
cable cross section through a haphazard 
leak, it will gradually saturate the im¬ 
pregnated paper and travel a long distance 
back in the cable length. Eventually at 
some distant point gas will replace impreg¬ 
nating compound forming a "dry spot.” 
There is then no means of maintaining suffi¬ 
cient pressure at this point when tempera¬ 
ture changes take place, and ionization 
trouble will occur. Experience with all 
cable systems indicates that it is' not pos¬ 
sible to avoid occasional leaks in the sheath 
envelope. 

Concluding that eventual gas saturation 
and loss of pressure control in compression- 
type cable were unavoidable in any case, 
we reasoned that it would be better to ac¬ 
cept this fact at the beginning and use gas- 
filled insulation directly exposed to the high- 
pressure gas in the steel pipe. In this way 
full control of pressure could be maintained 
both radially and longitudinally; also, it 
represented a simpler and more economical 
design of pressure pipe cable. 

Following out this idea we started initial 
development work in 1932, the principles 
of which are described in United States 
patent 1,991,230, filed in July 1933. Some 
of the test results are outlined in a paper, 
"Low-Gas-Pressure Cable,” 1 which I pre¬ 
sented at the AIEE winter convention in 
1939. Further details relating to this cable 
system are given in a second paper which I 
presented at this afternoon’s meeting, con¬ 
temporaneously with Faucett, Komives, 
Collins, and Atkinson’s paper, “120-Kv 
High-Pressure Gas-Filled Cable.” 

The cable systems described in these two 
papers are closely the same in principle, the 
only difference being the use of mass-im¬ 
pregnated-paper, insulation in one case and 
preimpregnated paper in the other. In 
pointing this out, I have no desire to de¬ 
tract in the slightest from the credit due 
Faucett, Komives, Collins, and Atkinson 
for the initiative they have shown in going 
ahead with the first full-sized installation 
s of this kind and the perfection of practical 
detail it involved. They are heartily con¬ 
gratulated for carrying on to a finish the 
fine job that;was done. 

On purely technical grounds I am won-; 
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dering why Mr. Faucett selected preim¬ 
pregnated paper in preference to regular 
mass-impregnated-paper insulation for his 
system, although I readily admit that at 200 
pounds nitrogen pressure either type is safe 
for 120-kv service. The reason for this is 
that the electrical strength of nitrogen gas 
at 200 pounds pressure is almost as great as 
that of the solid insulation. 

H. M. Hobart of our company demon¬ 
strated this in his development of a high- 
pressure gas cable system in which bare 
rigid copper conductors were held in place in 
a steel pipe by insulator spacers at inter¬ 
vals. Installation difficulties and low im¬ 
pulse strength were the factors that pre¬ 
vented commercial use. Sixty-cycle 
strength was sufficient for 138-kv service at 
pressures in the order of 200 pounds and 
above. 

Dry unimpregnated-paper insulation also 
has sufficient 60-cycle strength at 200 
pounds gas pressure for high-voltage service. 
Low impulse strength and the difficulties of 
moisture absorption are its chief handicaps. 
It is absolutely essential to operate dry- 
paper cable well below the ionization start¬ 
ing voltage, which, at reduced pressure, is 
lower than that of impregnated paper be¬ 
cause of the relatively large volume of void 
space involved. Ionization action in this 
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Figure 6. Voltage stress on solid insulation 
at which initial ionization starts in drained gas- 
filled cable 

type of cable is cumulative, and failure will 
occur quickly after incipient ionization once 
starts. 

Preimpregnated-paper tape applied dry 
without flushing compound, as used by Mr. 
Faucett, overcomes the difficulties of ready 
moisture absorption and ' low impulse 
strength, but in all other characteristics it 
is about midway between dry paper and 
mass-impregnated paper. At butt spaces, 
wrinkles, tears, and other such points of non- 
homogeneity, the void spaces are just as 
large as with dry unimpregnated paper. 
Ionization-starting voltage as a function of 
gas pressure is accordingly about the same, 
but incipient ionization is less dangerous be¬ 
cause of the barrier effect offered by the 
impregnated tapes. It is important, how¬ 
ever, to operate well below the ionization¬ 
starting voltage and eliminate any possi¬ 
bility of incipient ionization. There is no 
surplus compound surrounding the void 
spaces, which are not only larger for this 
reason but lack the ability to extinguish in¬ 
cipient ionization by wax formation and self- 
healing action. 


This characteristic would be more clearly 
understood if Mr. Faucett had presented 
charts showing power-factor change and 
general behavior on long-time full-tempera¬ 
ture load-cycle endurance tests at voltage 
steps always a little above ionization start¬ 
ing voltage. We are running such tests now 
at 200 pounds pressure on both mass-im¬ 
pregnated and preimpregnated insulation. 

In the meantime Figure 13 of Mr. Fau- 
cett’s paper plainly shows the trend of this 
characteristic for preimpregnated cable. 
Even at 225 pounds pressure the cable al¬ 
ways failed in from 4 to 16 days at a voltage 
only a little above initial ionization-star ting 
voltage. This proves a lack of self-healing 
action such as exists in mass-impregnated 
gas-filled cable. The latter type would not 
have failed at all under these conditions. 
Incipient ionization would have been ex¬ 
tinguished, and the cable would have re¬ 
mained stable indefinitely, necessita ting 
one or more higher voltage steps and a 
longer time to cause failure. Reference to 
the test charts in my paper will confirm 
this. 

A comparison of initial ionization-star ting 
voltage stress as a function of gas pressure 
tells the whole story. Such a comparison 
is given in Figure 6 of this discussion where 
the ionization data for preimpregnated in¬ 
sulation, from Mr. Faucett’s Figures 8 and 
9, are superimposed on a correspon ding 
curve for mass-impregnated insulation, 
from Figure 5 of my paper. It will be noted 
that at 200 pounds pressure there is prac¬ 
tically no difference between the two types 
of insulation. For 120-kv service either 
could operate safely at the usual average 
working voltage stress of 140 volts per mil, 
although gas pressure could safely drop 
much lower for the mass-impregnated type 
without danger of ionization trouble. 

When the same comparison is made with 
low- and medium-pressure systems there is 
a wide difference and, in fact, the preim¬ 
pregnated type of insulation is not eco¬ 
nomically feasible in this range because of 
the heavy wall of insulation that would be 
required. Low-pressure gas-filled cable of 
the mass-impregnated type operates at an 
average voltage stress of 65 to 70 volts per 
mil and average gas pressure of 12 pounds. 
The ionization-starting voltage stress of 
the preimpregnated type is less than half 
the required working voltage stress. Me¬ 
dium-pressure gas-filled cable, mass-im¬ 
pregnated, is designed to operate at 95 volts 
per mil, 30 pounds gas pressure. Here again 
the ionization voltage of the preimpregnated 
type is less than half the required working 
voltage stress. 

In Beaver’s high-pressure gas-filled cable 
with reinforced sheath, preimpregnated in¬ 
sulation was necessary, for he had no means 
of transmitting and controlling gas pres¬ 
sure along the cable length, other than the 
small butt spaces between tapes. In a high- 
pressure pipe cable system, however, far 
better pressure control exists than Beaver 
could ever hope for, and, in my opinion, the 
need of preimpregnated insulation no 
longer exists. 

There is another important point to be 
considered. Aging studies with impreg¬ 
nated paper show that the rate of absorp¬ 
tion when exposed to oxygen and moisture, 
as well as the rate of deterioration from this 
cause, are inversely proportional to the 
viscosity of the impregnating, compound. 


For a given quantity of absorbed impuri¬ 
ties, however, the ultimate results are the 
same. It merely takes a longer time to 
reach these results when heavy compound 
is involved. 

This being so, it is just as important to 
exclude all traces of oxygen and moisture 
impurities in a system using preimpregnated 
insulation as in one using mass-impregnated 
insulation. Considering the much greater 
degree of surface exposure of preimpreg¬ 
nated tape from the start of production up 
to final sealing of the completed system in 
the field, I do not see how it is possible to 
exclude impurities to the same degree. 
This problem is common to all types of im¬ 
pregnated-paper cable and not to gas-filled 
cable alone. 

If anyone doubts the importance of ex¬ 
cluding oxygen and moisture he is referred 
to F. M. Clark’s paper, "Factors Affecting 
the Mechanical,Deterioration of Cellulose 
Insulation,’’ 2 presented at the convention 
day before yesterday. The effects of even 
traces of oxygen are already well known, 
but Mr. Clark’s conclusion that insulation 
life is halved for each doubling of moisture 
content is not generally known. 
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E. Johansson. (General Cable Corporation, 
Bayonne, N. J.): In the paper on 120-kv 
compression-type cable, breakdown values 
of 436 and 445 volts per mil of cable insula¬ 
tion are given for two joints tested. It may 
be noted that the joints used in these tests 
were not identical with the joints in the field 
installation but represented a stage in the 
development of the final joint. A subse¬ 
quent test on a joint of the final construc¬ 
tion produced a breakdown value of 602 
volts per mil of cable insulation with the 
same test program and after a total time 
undervoltage of 11 hours. 

The difference in performance between 
the two types of joint is explained by the 
construction, a small quantity of varnished 
cloth having been used in the first two 
joints but paper alone in the later joint. 
The copper conductors are elliptical, so that 
the cross sections of the two conductors to 
be joined will not line up normally. This 
discrepancy is accommodated by using a 
specially shaped twisted elliptical connec¬ 
tor. In order to produce smooth insulation 
over the connector it was thought essential 
at first to use a few layers of varnished 
cloth next to the connector, but later de¬ 
velopment permitted satisfactory use of 
paper tapes even at the connector. 

In applying paper tape to these joints, 
special care was taken to minimize access 
of moisture to the paper. The splicers wore 
rubber gloves, and the insulation was flushed 
with hot oil at intervals. As a result there 
was only a slight increase in the power factor 
of the tape when applied under severe con¬ 
ditions, that is, during the days in the sum¬ 
mer when the relative humidity was high 
(65-70 per cent). 

The following comments supplement the 
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•paper on 120-kv high-pressure gas-filled 
cable: 

One stop-joint for this cable was given a 
60-cyde dielectric-strength test. The joint 
was first subjected to a constant voltage of 
140 kv for 101 hours at 225 pounds per 
square inch gas pressure; then the voltage 
was increased five kilovolts every 24 hours 
to and including 180 kv, making the total 
time under voltage 293 hours. The gas 
pressure was then lowered to 100 pounds 
per square inch, and 140 kv was again ap¬ 
plied for 34 hours without failure. The pre¬ 
ceding test is well above the 170 kv for six 
hours required under the Association of 
Edison Illuminating Companies specification 
for samples of 120-kv oil-filled cable. The 
dissection of the joint showed no visible 
effects of electrical stress. 

As stated in the paper, tests were made in 
the laboratory to determine the amount of 
drainage in the cable at high temperatures. 
A cable was heated to 100 degrees centi¬ 
grade in a vertical position for 43 days, 
and the space occupied by the gas in the 
insulation was measured before and after, 
heating. The proportion of the insulation 
occupied by gas increased from five per c ent 
before heating to nine per cent after the 43 
days of heating. This determination was 
made on a sample taken from the top of the 
inverted U, where the maximum drainage 
took place. 

The paper describes incipient or arrested 
failures produced tinder test conditions. 
The following may be added concerning 
other characteristic appearances of these 
incipient failures. In a number of cases, 
burning or tree design was found in layers 
of paper remote either from the conductor 
or the sheath, and no apparent connection 
was found between these and the conductor 
or the sheath. However, on extraction of 
the compound from the tapes lying between 
the conductor and the failure, it was pos¬ 
sible, by examination through a microscope, 
to find punctures in these tapes. These took 
-the form of a large number of small holes 
and could usually be found in all tapes down 
to the conductor. It is felt that, while this 
connection was not actually found in all 
cases, a sufficiently careful and complete 
examination would have shown a puncture 
.extending to the conductor in each case. 


J. B. Whitehead (The Johns Hopkins Uni¬ 
versity, Baltimore, Md.): Referring to the 
-two papers on gas-filled cables, the results 
presented show a fine record of progress in 
experimental and manufacturing develop¬ 
ment. The principle involved in the fine 
performances reported is the elevation of gas 
pressure to a point where the upward break 
of the usual ionization curve is pushed up to 
.a voltage sufficiently above the operating 
voltage. However, it must be evident that 
ionization may be present in small quanti¬ 
ties owing to surface irregularities in the gas 
spaces and other local causes of high stress. 

My question is directed, particularly to 
the long-time influence of this small residual 
ionization. Evidence of its importance are 
found in the data in the Faucett paper and 
in noticeable changes in the position of 
ionization curves as between Figures 8 and 
9 of the paper. Mr. Shanklin directs atten¬ 
tion to the increase and subsequent de¬ 
crease of power factor caused by wax forma¬ 
tion in Figure 7 of his paper. But even here 
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the presence of residual ionization is indi¬ 
cated by the slightly greater ionization fac¬ 
tor in the range 20 to 60 volts per mil at the 
end of 252 days than at the beginning. 
Moreover, substantial local ionization is 
possible without reflection in the value of 
over-all power factor. Indeed the latter is 
usually not affected until the ionization as¬ 
sumes such large proportions that break¬ 
down is immediately imminent. 

The authors agree that further studies and 
performance tests are necessary for the gas- 
filled cable. I venture the hope that future 
studies will include that of the influence of 
local ionization of small volume on the im¬ 
mediately adjacent insulation wall. 

Referring further to the Faucett paper on 
gas-filled cable, will one of the authors please 
give the numerical data back of the state¬ 
ment on page 663, beginning of column 3? 
What is the over-all specific inductive ca¬ 
pacity of the gas-filled cable as compared 
with that of the same cable before draining? 
Somewhere in these papers it is stated that 
comparatively little oil is lost in the drain¬ 
ing process. It would be interesting to 
have the figures leading to the conclusion 
that the stress in the gas spaces is less than 
that in other types of insulation. 

In the same paper it is interesting to find 
such very clear data indicating in Figure 13 
that the approximate life to failure varies 
inversely as the 7.5 power of the voltage. 
Heretofore data on this question have been 
very meager. As to the dielectric strength^ 
time behavior below one hour, the impulse 
tests reported indicate that toward very 
short time values, the curve of Figure 13 
will again turn up. This would result in a 
curve closely similar to those for other types 
of insulation as reported by Montsinger and 
others. 

K. S. Wyatt (Phelps Dodge Copper Products 
Company, Yonkers, N. Y.): This discussion 
of the three papers describing extra-high- 
voltage cable designs which employ com¬ 
pressed gas parallels the session-on the same 
subject at the Paris conference (CIGRE) in 
1939. My contribution to that discussion 
is on record, and my remarks then hold good 
today. One of these designs (compression 
cable) employs compressed gas external to 
the lead sheath merely as a mechanical 
means of compressing the cable on the cool¬ 
ing cycle to insure freedom from vacuous 
and gas spaces; at the other end of the scale 
are the two designs which employ com¬ 
pressed gas in the insulation itself. These 
three papers evidently indicate that we are 
entering a transition stage in extra-high- 
voltage cable design: the new designs, with 
high-pressure gas-filled insulation, are chal¬ 
lenging the older conservative designs, 
based on keeping filled with oil all spaces 
within the cable that are not filled with 
solid material, namely, the oil-filled, the 
compression, and the Oilostatic cables. 
The end result will no doubt be that no one 
design will be employed exclusively for all 
conditions, that is, each of several designs 
will find application in a restricted field. 

At the time of the Paris conference in 
1939, Beaver had a semi-commerical gas- 
filled cable at 132 kv installed as a loop of 
about one mile length on the Central Elec¬ 
tricity Board system in England with more 
than a year’s operating experience. He 
had also in operation for several years a 

Discussions 


number of gas-filled cables at 33 and 66 kv. 
Kirsch of Berlin (AEG), and Schneeberger 
of Brugg (Switzerland), were talking of in¬ 
stalling operating lines at 33 kv with thick 
insulation and low gas pressure and gradu¬ 
ally feeling their way to over 100 kv by in¬ 
creasing the stress and gas pressure. Cal¬ 
lenders were installing at this time about a 
mile of 66-kv gas-filled cable of the loose- 
sheath type in London. While I believe an 
insulation thickness of 240 mils was em¬ 
ployed, the fact that they wished to use 
only 100 mils for 33 kv indicates their faith 
in this design. Those who adhere to the 
principle of filling the insulation with oil 
rather than with gas should not lightly pass 
by these new designs, for they merit careful 
consideration. 

The authors and the Detroit Edison Com¬ 
pany in making these investigations of the 
compression cable and gas-filled eables at 
132 kv have performed a great service for 
the industry. It is only to be regretted this 
was not done five or ten years earlier. The 
paper on the compression cable makes two 
important contributions: 

1. The studies confirm for American loading con¬ 
ditions and conductor sizes the considerable body 
of work done abroad continuously since i026. 

2. A highly important design feature has been 
introduced, which, I understand is due to L. I. 
Komives, namely, the use of three 8.L. cores 
cabled together with short lay without binders to 
cushion longitudinal expansion thrusts on the joints, 
throwing into the discard the cumbersome steel 
wire armor of the European design. (Europeans 
like to complicate, Americans to simplify and make 
foolproof). This gives us a simplified design which 
may well be called American-type compression 
cable. 

I should like to point out that the terminal 
design is that of Siemens Brothers of Lon¬ 
don; so also is the joint design, except the 
ferrule scheme, which is, I believe, the sub¬ 
ject in England of an Enfield Cable Works 
patent but which for several reasons they 
did not use. The work on increased fatigue 
endurance of lead under nonoxidizing con¬ 
ditions is an extension of the work of Haigh 
and Jones, 1 and of H. J. Gough, of the Na¬ 
tional Physical Laboratories of London. 
In the paper by the same authors on gas- 
filled cable the use of 80 and 100 degrees 
centigrade power-factor measurements to 
detect moisture pickup of impregnated- 
paper tapes is due to R. C. Mildner (with 
T. R. Scott) who, because of his consider¬ 
able work on this matter, I think should re¬ 
ceive credit. 

Figure 7 shows power factors at room 
temperature or below up to 0.5 per cent 
which appear rather high. My associates 
and I have manufactured and installed 
since 1939 four compression cables at 66 kv, 
the 20 and 60 degree centigrade power fac¬ 
tors of which were as low as 0.2 per cent 
and never higher than 0.3 per cent. 

The British manufacturers have agreed 
to reduce insulation thicknesses for the 
compression cable with a limit on m aximum 
stress of 280 volts per mil, instead of 216 
volts per mil. Even, if the SMD cable is in 
future reduced 20 per cent as the authors 
suggest, to 560 mils, this construction will 
still be more bulky (see Table IV). 

Gas-filled cable at the lower voltages is 
understandable; I find it difficult to see any 
advantage at 132 kv, however, either eco¬ 
nomic or technical. Consider first the mate¬ 
rials for an SMD-t ype gas-filled versus a 
compression or oilostatic cable: the corro- 
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ton-protected steel pipe is common to both; 
tie conductor size for the gas-filled cable 
'ftl certainly not be smaller; the insulation 
iickness for the gas-filled cable in the 
resent instance is 20 per cent greater; a 
:a d slieath is put on all three types of cables 
ut is stripped off at installation for the 
is-filled and Oilostatic types, while in the 
ise of the compression cable the cost of its 
Pproximately half-thickness lead sheath 
ill be partially offset by the cost of strip¬ 
ing and by the greater amount of lead in 
le larger-diameter gas-filled cable;* the 
MD cable is protected with a helical D- 
iaped. copper armor wire, as is the Oilo- 
atic, while the compression cable has two 
nr-m.il copper reenforcing tapes with 
aer bedding and protecting tapes. The 
cable therefore requires.not less, but 
anything, more materials and processing 
.an tbe compression or Oilostatic designs. 
Now consider the technical merits of 
type gas-filled cable versus compres- 
>n or Oilostatic types: The factor of safety 
t longr-time breakdown is about 2 for SMD 


probably with gas films at atmospheric 
pressure). Many precautions against mois¬ 
ture pickup, and so forth, have to be taken 
during manufacture of the SMD cable be¬ 
cause of the necessity for preimpregna ting 
the paper tapes first and then applying them 
to the conductor in the factory atmosphere, 
but these are not necessary with compres¬ 
sion or Oilostatic cable. The .D-shaped 
copper armor wire is essential to the SMD 
type, not only for mechanical protection, 
but for carrying short-circuit currents, since 
there is no lead sheath to make contact with 
the fT-type shielding. Not least important 
is the great difficulty of fault location for 
SMD cable in the absence of lead sheath.. 

To my mind it is quite certain that some 
ionization occurs at spots in the SMD cable 
during operation. Although the authors use 
thin paper in the conductor region to keep 
down the radial dimensions of the butt 
spaces, wafers show that such a cable after 
bending, pulling, and installing, will have 
some gas spaces of ten mils and even 20 mils 
radial dimensions. These being filled with 


Table IV. Comparative Dimensions of High-Voltage Cables 
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-filled.Vi-inch hollow.1.18.No .... 560.... 133.... 0.. 

core 

mpression... .Compack oval.0.90.Yes... .660_95_78.. 

(Maximum 1.02) 

(Minimum 0.78) 

astatic*.Compack.0.908.Yes... .560.... 94.... 0.. 

round 

troit S’ MD*. .Concentric.0.998.Yes... .672.... 94.... 0.. 


.2.57 

1 , 000 ** 

.2.37 

(Maximum 2.48) 
(Minimum 2.25) 
.2.46 

.2.81. 409*** 


^ixusnsions include a helical D-shaped armor wire 100 mils. 


Established for the compression cable in England and in Europe; after severe load cycles. 
Faucett, Komives, Collins, and Atkinson; on new cable. 


compared with 5 or 6 for compression 
1 probably for Oilostatic cable. Thermal 
Lstivity (insulation) for SMD is from 700 
1,000 compared with 450 for cables com- 
tely filled with oil. In the event (rare, it 
rue), of a large hole in the pipe and loss 
?as pressure, SMD cable must be taken 
. of service immediately, whereas with 
compression type, the operator has 24 
irs to make repairs. During installation 
rainy weather or during operation the 
ilation is exposed to con tam ination in 
SMJD type, whereas with the compres- 
i cable the lead sheath protects the insu- 
on. A large hole in the pipe might let in 
und' water which would not affect com- 
3 sion or Oilostatic types. Impulse 
.sxgth. of gas-filled cable, similar to SMD 
e, according to Beaver, is about ten per 
t below, and according to R. Davis,* 
per cent below standard types (for cable 
le with preimpregnated paper, but 

te saving for the Detroit seven-mile line 
lints to 516,400 less cost of stripping and 
tit, tbat is, probably about ten cents per foot 
sore. 

cable made with preimpregnated paper, but 
ably- -with gas films at atmospheric pressure 
eference 2. 
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gas, not oil, will certainly ionize at operat¬ 
ing voltage. The power-factor voltage 
curve will not necessarily show up local ioni¬ 
zation pockets in a long length, as Doctor 
Whitehead has shown. The authors state 
such ionization would be dangerous to their 
cable, although Shanklin admits such ioni¬ 
zation occurs but says it is innocuous. 
However, Shanklin’s ionization spaces are 
sealed with compound, whereas in the SMD 
cable the ionization pocket is part of a con¬ 
tinuous gas film from conductor to sheath. 
Before the authors can state that no ioniza¬ 
tion goes on in an operating SMD cable, 
they should submit evidence with the ma¬ 
genta dye test on insulation after a year’s 
operation. Because of this ionization, I 
feel there is some doubt as to the perma¬ 
nence of the insulation of this type of cable, 
and careful laboratory evidence after a five- 
year trial period would be helpful. 

While the SMD cable will no doubt work 
satisfactorily, it seems difficult to see the 
reasons for choosing it in preference to the 
compression cable. When you strip off the 
lead sheath, you throw away a very consid¬ 
erable factor of safety against breakdown, 
expose the cable to contamination, leave 
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the operating man with no alternative in 
the case of a large hole in the pipe but to 
take the cable out of service immediately 
and make fault location difficult, without 
effecting any monetary saving. If the com¬ 
pression-cable system, American-type, were 
streamlined with styrene joints and styrene 
terminals to eliminate compensators and 
with styrene sheath insulators to eliminate 
sheath losses, it would seem to me to offer a 
great deal more to the operating engineer 
than the gas-filled types. To quote my 
concluding remarks at the Paris conference, 
"We do not think it should be taken for 
granted that the gas-filled cable cannot be 
made workable. At present, the gas-filled 
cable with breakdown at only 100 to 150 kv 
per centimeter maximum stress hardly comes 
up to the oil-filled and the compression 
cable with breakdown at 400 kv per centi¬ 
meter or over at maximum stress. If the 
operating engineer is to demand a gas-filled 
cable with the same factor of safety as the 
oil-filled cable or the compression cable, it 
means that the gas-filled cable is going to 
be very bulky indeed in external dimensions, 
and it is highly doubtful whether it can come 
within great distance of the compression 
cable economically.” 

In this discussion we have been interested 
mainly in comparing the pipe-line-type 
SMD cable with other pipe-line-type cables. 
Where the flexibility of the duct and man¬ 
hole system.is desired, the oil-filled cable 
may be expected tq hold its own. 
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Herman Halperin (Commonwealth Edison 
Co., Chicago, Ill.): These three papers on 
cables employing gas at various pressures 
are of immediate practical value to some 
users. The people and companies behind 
these papers are to be congratulated. In 
my opinion, the selection of the type of 
cable to use should be based mainly on the 
economics involved and on matters relating 
to usage. By the latter, I mean not only 
reliability in service but also matters re¬ 
lating to construction, maintenance, time 
to make repairs, and personnel. 

The first detailed discussion will be on 
the paper by Mr. Shanklin. His article 
states that to date experience indicates that 
the low-pressure gas-filled cable is satisfac¬ 
tory from a technical standpoint. On the 
other hand, solid-type cables operating at 
12 kv, 22 kv, and 33 kv are giving satisfac¬ 
tory service. Aging tests, for example, on 
shielded three-conductor 12-kv cable in 
Chicago show that there is no appreciable 
change in ionization nor power factor after 
severe testing—in other words, it is per¬ 
fectly stable. We have a low rate of 
troubles in service, and in any event we 
must expect, in laying out designs for serv¬ 
ice, that with any kind of cable failures 
may occur. If a man drives a steel point 
into a cable, then one will get a signal that 
there is trouble on a gas-filled cable, but 
anyhow the line will be out, and one will 
get the signal through the regular manner. 
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Another point with us is that we use parts 
of existing 12-kv lines to make up a portion 
of a new line in many cases, and the use of 
the solid type simplifies our activities in 
addition to saving money. 

In connection with single-conductor 
cables, I wonder what trouble might occur 
because of oil slugs, even if the gas connec¬ 
tions are paralleled, when there are severe 
differences in line profile. These differ¬ 
ences will affect all three phases equally. 

The power factor-temperature charac¬ 
teristic of this type of cable appears to be 
less favorable than that of solid-type or oil- 
filled cable. Figures 6 and 8 of the paper 
indicate that even after stabilization the 
power factors at 80 degrees centigrade are 
two to three per cent as compared with 
about 0.4 or 0.5 per cent for new solid-type 
or oil-filled cable. 

It is surprising that neither grading of the 
tape thickness nor conductor shielding pro¬ 
duced any effect in test results. Is it pos¬ 
sible that by making these changes in cable 
construction other unknown variables were 
introduced which offset the expected effects? 

From creep tests made by Professor 
Moore at tlie University of Illinois under 
the sponsorship of Utilities Research Com¬ 
mission, it appears that Asarco cable lead 
should be satisfactory for 225-250 pounds 
per square inch. Tests in a dummy man¬ 
hole in Chicago indicate that Asarco cable 
lead containing about 0.018 per cent calcium 
will withstand bending in manholes at least 
as well as ordinary lead. 

In my discussion of the two papers by 
Faucett, Komives, Collins, and Atkinson, 
I refer first to the commercial installation 
of the gas-filled cable. 

One question of considerable interest con¬ 
cerns the thermal characteristics of these 
cables. For a given load how does the tem¬ 
perature rise from ambient to conductor 
compare for these cables and solid or oil- 
filled cables on the basis of one line or two 
lines? Also, what maximum temperatures 
are considered permissible for the gas-filled 
and compression cables for normal and 
emergency operation ? 

The thermal resistivities of soil shown in 
Figure 4 appear to be lower than those re¬ 
ported by others. More data would be of 
interest. Since the ionization point is a 
function of the pressure, it would be of in¬ 
terest to,learn what variations in pressure 
are expected in normal operation. 

Figures 14 and 15 indicate relatively good 
impulse strength for the gas-filled cable 
which, however, had conductor shielding as 
mentioned by the authors. In other re¬ 
ports based on the Detroit tests, Mr. 
Komives has shown that the thoroughness 
of impregnation and smoothness of con¬ 
ductor surface had marked effects on the 
impulse strength. In 1938 G. B< McCabe 
presented data before the Edison Electric 
Institute showing that drained impregnated 
paper had only 60 to 70 per cent of the im¬ 
pulse strength of well-impregnated paper. 
These five types of cable in the figures cover 

considerable range in degree of impregna¬ 
tion of the insulation and should, we be¬ 
lieve, show some differences in impulse 
strength. This point is important, because 
the. thickness of insulation used in some of 
these high-voltage cables is determined 
largely by the impulse strength. 

No data are given on the effect of drain¬ 
age on impulse strength. That drainage 
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does have an effect on the characteristics of 
the cable is shown by the fact that drainage 
reduced the ionization point from 140 to 130 
kv and reduced the breakdown strength by 
ten per cent. What are the possibilities 
that, through the years of service, consid¬ 
erable draining of compound may occur to 
cause more severe reduction in quality? 

Regarding high voltage-time 60-cycle 
tests on new cable, it seems from our data 
that the oil-filled cable is somewhat su¬ 
perior to the gas-filled cable, and the unit 
strength of the oil-filled insulation will not 
change in service. This disagrees with con¬ 
clusion 5 but does not affect particularly the 
installation of commercial gas-filled cable 
which has 20 per cent more insulation than 
is required for oil-filled cable. 

It is of interest that failures occurred in 
the region of wide interturn gaps. May this 
be due to the field distortion caused by com¬ 
bination of solid and gaseous dielectrics or 
due to the greater probability of radial lin¬ 
ing up of intertum gaps? 

The connector used in the joints with a 
wall thickness equal to the diameter of the 
strands in the outer layer of the cable con¬ 
ductor is an improvement over present 
practice. Although we have reduced our 
wall thickness, still we have been using 
connectors which are unnecessarily heavy. 

How much time is it expected will be re¬ 
quired to make repairs in case of failure on 
such installations in. steel pipe? 

The half-round copper wire spiraled over 
the insulation of each conductor will have a 
voltage induced in it wfiich might cause mi¬ 
nute sparks to the steel pipe. Have any test 
data or calculations been obtained regarding 
these voltages and their effects? 

Regarding the other article, drainage of 
compound may also be a factor in the com¬ 
pression cable. If cracks should occur in the 
sheath, there would be no warnings telling 
the operator that compound is draining 
from the cable into the pipe. This is im¬ 
portant, because loss of pressure in the pipe 
is not considered hazardous so long as the 
cable is at elevated temperature. However, 
if gas has entered the insulation under such 
conditions, then such operation might pro¬ 
duce electric breakdown. The further in¬ 
formation on the sample with perforated 
sheath will be, therefore, of considerable 
interest. 

It should be understood that a lot of 
questions do not necessarily deprecate a 
development when it is quite new, as are 
essentially the matters covered in these 
three papers. 


F. W. Main (The Enfield Cable Works Co., 
Ltd., Brimsdown, Enfield, Middlesex, Eng¬ 
land): I am pleased to have the opportun¬ 
ity of contributing to the discussion on the 
three cable papers read at the Chicago sum¬ 
mer convention. I have not had any direct 
contact with experimental work or experi¬ 
ence of any installations of gas-filled cable, 
as my company has been interested in the 
development, supply, and successful opera¬ 
tion of the compression cable in which a 
pressure medium, usually gas, although not 
in actual contact with the dielectric, com¬ 
presses the dielectric through the medium 
of the lead sheath which acts as a flexing 
diaphragm. 

The compression cable was formerly 
known as the pressure cable, being the first 
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cable in commercial use employing gas 
under pressure; later, cables employing 
gas, either in the dielectric or in direct con¬ 
tact therewith, were constructed, and the 
term pressure cable was applied indiscrimi¬ 
nately to all cables employing gas, and, 
therefore, in 1940 the title of compression 
cable was given to the diaphragm cable to 
prevent confusion. 

I would like to express admiration, for 
the development work carried out in 
America in connection with the compres¬ 
sion and gas-filled cables as indicated by the 
papers read, and I would also pay tribute 
to the earlier work published in 1939. 

The electrical research work in connec¬ 
tion with gas-filled cables has been neces¬ 
sarily involved because of the introduction 
of gas into the active dielectric hitherto 
normally consisting only of paper and im¬ 
pregnating oil or compound. In the com¬ 
pression cable, however, no elaborate elec¬ 
trical research has been necessary, as in 
general terms it is essentially a mass-im¬ 
pregnated straight-type cable. Any de¬ 
velopments in the electrical sphere have 
not been peculiar to the compression cable 
but have been toward improving, by design 
and shop processes, features and. charac¬ 
teristics that can be, and have been, em¬ 
bodied in general impregnated high-voltage 
and super-voltage cables. 

In the paper by Faucett, Komives, Col¬ 
lins, and Atkinson on the 120-kv compres¬ 
sion cable, it is stated that the HSO construc¬ 
tion has been discontinued abroad. This is 
not quite correct; although the original 
compression cable installation, which has 
been in successful operation in Great Britain 
since 1932, was of the HSO construction, 
and the subsequent cables in Europe, and 
more recently in Great Britain, have been 
of the HSL pattern, a cable is being manu¬ 
factured at the present time of the HSO 
type. This cable is not being drawn into a 
pipe as in the case of the original British in¬ 
stallation, as it is a self-contained type, an 
outer lead sheath acting as the container 
for the pressure gas. 

As the lead-sheath diaphragm in contact 
with the dielectric breathes in sympathy 
with the fluctuations of cable temperature, it 
was considered by some engineers that the 
lead sheaths of an SL three-core cable, be¬ 
ing smaller in diameter than the sheath of a 
three-core screened cable, would be more 
satisfactory; any fears, however, of a sound 
lead sheath not giving satisfaction in serv¬ 
ice have been dispelled by tests made in 
Europe and now confirmed by experiments 
carried out in America as described in the 
paper. The SL type has also met with 
favor, as jointing in some respects is simpli¬ 
fied, but this is not peculiar to compression 
cables. 

The relative merits of the pipe-line and 
self-contained types of compression cable 
cannot be dismissed in a sentence; local 
conditions or even prejudice may affect a 
decision. Obviously, the pipe-line type af¬ 
fords the greater mechanical protection, 
and the cable can be manufactured in 
longer lengths; the pipe-line can be in¬ 
stalled at a convenient time and the cable 
dravm in subsequently; the compression 
cable can be drawn into an existing pipe 
provided the line in gastight, and, further, 
if there be sufficient clearance in an exist¬ 
ing pipe-line, the cable in position can be 
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withdrawn and a larger cable substituted to 
give increased capacity. In Great Britain 
only one of the compression cable installa¬ 
tions is of the pipe-line type. 

In the paper reference is made to an addi¬ 
tional lead sheath to protect the reinforce¬ 
ment tapes of the self-contained cable from 
corrosion; this additional sheath is, how¬ 
ever, not necessary, as there is a number of 
finishes available that can be used to give 
further protection and to render the cable 
impervious to moisture. For this purpose, 
unless the purchaser specifies an additional 
lead sheath, we use a sandwich finish which 
consists of at least two layers of nonfibrous 
material such as a rubber-bitumen com¬ 
pound reinforced between the layers with a 
fabric tape. 

Mention is made of a spiral wire between 
the diaphragm lead and the gas-retaining 
lead of a self-contained compression cable 
to ensure a free channel for the pressure gas; 
this we have found is unnecessary, as we 
employ a circular gas-retaining sheath over 
a noncircular lead-sheath diaphragm for 
both three-core screened and single-core 
types which automatically provides the 
necessary space. 

It is noted that concrete was applied 
around the pipe in the trench along the 
armored section of the experimental line. 
I assume that there is no significance in 
applying concrete in this particular section. 

The investigation into longitudinal move¬ 
ment, comparing the effect of bound and 
unbound cores, we find is very interesting, 
and we would welcome more details. 

In the paragraph dealing with cable de¬ 
sign, mention is made of impregnated jute 
fillers laid up with the lead-sheathed cores: 
we have not found the use of fillers neces¬ 
sary. 

We are interested to note that tight lead 
sleeves have been used successfully in joints, 
whereas we have favored fluted brass or 
copper sleeves. We shall be interested to 
have some notes on the effect Of fatigue tests 
taken, especially in the proximity of the 
wipes. 

With reference to terminals, we have 
given some attention to the use of a Bake- 
lite tube inside the porcelain as discussed 
in the paper, but we concluded that the 
complications involved did not warrant the 
benefits obtained. 

Details of load cycles are given in the 
paragraph headed "Field Test," but whereas 
a figure for the copper temperature is given 
in the paper for the 120-kv gas-filled cable, 
no figure is given for the compression cable. 
We anticipate that this would be a lower fig¬ 
ure, however, because of the lower thermal 
resistance of the compression cable compared 
to that of the gas-filled cable. 

With regard to the question of power 
factor, the figure we obtained for cables 
manufactured in Great Britain is in the 
neighborhood of 0.0028-0.0030 at 20 de¬ 
grees centigrade compared to 0.0040- 
0.0043 as shown in Figure 7 of the paper. 

Coming to the paper on the 120-kv-high- 
pressure gas-filled cable, there are a number 
of causes suggested as being contributory to 
the satisfactory solution of the gas-filled 
cable. Of the seven causes mentioned, 
surely five at least have been developed by 
various cable manufacturers for the im¬ 
provement of super-voltage cables generally 
and are, therefore, not peculiar to this one 
type. 
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It would appear that in the types of gas- 
filled cable described too much emphasis is 
placed on the quality of the compound used 
to impregnate the paper as, by virtue of the 
lower permittivity in the gas layers, the 
stress in the impregnating paper is some¬ 
what relieved through higher stresses being 
thrown into the gas space. 

We shall be interested to have more de¬ 
tails of the saturant used. A viscosity figure 
of 3,000 is given for the compound used for 
preimpregnating the paper for the gas-filled 
cable; we wonder whether this figure 
should be 300. It is noted that in Mr. 
Shanklin’s paper the optimum viscosity of 
compound used is given as 100; we use a 
mineral-oil-base compound having a vis¬ 
cosity figure of the order of 285 Saybolt. 

In Figures 14 and 15 impulse strength 
values of the SMD cables are given and 
compared with results of certain other 
cables. One questions whether the other 
cables were manufactured during the same 
period as the SMD cable and whether the 
same improved constructional features were 
common to all, for it does not seem reason¬ 
able to anticipate that a dielectric contain¬ 
ing gas, even if under pressure and having 
an uneven stress curve through the whole 
dielectric, will have impulse values higher 
than the more homogeneous nil-filled or 
compression cable, or even a new well-made 
solid cable. 

. It is not surprising to learn that the fac¬ 
tory shops, where the gas-filled-cable cores 
are paper-lapped and laid up, are controlled 
for humidity. This appears very necessary 
as the paper is preimpregnated, but these 
precautions are not essential in the manu¬ 
facture of compression cable. 

The lead sheath of the SMD cable and 
the other gas-filled cables is removed on 
site, and it is found that depreciation takes 
place in the cable during the process; this 
is to be expected, however, as it is certainly 
a delicate operation and must discount to 
some extent meticulous care taken during 
manufacture. 

In the paper it is stated that the mini¬ 
mum safe-operating gas pressure for the 
cable is approximately 100 pounds per 
square inch; yet earlier, it is stated that the 
electrical tests which, of course, would be 
at a voltage higher than the working voltage, 
should be applied to the cable with only 30 
pounds per square inch of nitrogen pressure. 

Reference is made in the paper to tests for 
radial power factor and results are given in 
Figure 10. There is a difference, however, 
in the radial power-factor curve for mass- 
impregnated paper as against a true curve 
for gas-filled cable; the curve given for gas- 
filled cable only shows power factor in the 
papers and gives no indication of the effect 
of the gas space on the shape of the curve 
through the whole dielectric. One wonders 
what the shape of the radial power-factor 
curve would be if the humidity in the shops 
during manufacture were not controlled. 
Unless we misinterpret the authors’ state¬ 
ments, we ajre unable to agree with the 
inferences given as drawn from Figure 8. 
The stress in the paper of the insulation is 
reduced only because the distribution of 
stress throughout the dielectric is distorted 
since the permittivity of the gas spaces is of 
the order of one third of the value of the 
impregnated paper, the stress in the spaces 
being correspondingly higher than that in 
the paper. Therefore, the electrical strength 
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of the impregnated paper cannot be used to 
full advantage; otherwise the gas spaces 
would be Overstressed, and destructive ioni¬ 
zation result. 

One can appreciate the usefulness of the 
low-pressure gas-filled cable, as described 
in the paper by Mr. Shanklin, for voltages 
between 30 and 50 kv, where a high break¬ 
down stress is not so necessary as with the 
higher voltages. As the gas is only at a low 
pressure, a reinforcement is not necessary, 
and consequently there is a reduction in 
cost and diameter,-the latter being impor¬ 
tant in situations where space is at a pre¬ 
mium, but the position is not so clear for 
higher-voltage cables. 

It is very surprising to note that, after 
the cable has been drained, the finished 
product was almost as well filled as a solid 
type cable. This is contrary to our own 
experience. 

The authors express doubt as to the 
mechanical soundness of employing a rein¬ 
forced lead sheath to contain a gas pressure 
of 200 pounds per square inch. This, how¬ 
ever, is standard practice in England for 
self-contained compression cable. and has 
given complete satisfaction. 

A statement made concerning the effect 
upon power factor of exposure to air can 
be appreciated. 

While the difficulties of stripping the lead 
sheath from a gas-filled cable on site as it is 
drawn into the steel pipe line have been 
somewhat overcome, it would seem more 
logical to draw a compression cable into the 
pipe line and avoid this stripping opera¬ 
tion with attendant risks, and at the best, 
a certain amount of depreciation. It is ad¬ 
mitted that a compression cable has a higher 
factor of safety, and, in the event of the lead 
sheath diaphragm of the compression cable 
being damaged, the cable would then auto¬ 
matically become practically a gas-filled 
cable without the costly complications in¬ 
volved during the installation of such cables. 


G. B. Shanklin: In slightly different forms 
the same two questions have been raised by 
Halperin, Komives, Del Mar, and Hicker- 
nell. In effect, these two questions are: 

(а) . Why does low-pressure gas-filled cable show 
more increase in dielectric power factor on over¬ 
voltage load-cycle tests than does the best modern 
type of solid cable, and what significance does this 
have as related to stability in service? 

(б) . Why is average stress used rather than maxi- 
- mum stress in the design of mass-impregnated gas- 

filled cable, and why do strand shielding and extra 
thin paper tape appear to show no appreciable 
benefit on comparative load-cycle tests? 

Initially and in the absence of ionization 
the dielectric power factor of both types is 
the same. The. increased power factor of 
low-pressure gas-filled cable on load-cycle 
aging tests is merely due to the fact that 
this type of cable has a greater volume of 
gas space to be ionized, and the signs of 
ionization, accordingly, show up more 
clearly when the cable is subjected to an 
overvoltage stress where severe ionization 
can take place. This has no significance at 
all as related to stability in service. The 
chief goal of service stability is uniform con¬ 
trol of ionization and prevention of a cumu¬ 
lative action. Gas-filled cable gives this 
through pressure control. That is why 
laboratory tests on short lengths can be 
made to simulate closely service conditions 
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and furnish a reliable yardstick for design 
work. Solid-type cable lacks this uniform¬ 
ity and close control under service condi¬ 
tions, requiring heavier wall of insulation as 
a protection against localized cumulative 
weaknesses. 

Strand shielding is, in effect, a method of 
carrying stress grading of cable insulation a 
step further, to better equalize stressing 
throughout the insulation wall. It is effec¬ 
tive only when the inner layers of insulation 
are of equal or lesser strength than the outer 
layers. It is not effective when the inner 
layers are somewhat stronger than the outer. 
The maximum-stress theory is governed by 
the same conditions and does not hold 
when the successive layers of insulation in 
an outward direction are of decreasing 
strength. 

When a mass-impregnated gas-filled cable 
is drained of surplus compound, the laws of 
capillary attraction are followed. The 
outer layers of insulation are drained the 
most, and the largest void spaces occur 
here. The inner layers of insulation are 
drained the least, and the void spaces in this 
location are of minimum size. As a result, 
ionization either starts in the outer layers 
first or occurs uniformly throughout the 
whole insulation wall. It never concen¬ 
trates in the inner layers alone. 

To sum the matter up, mass-impregnated 
gas-filled cable already has, in effect, auto¬ 
matic grading that counterbalances the 
higher stress near the conductor. For this 
reason, any further attempt to grade, such 
as by use of strand shielding or extra thin 
paper in the inner zone, does not accom¬ 
plish so much as would be expected. The 
use of average stress rather than maximum 
stress in design work is explained on the 
same basis. 

It should be emphasized that these condi¬ 
tions do not hold for preimpregnated gas- 
filled cable, where the region near the con¬ 
ductor is the critical zone, and means of 
improving grading are necessary. 

In comparing solid and gas-filled types of 
cable Mr. Halperin stated that if a man 
drove a steel point into a cable you would 
get a signal in the regular manner with 
either type. He means, of course, that this 
would happen if the damage were sufficient 
to immediately cause short circuit. A few 
months ago a man did drive a steel point 
into a gas-filled cable, but only the sheath 
and outer wrappings were damaged. After 
the gas-pressure relay signal, the damage 
was located and repaired within a short 
time without service interference. Service 
records show that the large majority of 
failures in solid-type cable are due to sheath 
damage or leakage from various causes. 
It is reasonable to assume that gas pressure 
supervision will largely eliminate such in¬ 
terruptions to service and, so far, field 
experience has confirmed this , 

Mr. Del Mar expresses the belief that the 
highest possible viscosity of impregnating 
compound is desirable. In the case of' pre¬ 
impregnated gas-filled cable I readily agree. 
This type of cable would not work well with¬ 
out extreme viscosity of impregnating com¬ 
pound. In the case of mass-impregnated 
gas-filled cable some years of experience 
I 135 demonstrated that lesser viscosity of 
impregnating compound gives the best 
results. It is important to obtain the best 
possible initial impregnation of the heavy 
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wall of insulation. Drainage of surplus 
compound and capillary balance will then 
give the right degree of automatic grading, 
as previously described. These results can¬ 
not be accomplished so well with extreme 
viscosity of compound. 

Referring to the medium-pressure system, 
Mr. Komives is correct in stating that high 
creep-strength sheath is a new development 
and needs to be proved. We can only say 
that this work is progressing well and looks 
promising. Double-reinforced sheath at 
30 pounds per square inch, however, is 
proved thoroughly in service, and with 
present quality of sheath the pressure can 
be increased, provided it is within safe 
strength limits of the lead wipes. A sudden 
jump to 200 pounds per square inch, as 
some propose, does seem, however, to be 
out of proportion. 

Dr. Whitehead asks about residual ioniza¬ 
tion in gas-filled cable. All of the evidence 
we have been able to obtain indicates there 
is none of noticeable effect. Long-time load- 
cycle tests are always run at an overvoltage 
sufficiently high to produce pronounced 
ionization and are of no direct value in 
clearing up this point. A study of the 
charts will show that, at each voltage step 
before ultimate breakdown, ionization is ex¬ 
tinguished, and the cable stabilizes because 
of self-healing action. This would indicate 
that ionization in this cable is retrogressive 
and that residual or incipient ionization 
cannot be sustained. Actual field experi¬ 
ence is more conclusive. Gas-filled cable 
operates at a voltage stress only a little 
below the ionization-starting voltage stress, 
as represented in Figure 5 of my paper. 
This must mean that during switching 
surges and other overvoltage transients 
there are at least brief flashes of ionization 
discharge in the cable. These discharges 
must be immediately extinguished or, if 
sustained, must be of negligible effect, be¬ 
cause no evidence of ionization deteriora¬ 
tion has yet been found in service. 

Whether or not Doctor Wiseman’s belief 
that pipe cable systems are not limited to 
open ground but are comparable to the 
usual flexible duct system under paved 
streets is something that will have to be 
proved by experience. It all depends upon 
how many leaks are going to occur in the 
pipe systems and how much tearing up of 
the streets will be necessary in locating and 
repairing them. If the means being taken 
to prevent such trouble succeed, then Dr. 
Wiseman is correct. 

His claim that, for a given amount of 
power to be transmitted, Oilostatic cable 
should have a conductor size equal to or 
smaller than that required for single-con¬ 
ductor oil-filled cable in ducts is based on 
his well-known method of calculating cur¬ 
rent-carrying capacity. To accomplish 
these results Doctor Wiseman uses a soil 
thermal resistivity of 80 net in his calcula¬ 
tions for Oilostatic cable. Most of the rest 
of us use the more conservative and gener¬ 
ally accepted standard value of 120 net, 
corresponding to a moisture content in the 
order of five to eight per cent. Only a 
porous soil completely saturated with water 
could show a thermal resistivity as low as 80 
net. It stands to reason, then, that the 
relative carrying capacities of the two types 
of cable are not directly comparable on Dr. 
Wiseman’s basis. 

Discussions 


L T. Faucett, L. L Komives, H. W. Coffins, 
and R. W. Atkinson: The authors are very 
much pleased with the interest shown in 
these two papers and wish to thank the 
many engineers who have submitted discus¬ 
sions. For the most part these discussions 
either contribute or ask for additional in¬ 
formation. A few are somewhat critical of 
one or the other of the two types of cable 
which we have described. Mr. Wyatt 
wonders why preference could have been 
denied the compression cable, and Mr. 
Shanklin fails to see how there could have 
been any doubt in selecting the gas-pressure 
cable. It is significant that each of these 
discussers has shown so much confidence in 
the type of cable of which he has previously 
been best informed. Our own very com¬ 
plete investigation in the laboratory and in 
the field of both types gives us confidence in 
both and indicates that satisfactory results 
are to be expected from either. 

In his approach to the high gas-pressure 
cable Mr. Shanklin has a different view¬ 
point, concerning several aspects, than 
have the writers. Mr. Del Mar has sum¬ 
marized these differences very conveniently 
and has also declared his agreement with the 
writers in most cases. Mr. Del Mar’s tabu¬ 
lation makes a very convenient basis for 
this discussion. 

The first two points may be discussed to¬ 
gether. Sha nklin uses a much lower-vis¬ 
cosity saturant than the writers and ex¬ 
presses concern about the exposure to the 
air occasioned by the use of preimpregnated 
paper. He also states that he has tried 
high-viscosity compound and has found it 
apparently inferior. It seems that the dif¬ 
ference between Sha nkli n *s results and ours 
is not wholly in the viscosity. For instance, 
Figure 6 in his paper, which he considers 
typical, shows that the power factor of his 
cable below the ionization voltage at 80 de¬ 
grees centigrade increases rather quickly to 
three per cent and then drops to around two 
per cent, remaining at that value for the 
duration of the test. On the other hand, 
the power factor of our insulation is less 
than one half of one per cent from 40 to 100 
degrees centigrade and has shown no change 
as a result of any of the testing. Mr. 
S h a nk l in ’s discouraging results tend to con¬ 
firm our contention that our very good re¬ 
sults are due to other good qualities in the 
saturant in addition to its high viscosity. 

Mr. Shanklin grants theoretical advan¬ 
tages in the use of thin tape but says that 
thin tape is more expensive and difficult to 
apply, tends to wrinkle more, and will not 
withstand bending well. He apparently con¬ 
cludes that these difficulties cannot be over¬ 
come. It seems likely that this is the reason 
for his failure to obtain good results with 
thin tape. In our cables we overcame these 
difficulties by combining a number of means 
to accomplish that end.. We used a super- 
dense paper that had not been previously 
available in such thin tape. Because of 
the great stiffness and smoothness of this 
paper, it slides instead of wrinkling during 
bending of the cable. This sliding is also 
facilitated by the lubrication given by the 
presaturation, as well as t>y use of proper 
amount of tension during taping. Finally, 
the amount of thin paper was limited to that 
required for electrical reasons. In the re¬ 
gion of lower stress, whore the mechanical 
requirements are more severe, successively 
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thicker tapes were used. Not merely were 
we able to increase the electrical strength 
of this type of cable with such tape, but we 
have accomplished a similar result in other 
types. Beaver has also accomplished im¬ 
portant gains with thin tapes of graded 
thickness, even without the special super- 
dense paper, but he too has had the benefit 
of presaturation. The experimental high- 
stress 132-kv cable with only 386 mils of 
insulation which we manufactured for the 
Commonwealth Edison Company in 1929 
and which has been reported on by Mr. 
Halperin 1 was made with three-mil paper 
tapes. This cable showed an exceptionally 
fine record for the 8V2 years net time of 
testing after which impulse-strength meas¬ 
urements were made on the cable by the 
Detroit Edison Company. Maximum im¬ 
pulse stress values of 3,250 and 3,450 volts 
per mil were obtained with corresponding 
average stress values of 1,890 and 2,010 
volts per mil. 

The case for strand shielding is similar 
to that for tape thickness. For many years 
the theoretical advantages have been recog¬ 
nized. Beaver and others in Europe have 
found practical advantage for various types 
of cable. In two papers in 1940 we pointed 
out important advantages of strand shield¬ 
ing in solid-type cables and we have been 
able to demonstrate important values in 
other types. It may be remarked that it is 
not improbable that the gain occurs more 
from the shielding from stress of the non¬ 
solid dielectric between strands than from 
the reduction of stress that is discussed in 
the classical theories. At any rate the re¬ 
markably high dielectric strength for surges 
which has been obtained on shielded high- 
gas-pressure cable seems explainable only if 
the strand shielding is credited with a very 
substantial benefit. 

Mr. Shanklin would like to know, on 
purely technical grounds, why preimpreg¬ 
nated paper was selected in preference to 
mass-impregnated paper. The answer is 
simply that a very high-viscosity com¬ 
pound was essential in order to prevent 
migration, and the only means by which 
it was possible to impregnate the tapes 
thoroughly with such a compound was by 
the preimpregnation of the tapes. Thus, 
from the very important standpoint of com¬ 
pound migration, this produces a cable far 
superior to that which can be achieved with 
the lower-viscosity compound which must 
be used with mass impregnation. At the 
same time superior electrical properties— 
low power factor and high stability—have 
been obtained by the use of this compound 
as shown by the test data reported in the 
paper. 

Mr. Shanklin offers his own answer to his 
above question by saying: “A comparison 
of initial ionization-starting voltage stress 
as a function of gas pressure tells the whole 
story,” and states that such a comparison 
is given in Figure 6 of his discussion. This 
comparison is of sufficient interest to merit 
careful study. In his present paper, Mr. 
Shanklin says that additional data obtained 
since the first paper allow a more accurate 
construction of this curve than before, and 
it is noted that the values now given are 
over ten per cent higher than in the old 
curve. Mr. Shanklin gives all his data in 
terms of average stress. As recalled to us 
by Mr. Del Mar, Mr. Shanklin grants: "It 
is better to deal with maximum voltage 
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stress than average,” but pleads the greater 
convenience of the use of average stress. 
It is allowable to serve this convenience 
only when it does not lead one astray by 
provoking comparisons under conditions 
where the ratio of maximum and average 
stress differ so greatly as to distort the 
comparison. Since Mr. Shanklin has de¬ 
scribed curve A in his paper just referred to 
as “a representative average of all tests on 
single- and three-conductor gas-pressure 
cable,’’ we may suppose that there was no 
distortion of the comparisons of his own 
cable by his basis of comparison. In order, 
therefore, to compare his tests with others 
on the basis of actual maximum stress, we 
have determined the actual maximum 
stresses for one of the cables which he used 
and on which he has given dimensions. 
This cable is a single conductor 400,000- 
circular-mil stranded conductor with one- 
half-inch hollow core, 300 mils insulation, 
the stress being calculated by application 
of the ordinary logarithmic formula from 
the average stress as given on curve A. 
Likewise the maximum stress was deter¬ 
mined for the cable represented by curve B. 
Thus it is found that, at 200 pounds pres¬ 
sure—where Mr. Shanklin states that there 
is practically no difference between the two 
types—the maximum stress for initial ioni¬ 
zation is 300 volts per mil for our preim¬ 
pregnated cable, as compared with only 
236 volts per mil for his mass-impregnated 
cable. In other words, a 27 per cent higher 
ionization voltage for preimpregnated paper 
certainly justifies its selection. 

This difference is emphasized still more 
when it is remembered that the preimpreg¬ 
nated cable on which he has made the com¬ 
parison was drained after being maintained 
at a temperature of 100 degrees centigrade 
throughout its cross section for 65 days in an 
inverted U position. His 1939 paper indi¬ 
cates that curve A was based on drainage 
from load cycles reaching a maximum tem¬ 
perature of about 60 degrees centigrade 
“for a number of days.” Thus, if we take 
Mr. Shanklin’s suggested comparison of 
ionization tests on a comparable basis of 
dimensions and conditions, the results show 
another very effective reason for choosing 
the type of insulation we did. 

It is rather important to discuss certain 
comments on test methods and significance 
of tests as made by Mr. Shanklin. He in¬ 
dicates that we should have supplied test 
data showing load-cycle endurance runs of 
the type which he has used and which he 
has found to stabilize his cable. However, 
as will be shown, the tests and criteria which 
we have reported have been much more se¬ 
vere and searching than those used by Mr. 
Shanklin. Since Mr. Shanklin’s data for 
high gas pressure is limited to initial ioniza¬ 
tion measurements, we must perforce ana¬ 
lyze his comments in the light of his data 
obtained at low pressure. He mentions a 
certain cable showing little ionization at 77 
volts per mil which he tested at various 
voltages from 85 volts per mil to 120 volts 
per mil. The cable "stabilized” at each 
successive step except the last where "the 
stress was too high for the same kind of sta¬ 
bilization to take place, and failure occurred 
in a few days.” He names an operating 
stress of 65 volts per mil for this cable and 
believes that the experience with similar 
cable operating at this stress indicates "that 
there is a good margin of safety and some 
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latitude for increasing present working 
voltage stress.” Moreover, as pointed out 
by Mr. Del Mar, he makes no distinction 
between cables having different ratios of 
maximum to average stress, and thus his 
recommendation, based on average stress, 
will lead to operation at considerably higher 
maximum stress on some other cables than 
on this one cable. In any event the aver¬ 
age operating stress which he recommends 
is 54 per cent of that at which his stabilized 
cable sample breaks down "in a few days.” 
The cable at Detroit operates at 70 kv, or 
only 45 pfer cent of the 155 kv which is with¬ 
stood indefinitely by most of the samples, 
or about 50 per cent of the 140 kv required 
to break down in 120 hours the sample 
drained at 100 degrees centigrade for 44 
days. This serves to emphasize the effec¬ 
tiveness of the test procedure which we have 
used and to show that it is even more search¬ 
ing than his and that the rating of cable in 
' this way is considerably more conservative 
than would be obtained by following his 
program and criteria. 

Mr. Shanklin states in reference to gas 
pressure cable, "We started initial develop¬ 
ment work in 1932, the principles of which 
are described in United States patent 
1,991,230 filed in July 1933.” Our own 
much earlier work in this connection was 
disclosed in United States patents 1,524,124, 
1,541,937, and 1,651,590 the first of which 
was filed in 1920 and granted in 1925. 
These patents have been recognized as basic 
for gas-filled cable (see letter by P. V. 
Hunter in The Electrician December 21, 
1934 and article by C. Turnbull in Electrical 
Review, page 425, 1936). 

Mr. Del Mar suggests that the high-pres¬ 
sure gas-filled pipe-type cable system is 
virtually the Oilostatic system without the 
oil and oil-pressure accessories and there¬ 
fore should be interesting from a first-cost 
standpoint. We feel that the maintenance 
cost on this type of cable will be equally 
interesting. 

In Mr. Del Mar’s discussion on compres¬ 
sion-type cable it is intimated that Detroit 
had taken on the combined difficulties of the 
pipe-type cable and those of the duct-type 
cable, whereas actually, the commercial 
line as installed in Detroit cannot have any 
of the more common troubles of the duct- 
type cables, since these cables have no lead 
sheath. Even though the compression-type 
cable with its lead sheath were used, the 
pipe would eliminate the major causes for 
faults occurring on duct-type cable, namely, 
external mechanical damage, sheath failures 
in manholes and at duct edges caused by 
cable movement, and failure from sheath 
corrosion. 

Del Mar and Hickernell have commented 
on our statement that the power-factor tests 
on the installed cable, which were not made 
above 28 degrees centigrade "show no evi¬ 
dence of deterioration.” We quite agree 
that tests at this temperature are not sensi¬ 
tive to some types of changes that are ob¬ 
servable in tests made at higher tempera¬ 
tures. However, some types of change are 
shown more readily at low temperature than 
high, and, moreover, if there are changes at 
high temperatures, these are usually accom¬ 
panied, as admitted by these discussers, by 
significant changes at lower temperature. 
Moreover, abundant information on the sta¬ 
bility, of the high-temperature power factor 
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is given by the laboratory tests which are 
reported. Figure 10 shows that there is no 
change in the radial power factor at 80 de¬ 
grees centigrade after aging for 113 days at a 
temperature of 100 degrees centigrade 
throughout the cable cross section. At the 
time of this writing, there is still no change 
in the over-all 100 degree centigrade power 
factor after aging for over nine months at 
100 degrees centigrade. Another sample re¬ 
ported was tested at 75 degrees centigrade 
throughout its cross section with a total 
time of heating of 1,250 hours and with 
voltage applied for 530 of these hours of 
from 1.7 to 2.4 times the rated voltage, and 
it showed the power factor to be constant 
throughout the test at a value of 0.3 per cent. 
The paper by C. J. Beaver and E. O. 
Davey gives data on cyclic aging tests made 
on this type of insulation and reports that 
no sign of ionization nor deterioration could 
be detected from such tests. The field meas¬ 
urements serve thus as a helpful supplement * 
to the ample data showing the high stability 
of this cable. These data on the field in- 
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Figure 7. Power-factor aging characteristics 
metallic shielded conductor versus CB shielded 
conductor 


A—CB cable model data from Rosch 2 

B Commercial three-conductor cable with 
metal-backed paper conductor shield 


stallation will ultimately be supplemented 
by measurements at high temperature. 

Mr. Hickernell makes the comment that - 
all that is needed to make this high-pressure 
gas-filled cable a truly up-to-date design 
would be to incorporate Rosch’s carbon- 
black protection. Rosch has urged the 
value of carbon black as a means of main¬ 
taining original low power factor. However, 
the test data reported for the SMD cable 
show remarkable stability. Original low 
values of power factor have been main¬ 
tained throughout the various long-time 
high-stress and high-temperature tests, and 
including long-time high-temperature tests 
conducted at stresses as high as 250 volts 
per mil. This may be compared with the 
data for cable “protected with carbon-black 
paper” shown in curve A, Figure 7, taken 
from Figure 3 in Rosch’s paper. 2 This cable 
during ten days’ testing at 125 degrees cen¬ 
tigrade at a stress of 126 volts per mil in¬ 
creased in power factor at 125 degrees centi¬ 
grade from the very low value of about one 
per cent at the beginning to about nine per 
cent after ten days. This may be compared , 
with curve B of Figure i which shows data 
which we have obtained on solid-type cable 
wrdi metallized paper shielding maintained 
at 125 degrees centigrade and 125 volts per 
mil for 13 days. It will be noted that al¬ 
though the initial power factor of this sample 
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was nearly 2.5 per cent at 125 degrees centi¬ 
grade, the power factor after 13 days was 
less than three per cent, showing incom¬ 
parably greater stability than Rosch’s car¬ 
bon-black sample. 

In regard to impulse strength, Mr. Hick¬ 
ernell refers to the data in the reports by 
L. I. Komives and G. B. McCabe and makes 
the statement that, "These data indicate 
the highest impulse strength was obtained 
with type-CB construction.” There is 
nothing in either of these two reports that 
would justify any such statement. In Mr. 
Komives’ report the only type of strand 
shielding tested was that having CB con¬ 
struction, and therefore it is impossible to 
make any comparison between it and cable 
having metallized-paper conductor shield¬ 
ing. In Mr. McCabe’s Edison Electric In¬ 
stitute report, the average values reported 
did show a slight advantage in favor of 
CB-type cable, 1,870 volts per mil average 
stress as against 1,833 volts per mil for 
cable using this type of metallized paper. 
However, Mr. Hickernell evidently over¬ 
looks the fact that the value of 1,833 volts 
per mil is lower, because it includes ter¬ 
minal failures (not cable failures) on two 
of the three conductors tested and also over¬ 
looks the author’s definite statement to this 
effect, that "It should be borne in mind that 
since conductors 1 and 2 failed in the ter¬ 
minals, the surge strength of the insulation 
of these two conductors was somewhat 
higher than the recorded values probably 
equal to or higher than the maximum value 
of average stress attained in same 18” (with 
CB tape). 

Another point of superiority of the metal¬ 
lized tape used for insulation shielding is 
that it proved to be a very effective mois¬ 
ture barrier. Two samples of unsheathed 
SMD cable exposed to humid atmosphere 
for approximately two months showed no 
increase in moisture content of the insula¬ 
tion. The physical properties of carbon 
black are such that it is improbable that it 
would provide this desirable moisture bar¬ 
rier as does the metallized tapes. 

It is difficult to understand the basis for 
conclusions drawn by Mr. Hickernell from 
the report of F. Farmer on cable in vertical • 
runs. The only comparison we can draw 
concerning compounds in this report is that 
the compounds which showed low mi¬ 
gration had higher viscosities at all tempera¬ 
tures than the compounds which gave 
trouble from migration. In this reference 
it should be noted that those cables made in 
1915 to 1920 and impregnated with a so- 
called nonmigrating compound consisting of 
petroleum grease and rosin showed ex¬ 
tremely low migration, despite the fact that 
several of them carried 1918 war loads which 
would produce temperatures in excess of the 
melting point of about 52-53 degrees centi¬ 
grade for such compounds. The Saybolt 
Universal viscosity of such nonmigrating 
compound is less than 1,500 seconds at 60 de¬ 
grees centigrade, whereas the viscosity of 
SMD compound is 40,000 seconds at 60 de¬ 
grees centigrade. At the maximum normal 
operating temperature of 70 degrees centi¬ 
grade, the SMD compound has a viscosity of 
approximately 20,000 seconds, which is in the 
range that the usual solid-type cable oils 
will have at temperatures of 20 degrees cen¬ 
tigrade or below. Thus, there is no more 
reason to worry about migration in this gas- 
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filled cable at 70 degrees centigrade than 
there would be with solid type cable at 20 
degrees centigrade. 

Mr. Halperin has asked what tempera¬ 
tures are considered permissible for the gas- 
filled and compression cables. It is recom¬ 
mended that the same permissible tempera¬ 
tures that have been adopted for oil-filled 
cable be used for these two types of cable. 
In regard to variation in gas pressure, the 
maximum range of gas pressure caused by 
temperature changes in operation will oc¬ 
cur between the conditions of a sustained 
maximum load on the feeder at the time 
of maximum earth temperature and the re¬ 
moval of the feeder from service for an ap¬ 
preciable period at the time of minimum 
earth temperature. If this minimum pres¬ 
sure is made 200 pounds per square inch, 
the maximum pressure will be about 230 
pounds per square inch for the SMD in¬ 
stallation. The more probable range of 
pressure that will occur in normal operation 
will be considerably less than the above 
maximum. Mr. Halperin draws attention 
to the fact that the five types of cable in¬ 
cluded in Figures 14 and 15 cover a consid¬ 
erable range in degree of impregnation and 
should therefore show some differences in 
impulse strength. The data presented in 
these figures, except for the SMD type, are 
not new but have been taken from published 
data. The high values of impulse strength 
for the .SMD-type insulation tested under 
high gas pressure, as compared to previous 
measurements on drained cable, may be at¬ 
tributed in part to the high dielectric 
strength of gas at this high pressure. As 
stated by Mr. Shanklin in his discussion, 
"the electrical strength of nitrogen gas at 
200 pounds pressure is almost as great as 
that of the solid insulation.” Also it is very 
probable that conductor shielding and the 
thin graded tapes contributed in securing 
these high impulse values for the .S’MD- 
type cable. We are not familiar with the 
data Mr. Halperin has which disagrees with 
conclusion 5 and wonder if it does not apply 
to a different type of insulation than the 
SMD-type, using high gas pressure, graded 
tapes, and strand shielding, to which conclu¬ 
sion 5 is intended to apply. Test failures 
occurring in the regions of wide interturn 
gaps are probably due to both reasons given 
by. Mr. Halperin. The half-round copper 
wire is in direct contact with the steel pipe 
and is solidly grounded to the pipe at all 
joints so that no appreciable voltage will 
exist between turns or from the wire to pipe, 
and there will be no tendency for sparking. 

Mr. Wyatt refers to Figure 7 in the com¬ 
pressor-cable paper and states that the 
values of "power factors at room tempera¬ 
ture or below up to 0.5 per. cent appear 
rather high.” He goes on to speak of having 
made compression cables "the 20 degrees 
centigrade and 60 degrees centigrade power 
factors of which were as low as 0.20 per cent 
and never higher than 0.30 per cent.” We 
feel sure that Mr. Wyatt has overlooked 
the fact that with impregnated paper of 
very low loss, the temperature for minimum 
power factor is well above room tempera¬ 
ture and that the power factor at tempera¬ 
tures well below room temperatures as given 
in Figure 7 will be greater than at ordinary 
room temperatures. 

We know of no - lower accurately deter¬ 
mined values of power factor on paper cable 
than those reported in Doctor Whitehead’s 
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extended series of carefully controlled meas¬ 
urements of cable insulation. Thus, though 
Mr. Wyatt states that none of his values 
exceeded 0.30 percent, none of Doctor White¬ 
head’s values at 30 degrees centigrade or be¬ 
low are as low as 0.30 per cent. Doctor 
Whitehead’s lowest values were obtained 
with oil of extremely low power factor, the 
oil being very fluid and the paper of low 
specific gravity as compared with usual 
cable practice. It seems likely from various 
collateral information, that the lowest of 
Doctor Whitehead’s values represent a 
condition substantially as low as have been 
obtained with cable paper and any saturant. 
We suspect that, if Mr. Wyatt will investi¬ 
gate carefully, he will find that the values 
he mentions apply not at 20 degrees centi¬ 
grade and below but at the higher tempera¬ 
ture of 60 degrees centigrade or more, where 
the power factor should be considerably 
lower than 20 degrees centigrade. 

From Mr. Wyatt’s statement that: "Al¬ 
though the authors use thin paper in the 
conductor region to keep down butt spaces, 
wafers show that such a cable, after bending, 
pulling, and installing, will have some gas 
spaces of 18 mils and even 20 mils radial.di- 
mensions”, it is not clear whether this is a 
deduction or whether he has prepared or se¬ 
cured a wafer that seems to indicate that 
conclusion. Also it seems to imply definitely 
that such spaces are to be expected even in 
the region of thin tape. We have made a 
good many wafers and believe that this 
statement is entirely unrepresentative of 
the cable that is installed in the commercial 
Hue at Detroit. Our wafers, made from 
samples of this cable, show that the maxi¬ 
mum spaces that were found are quite 
closely equal to the tape thickness. It is 
most significant, however, that the normal 
spaces for the 2 l / 2 -niil paper are just about 
one-half the normal spaces for the five-mil 
paper and that likewise the maximum spaces 
for the thin paper are also half as large. 
The wafers show this advantage of the thin 
paper very clearly. It is recognized that in 
long sections of cable there is some prob¬ 
ability of spaces occurring that will be equal 
to twice the tape thickness but extremely 
improbable that spaces appreciably greater 
than this will occur in modern cable. 

It is natural that such a system as de¬ 
scribed in each of these two papers did not 
grow full-fledged at one time and that there 
are some parts which are not entirely new. 
The authors have been concerned pri¬ 
marily with giving engineering information 
concerning a successful system which it has 
been their job to improve, rather than with 
writing a bibliography, but they are pleased 
to have Mr. Wyatt express his opinion as to 
where certain credit should be given. 

We are very pleased that Mr. Thomas has 
mentioned his sheath-compensated cable as 
it has many things in common with the com¬ 
pression type of cable. In this connection, 
it is interesting to note that some of this 
cable which we manufactured in 1935 is 
still operating with a record of no inherent 
faults to date. In this design vulcanized 
rubber tapes are applied over the lead 
sheath at a tension of 1,000 pounds per 
square inch. The elasticity of these tapes 
causes the lead sheath to compensate for the 
internal expansion and contraction caused 
by load changes and thus prevents void 
formation. 
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In reply to Mr. Thomas’ questions, labo¬ 
ratory tests show that fatigue strength of 
the lead cable sheath when subjected to vi¬ 
bration or bending is considerably increased 
by the elimination of oxygen from contact 
with the sheath surface. In reference to the 
countersunk connector, this is of the sol¬ 
dered type with two short slots on the top for 
receiving solder. The outside diameter is 
the same as that of the cable conductor. 
In order to apply the connector, the outer 
layer of conductor strands on each of the 
cable ends is cut back for a distance of half 
the connector length. When the connector 
is wiped in place, these strands are flush 
with the connector and joined to it. In 
Figure 5 of the paper on compression cable, 
the step on which the joint sleeve ends is 
the lead sheath of the cable. The next step 
is the termination of the sheath-reinforcing 
tapes. No void space is left under the joint 
sleeve; Varnished cambric tape is used to 
build up the diameter of the sloping ends 
over the shielding braid to a dimension 
equal to the inside diameter of the lead 
sleeve. This diameter is carefully checked 
in order to secure a tight uniform fit along 
the full length of the sleeve. 

Approximately 60 per cent of the com¬ 
mercial line was installed under paved city 
streets. About 50 per cent of this line 
was installed under streets using the heavy 
paving, 10 per cent under streets using light 
paving, and the remaining 40 per cent in¬ 
stalled where no paving existed. A cost 
estimate made of the circuit indicated that 
the total cost to install oil-filled cable in 
conduit with accessories would be about 20 
per cent higher than the cost of a high-pres¬ 
sure gas-filled pipe-type cable installation. 

The paragraph questioned by Doctor 
Whitehead does not make the conclusion 
that the stress in the gas spaces is less th^m 
that in the other types of insulation. This 
paragraph is intended to point out that to 
whatever extent presence of gas reduces the 
over-all dielectric constant, the stresses in 
the oil and paper are, thereby, correspond¬ 
ingly reduced. Thus at any given applied 
voltage, the stress in the oil and paper will 
be (slightly) lower than on other types of 
cable such as oil-filled, Oilostatic, or com¬ 
pression cable. For all voltages at which 
there is no ionization in the gas space the 
electrical stress in the oil and paper will 
have no effect not found at least equally in 
these other types; or as stated in the paper, 
stress below the ionization voltage in the gas 
should have no effect on the insulation. 

It has been pointed out by Doctor White- 
head and others that there is undoubtedly 
some ionization at voltages below the level 
necessary for detection by power-factor 
measurements. It will be interesting to 
study this by the more sensitive type of 
measurement such as used by Doctor White- 
head and by Professor Paine. However the 
shape of the voltage-time curve of Figure 13 
shows that no harmful ionization occurs ap¬ 
preciably below the voltage at which we 
have measured ionization.. Above the criti¬ 
cal voltage indicated by the short horizon¬ 
tal section of the curve, the life decreases 
rapidly with increasing voltage. Below 
this critical stress, application of voltage has 
no effect on the life of the cable. An addi¬ 
tional point on this curve has now been se¬ 
cured—one cable length has failed after a 
life of over 1,600 hours at an average volt- 
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age of 155 kv. This test was begun at 148 
kv, voltage being raised uniformly, ending 
at 163 kv. While there is some variation 
from one length to another as shown by 
some scattering of points on the curve, a 
constant voltage that does not produce fail¬ 
ure, in 100 or 200 hours apparently will 
never produce failure. 

It is obvious that, above the critical stress, 
the extent and destructiveness of the ioniza¬ 
tion increase rapidly with increasing volt¬ 
age; the converse is also true, the extent and 
destructiveness rapidly disappear as the 
voltage is reduced below the critical value. 
Since there is, of course, some longitudinal 
nonuniformity, the critical stress on some 
specimens will be lower than on others and 
will be lower than for the average curve 
that is drawn. From the evidence from 
severely handled specimens, the minimum 
critical value appears to be not very far be¬ 
low 140 kv, or twice the working pressure 
of this cable. Thus, as far as concerns the 
normal 60-cycle voltage, there is a wide 
margin permitting future increases of stress 
by reduction of insulation thickness. This 
margin is indeed greater than the very con¬ 
siderable margin that exists in the surge 
strength so that the Ultimate reduction in 
insulation thickness will doubtless be deter¬ 
mined by surge strength rather than by 60- 
cycle strength. 

Doctor Wiseman considers the restraining 
force measurements on the 50-foot sample 
as inconclusive because of the short length. 
It is true that the section was short as com¬ 
pared with actual sections, but still it was of 
sufficient length to permit the cable to take 
freely the same configuration in absorbing 
the longitudinal expansion as would occur 
on a long section, and therefore it is felt that 
these values are representative of the maxi¬ 
mum values of thrust that may be encoun¬ 
tered on an actual section. At the most the 
criticism of the test is merely to the effect 
that the small easily handled thrust meas¬ 
ured may be even less in an actual installa¬ 
tion. In calling attention to the coefficient 
of friction for SMD -type cable when pulled 
into steel pipe, Doctor Wiseman states that 
0.37 is very good for dry pipe, but for Oilo¬ 
static, where the cable oil also acted as a 
lubricant, they got a value of 0.26. In the 
paper it was stated that 0.37 was the maxi¬ 
mum value (not average value) that was 
reached for any section in the seven-mile 
line including the sections with bends. The 
average value was considerably below this. 
Since the coefficient of friction inherently 
varies over such a wide range, depending on 
many factors that cannot be evaluated ex¬ 
actly, the average value was not given, since 
it is felt that without knowing these con¬ 
trolling factors the average value of this 
coefficient is of doubtful significance. It 
should be pointed out that petrolatum was 
used as a lubricant and was applied over the 
half-round open spiral wires before the 
lead sheath Was applied. Since petrolatum 
is a better lubricant than cable oil, the SMD- 
type cable can be expected to have a lower 
coefficient of friction than Oilostatic cable, 
since otherwise the external structures are 
similar, and therefore the maximum pulling 
length would.be at least equal to Oilostatic 
cable. 

It is very helpful to have Mr. Main’s 
supplemental information concerning com¬ 
pression cable. His confidence in the value 
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and reliability of this type of cable is based 
upon the very practical ground of successful 
production and operation of a considerable 
amount of it. In addition to his general 
comments, he tells of significant modifica¬ 
tions of earlier designs. These should be 
especially helpful wherever the self-con¬ 
tained type is applicable. 

Mr. Main grants certain advantages of 
the pipe-type cable but evidently is more 
impressed by the merits of the self-con¬ 
tained type. For smaller amounts of power 
than being carried at Detroit, these merits 
will often predominate, but where large 
conductor sizes are required as is generally 
the case in this country, the pipe-type sys¬ 
tem proves to be the more practical. 

We are glad to have Mr. Main’s figures 
of power factor at 20 degrees centigrade for 
the British-made cables and note that these 
are somewhat more than 0.1 per cent lower 
than the values given in our Figure 7 for the 
field measurements on the experimental 
compression cable. Much of this difference 
is accountable by the fact that density of 
the paper in the Detroit cable is very high, 
with a corresponding reduction in the 
amount of oil. With very low loss oil, such 
as used in this cable, the power factor of the 
paper substance is higher than that of the 
oil. Thus the greater paper content means 
greater over-all power factor. Any differ¬ 
ence that cannot be accounted for in this 
way is only a fraction of a tenth of one per 
cent and can be explained by the difference 
between measurements made in the field as 
compared with the more accurate factory 
measurements. Thus Mr. Main checks bur 
values which were questioned by Mr. Wyatt. 

There is not space here to discuss fully 
the practical importance of the high-density 
paper. It suffices to point out that the large 
reduction in oil content results in propor¬ 
tionately less volume change with tempera¬ 
ture than with lower-density paper. Inci¬ 
dentally, there is also a gain of this sort 
from the compact strand as compared with 
conventional. The much wider temperature 
range thus required for a given volume 
change is vastly more important than any 
minor difference in loss due to the difference 
in power factor. 

In referring to the causes “contributory 
to the satisfactory solution of gas-filled 
cable,” Mr, Main suggests that several of 
these have been developed by various cable 
manufacturers for the improvement of 
super-voltage cables generally. That is 
fully conceded. Some of these are of course 
particularly significant for the gas-pressure 
cable. 

Mr. Main suggests that the reduction in 
stress in the impregnated paper by reason 
of the lower permittivity of the gas may re¬ 
duce the emphasis that need be placed upon 
the quality of the saturant in the gas-pres¬ 
sure cable. We have drawn attention to 
this reduction of stress but would empha¬ 
size that it is purely incidental and ac¬ 
tually amounts to only a few per cent. He 
asks if the viscosity of 3,000 given for this 
saturant is correct and not wrong by a deci¬ 
mal point. Three thousand voltage is cor¬ 
rect, and we are glad to have the emphasis 
placed upon it that comes from the question. 
We believe that the properties of the saturant 
used, including this high viscosity, are very 
significant 
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We quite agree with Mr. Main concerning 
relative impulse strength of different types 
of cable. We would be surprised if oil-filled 
cable made with the same type of paper and 
with strand shielding would not have as 
high impulse strength as this cable, although 
it is to be noted that preimpregnation facili¬ 
tated the use of very thin tapes without the 
mechanical difficulties which Mr. Shanklin 
has found in applying unimpregnated thin 
tapes. 

Mr. Main brings together for comparison 
our statement that the minimum safe-oper¬ 
ating pressure is 100 pounds per square inch 
and our statement that the cable may be 
given standard acceptance voltage tests at 
30 pounds per square inch. The operating 
limitation is, of course, conservative. There 
is, however, no particular advantage in set¬ 
ting a lower limit, since the line and acces¬ 
sories will readily take care of 200 pounds 
pear square inch or more, and the cable will 
be operated at that pressure. As far as 
concerns test practice in this country, ac¬ 
ceptance tests are made at voltages far 
above what anyone would consider to be a 
safe-operating voltage. It is true that this 
is exaggerated by the suggestion of making 
a normal test at a pressure lower than sug¬ 
gested for operation. However, it is to be 
noted that the dielectric strength for a pe¬ 
riod of a few hours is reduced not more than 
10 per cent or 20 per cent at 30 pounds per 
square inch as compared with 225 pounds 
per square inch. It is this fact, as well as 
the results of dissection of tested samples, 
that warrants the testing for 15 minute pe¬ 
riods to be made within the same range as is 
customary for oil-filled cable. 

Mr. Main comments concerning the ra¬ 
dial power-factor curves, saying these give 
no indication of the effect of the gas space 
on the shape of the curve. We see no rea¬ 
son for this concern; the curve actually 
obtained explores fully the variations of the 
impregnated tapes, and this seems to us to 
complete its purpose. Mr. Main himself 
recognizes this function when he "wonders 
what would be the shape of the curve” with¬ 
out humidity control in the factory. Ac¬ 
tually these tests show how effectively that 
control was accomplished, and similar tests 
were a helpful means in setting up required 
standards for that control. 

Mr. Main brings question as to the mean¬ 
ing of the same paragraph which Doctor 
Whitehead questioned. Our answer to 
Doctor Whitehead substantially answers 
also Mr. Main. The statement we wish to 
emphasize is a corollary of one Mr. Main 
makes that “the electrical strength of the 
paper cannot be used to full advantage; 
otherwise the gas spaces would be over- 
stressed and destructive ionization result.” 
But this means that if we avoid destructive 
ionization in the gas spaces we need feel no 
concern about the electric stress in the oil 
and paper. This fact is so very obvious that 
there was a tendency to look for some dif-. 
ferent and less easily accepted meaning. 
But this leads directly to the conclusion 
that the electric stress in the oil and paper 
in this cable is well below that which long 
experience with other typCs of cable has 
shown to be without harmful effect. 

Mr. Main refers more than once to “diffi¬ 
culties” of stripping the sheath; he feels 
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that this involves "costly complications.” 
Before making the experimental installa¬ 
tion, this seemed somewhat of a problem, 
but, by the time of the commercial installa¬ 
tion, no problem remained. We can as¬ 
sure Mr. Main that his fear on that score is 
without foundation. Indeed we are con¬ 
strained to remark that Mr. Main’s com¬ 
ments emphasize our previous remark that 
both of these systems are good and very 
practical. Those acquainted with one will 
be partisan to that while fearing unfamiliar 
problems of the other. Acquaintance with 
both emphasizes the value of both. 

Mr. Peterson has asked the expected life 
of the pipe when protected by one half inch 
Somastic as was applied on the Detroit com¬ 
mercial line. We have not been able to find 
any Case of corrosion or deterioration with 
this type of protection, and installations 
have now been in service up to ten years. 
In regard to expansion, the expansion bend 
was provided only in the experimental in¬ 
stallation and was used only to take care 
of expansion in the armored compression 
cable. No expansion provision is necessary 
for the pipe itself. In the SMD-type cable 
the three conductors have considerable free¬ 
dom for movement and can absorb the lon¬ 
gitudinal thermal expansion without any 
other special provision. As to the viscosity 
of the impregnating compound used on the 
SMD cable, it is about 80,000 at 50 degrees 
centigrade in terms of Saybolt Universal 
seconds. 

No effort was made to determine the 
moisture content of the soils encountered 
because of the poor correlation that appears 
to exist between moisture content and ther¬ 
mal resistivity in an actual installation. 
This may be attributed in part to the diffi¬ 
culty in securing a moisture-content sample 
that is representative, as well as to the fact 
that for the Detroit installation the ground 
water level has a greater effect on the ther¬ 
mal resistance of the soil. A record was 
maintained of the rainfall, and it was found 
that this as such had practically no corre¬ 
lation with the seasonal soil resistivities re¬ 
ported. 

Mr. Del Mar has concisely summarized 
the limited available knowledge on the sub¬ 
ject of earth resistivity, and it was because 
of this inexact knowledge that these earth 
resistivity measurements were made and 
presented at this time. Several discussers 
have asked for more information concerning 
the thermal-resistivity measurements or 
concerning the thermal characteristics of 
the high-pressure pipe-type cable systems, 
or have asked why more data were not pre¬ 
sented on this subject since’ more were ob¬ 
tained. These tests have not been completed. 

The discussions by Meyerhoff, Johans¬ 
son, Frank, and D’Eustachio, all of whom 
are associated with two of the authors 
may be considered as supplementary to 
the authors’ closure. 
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The Dielectric Strength and 
Life of Impregnated- 
Paper Insulation—III 

Discussion and author's closure of paper 42-92 
by J. B. Whitehead, presented at the AIEE 
summer convention, Chicago, III., June 22-26, 
1942, and published in AIEE TRANSAC¬ 
TIONS, 1942, August section, pages 618-22. 

G. B. Shanklin (General Electric Company 
Schenectady, N. Y.): There has been a good 
deal of speculation about Doctor White- 
head’s breakdown results being at variance 
with actual solid-type cable experience, as 
regards paper density. The following 
explanation is offered for what it is worth. 

Because of entire absence of void forma¬ 
tion, Doctor Whitehead’s test samples are 
actually representative of oil-filled cable 
and not solid-type. The mechanism of 
breakdown he is studying is, accordingly, 
applicable in all detail only to oil-filled 
, cable. This is borne out by the fact that his 
results are in full accord with oil-fiUed-cable 
experience. 

For times expressed in seconds or fractions 
of a second (impulse, and so forth), the di¬ 
electric strength of oil-filled cable increases 
with increase of paper density. For 
in hours, such as Doctor Whitehead used, 
the dielectric strength decreases slightly 
with increase in paper density, just as he 
found. For times expressed in months or 
years, change in paper density, over the 
usual commercial range, has practically no 
effect on dielectric strength. 

Ionization in voids of solid-type insula¬ 
tion can easily change these trends, par¬ 
ticularly for the longer periods of time. 
The action is more complicated and more 
difficult to reproduce in the laboratory, be¬ 
cause it depends on size, quantity, and loca¬ 
tion of these voids, as well as pressure and 
numerous other factors. For this reason I 
suppose we will always have differences of 
opinion about the effects of paper density 
in solid-type cable, or in any other type of 
cable where incipient failure is brought 
about by gaseous ionization in voids. Per¬ 
sonally, I cannot get very excited about it, 
because the differences are not great in any 
case. 

If Doctor Whitehead needs any support 
in his belief that Robinson was wrong in 
concluding that all failures are instigated 
at the conductor surface, I stand ready to 
give it. Like Doctor Whitehead, I have 
examined plenty of incipient failures at lo¬ 
cations other than the conductor surface, 
and this was in full-sized cable, some of 
which had relatively large ratios of maxi¬ 
mum to minimum stress. 

Too many factors besides quantitative 
stress are involved for one to say that the 
location of breakdown in paper-insulated 
cable follows a simple physical law, based 
on the geometrical stress field alone. 

In overstressed gas-filled cable, for in¬ 
stance, ionization deterioration is usually 
more pronounced in the outer zone of the 
insulation thickness rather than the inner 
zone, and final failure usually starts here. 
This occurs, because compound drainage is 
considerably more in this outer zone, and 
voids are larger. 
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There are many champions of the maxi¬ 
mum-stress theory and some champions of 
the minimum-stress theory. The fact re¬ 
mains, however, that practical design work 
in. the whole cable industry is based on 
neither but, instead, is based on average 
stress. My experience has been that over 
the usual commercial range of conductor 
sizes, insulation wall thicknesses, and so 
forth, average stress expresses practical re¬ 
sults better than anything else. This 
middle, of the road course is a safe one to 
follow in all but extreme and special cases. 


William A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
Doctor Whitehead’s modification of the 
Robinson coring theory is very interesting. 

Like Robinson he finds that initial trouble 
arises in an oil space and that the oil space 
involved is one where the greatest electrical 
stress occurs. 

However, because of the circumstance 
that his insulation is thin compared to his 
conductor diameter and that his conductor 
is smooth, he regards it as a matter of 
chance whether the stress is greatest at the 
inner surface of the insulation or at some 
intermediate layer. 

Perhaps there is another reason. Refer¬ 
ence to P. L. Hoover’s 1926 paper shows 
that the maximum stress at very high 
stress is not at the conductor surface but 
within the insulation, and this may influence 
the results obtained. 

Again, Doctor Whitehead agrees with 
Robinson that failure originates in gas in 
the oil space, but, whereas Robinson postu¬ 
lates a gas occlusion, Whitehead says that 
if there is no gas occlusion present, and the 
stress is sufficiently high, the stress will 
generate the gas by ionizing the oil. 

This immediately suggests two levels of 
dielectric strength, one applying to practi¬ 
cal cables from which complete gas exclu¬ 
sion is impossible, and a higher level apply¬ 
ing to completely gas-free laboratory speci¬ 
mens like those of Doctor Whitehead, 

I shall try to establish the fact that Doctor 
Whitehead’s specimens fail at a higher 
stress level than cables and will then try to 
draw the consequences. 

Reading over Doctor Whitehead’s three 
papers on stability of oil-impregnated-paper 
insulation, I find that all stresses referred to 
are average stresses and that, where the ex¬ 
pression "maximum stress” is used, it 
means "the maximum or final value of the 
average stress.” 

Thus, Figure 1 of the paper gives an aver¬ 
age final stress of nearly 600 volts per mil 
for a specimen made with paper of specific 
gravity of 0.896 and designated as B paper, 
after being subjected to 13 stages at average 
stresses starting at 400 volts per mil. 

The same Figure 1 gives, for this paper, a 
life of 53 hours, practically all of which was 
consumed in the 13 preliminary stages. 

We have no exact way to correlate the 
preliminary steps with the final steps, but 
we may make an approximation by assum¬ 
ing that each stage causes deterioration at a 
rate proportional to the 20th power of the 
stress. If you ask the source of this figure, 

I can give you nothing better than some 
test data oh oil-filled cables which suggested 
it. In the case of single-conductor solid-type 
cable, the index is about 6. 

On this basis the preliminary stages are 
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equivalent, in the aggregate to about 4y s 
hours at the final stage for all the papers 
tested. 

Returning to the B paper, if we plot the 
original test data with volts per mil as ab¬ 
scissas and hours as ordinates, we obtain a 
gunshot diagram with average stresses rang¬ 
ing from 581 to 700 volts per mil and lines 
ranging from 0.2 to 3.83 hours. 

If we average these lines, we obtain about 
2.3 hours, but this would not be a significant 
average, as it would not take into account 
the various stresses at which the individual 
lives were obtained. This may be allowed 
for in an approximate way, by the same as¬ 
sumption made above, that is, by assuming 
the life to be inversely as the 20th power of 
the voltage and obtaining a weighted aver¬ 
age based on that assumption. This gives a 
life of 3 1 / 2 hours. 

If we add this to the 4 1 / 2 hours from the 
preliminary stages, we obtain, for paper B 
specimens, an empirical life of eight hours 
at 600 volts per mil. 

The nearest comparable cable test data 
are those from the Association of Edison 
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Paper Density 
(Gurley) Seconds 

Specific 

Gravity 

(Volts Per Mil) 
Overlap 

33V»% 37i/2% 

33. 

,..0.74.... 

...349 - 342 

480.. 

...0.78.... 

...420 - 367 

3,000. 

...0.94.... 

...390_428 


Illuminating Companies "Time Test,” 
which give failures for single-conductor 
cables with thin walls at average stresses 
of about 400 volts per mil after 

6 hours at 220 volts per mil 
3 hours at 300 volts per mil 
3 hours at 350 volts per mil 

In the case of solid-type single-conductor 
cable, an index of 6, instead of 20, gives a 
more accurate means of weighting the lines. 
On this basis, the preliminary stages give 
the equivalent of about two hours at 400 
volts per mil. The tests usually run from 
one quarter to three quarters of an hour at 
400 volts per mil, a fair average being not 
over one-half hour. This added to the two 
hours from preliminary stages, give 2 x /j 
hours at 400 volts per mil. 

By this roundabout route we arrive at the 
following comparison between Doctor 
Whitehead’s specimens and ordinary cables. 



Failure Stress 

Time 


(Average) 

at Failure 


Volts Per 

Stress 


Mil 

(Hours) 

Doctor Whitehead’s 



specimens........ 

. 600...... 

....8 

Cables. 

..400. 

....2i/s 


This seems to establish that Doctor 
Whitehead’s specimens fail at a definitely 
higher stress level than solid cables, this level 
being at least 50 per cent greater. If the 
comparison is made on the basis of final 
stresses only. Doctor Whitehead's speci¬ 
mens appear to have at least 75 per cent 
greater dielectric strength. 
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In the case of failure by generated gas, 
the stress on the oil is all important, as the 
generation of gas is directly dependent 
thereon and becomes violent when this 
stress is exceeded. Therefore, in the labora¬ 
tory specimens, the specific inductive ca¬ 
pacity of the paper is of prime importance, 
and a high value works against high di¬ 
electric strength, as pointed out by Doctor 
Whitehead. 

Where, however, failure is due to occluded 
gas, ionization starts at a low stress, what¬ 
ever the density of the paper, and the stress 
at failure depends on the ability of the paper 
structure to prevent spread of the ionization 
streamers, an ability which increases with 
increasing density, provided that the tan¬ 
gential path is not weaker than the path 
through the paper. We have made exten¬ 
sive tests on specimens made purposely 
with poor impregnation which completely 
support this view. A progress report on 
this was presented to the National Research 
Council's Williamsburg conference in 1941 
and referred to by Doctor Whitehead in his 
paper. Details of this investigation will be 
offered to the Institute when the exigencies 
of ‘more important war work permit. 

In the meanwhile typical data on poorly 
impregnated specimens ten tapes thick are 
offered in Table I for comparison with Doc¬ 
tor Whitehead’s. 

The voltage was increased by five-minute 
steps, each step being 20 per cent higher 
than the preceding one. These were con¬ 
verted to an arbitary equivalent one hour 
dielectric strength by means of the sixth root 
law. 

The above figures are the average of eight 
breakdowns. The maximum deviation 
from the average was 8.9 per cent, and the 
average deviation 4.5 per cent. 

It will be noted that at 37V2 per cent 
overlap, dielectric strength increases with 
density whereas at 33 l /« per cent overlap, 
the relative dielectric strengths of the papers 
and tangential paths produce a condition 
wherein a maximum occurs at a medium 
density. 


W. Atkinson (General Cable Corpora¬ 
tion, Bayonne, N. J.): Doctor Whitehead’s 
studies are leading to a better understand¬ 
ing of the phenomena occurring in dielec¬ 
trics under high electric stress. The very 
fact that certaih of the conclusions from his 
tests were originally so unexpected by "di¬ 
electricians” greatly emphasizes the impor¬ 
tance of these results in our understanding 
of the effect of electric stresses. 

Why some of the relationships differ from 
those found in commercial cable insulation 
is not yet obvious, although the explanation 
may be found among the theories that have 
been suggested by various people. Since 
these things are susceptible of effective ex¬ 
perimental attack, the explanation will be 
forthcoming when sufficient effort can be de¬ 
voted to the subject. 


J- B. Whitehead: When our first results 
on the influence of paper density on dielec¬ 
tric strength were announced, there was con¬ 
siderable disquietude amongst cable engi¬ 
neers who were following closely the progress 
of our work,, and some of whom advocated 
the use of high-density paper. There was 
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some evidence that the accuracy of the re¬ 
sults was questioned. As they were sub¬ 
stantiated by further data, cable engineers 
united in an effort to collect from their own 
laboratories results of tests in favor of high- 
density paper. Reports were received from 
five or six laboratories, but, with one ex¬ 
ception, all the tests had been made on con¬ 
tinuous sheets of paper and indicated in¬ 
creasing dielectric strength with increasing 
paper density, in accordance with theory 
and long-established behavior of other mate¬ 
rials. The single exception noted was one 
impulse-voltage test on each of two cables, 
one with high density and the other with 
low density paper—the higher density giv¬ 
ing a somewhat higher breakdown strength. 

Much of the uncertainty of the situation 
thus created was due to the impossibility of 
reconciling our results with the behavior in 
breakdown tests on solid-type cables; this, 
in spite of the fact that we have emphasized 
the absence of free gas in our samples, and 
that our results, if applied to cable behavior, 
should be confined to those of oil-filled type. 

We have never ventured to suggest the 
extent to which our results should be con¬ 
sidered in cable design, leaving this ques¬ 
tion to the vastly wider experience of cable 
engineers. However, in the face of some 
questions and criticism, we have ventured 
from time to time to ask for the experimen¬ 
tal evidence on cables, which was at vari¬ 
ance with our own. None worthy of the 
name has been forthcoming. Mr. Shanklin 
goes further than others in stating the results 
of manufacturers’ experience. It would be 
helpful if he would give some quantitative 
data substantiating his statements as to the 
relative influence of paper density in im¬ 
pulse, short-time, and long-time testing, 
respectively. Requests for quantitative 
data from those manufacturers who advo¬ 
cate the use of high-density paper have 
always been met with the response that 
their experience was of general character 
over a period of years and that it would be 
difficult to separate the particular studies 
which had led to conviction that a denser 
paper results in higher dielectric strength. 
Hardly a convincing reply, in view of the 
number of factors which have entered into 
the general improvement of cable quality 
within recent years. 

As stated above, it is not our intention to 
question the experience and practice of 
cable manufacturers, nor even to suggest 
the extent to which weight should be given 
to our results. I believe, however, that there 
is now no question of the accuracy of our 
results on the influence of paper density 
in our type of sample. This means that the 
influence of the relative values of the dielec¬ 
tric constants of cable tape, and of oil chan¬ 
nel or gas space, is such as to throw an in¬ 
creased value of stress into the oil channels 
and gas spaces, and that this stress increases 
approximately as the density of the paper. 
Whether, or not this fact shows itself only 
at relatively high stresses, as in our experi¬ 
ments, as pointed out by Mr. Del Mar, the 
fact remains that, if failures do originate in 
oil channels and gas spaces, the use of 
higher-density paper, increases the stresses 
in these most vulnerable locations. It 
does not appear to me that the question has 
been satisfactorily answered, and it is to be 
hoped that somehow, somewhere, after the 
present unhappy period, further experiment 
may be possible for clearing it up. 
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Load Ratings of Cable—II 


Discussion and author’s closure of paper 
42-111 by Herman Halperin, presented at 
the AIEE summer convention, Chicago, III., 
June 22-26, 1942, and published in AIEE 
TRANSACTIONS, 1942, pages 930-42. 


G. B. Shanklin (General Electric Company, 
Schenectady, N. Y.): Mr. Halperin has 
made another valuable contribution to 
cable engineering. Systematic operating 
data of the kind he presents can only be ob¬ 
tained directly in the field by a large, well- 
organized operating company. This is par¬ 
ticularly true of the behavior of cable under 
heavy load conditions, and it is about this 
that I wish to comment. 

For a number of years some engineers 
have been advocating rather extreme loads 
and copper temperatures for power cable, 
limits that appeared to many of us to be 
contrary to actual experience. It is inter¬ 
esting to note that, based on the extensive 
field study he has been making the past two 
or three years, Mr. Halperin has reached 
relatively moderate views about normal 
safe loading. This is summarized in Table 
VII of his paper, representing the latest 
maximum copper temperature practice in 
Chicago. For normal operation of solid- 
type cable he follows the well-known stand¬ 
ard rule of (90 — E) degrees centigrade in 
all but three instances. At the minimum 
and maximum voltage ratings he increases 
copper temperature by five degrees centi¬ 
grade, while at one intermediate voltage 
rating he decreases temperature by five 
degrees centigrade, as compared with the 
standard rule. 

My only disagreement is with' the recom¬ 
mended limit of 65 degrees centigrade for 
66-kv solid-type cable with solid filled 
joints. I dp not believe there is enough ac¬ 
tual field experience to verify this and feel 
that even the present standard rule limits 
for 33-kv three-conductor and 66-kv single- 
conductor cable are too high. 

For wartime loading conditions Mr. Hal¬ 
perin is recommending from three degrees 
centigrade to ten degrees centigrade increase 
over normal conditions, but emphasizes 
that increased service failures and shortened 
life of cable resulting therefrom must be ex¬ 
pected and accepted. This, to my mind, is 
the core of this whole problem of heavy 
cable loading. It is not a question of ob¬ 
taining something for nothing but of weigh¬ 
ing the gains against the losses. 

Mr. Halperin is recommending occasional 
short-time emergency overloading of five 
degrees centigrade to 27 degrees centigrade 
above normal loading and seven degrees 
centigrade to 35 degrees centigrade above 
wartime loading. Only in the recent past 
have we begun to think in terms of a 15 
degrees centigrade tolerance for emergency 
overloading. I suggest that we obtain some 
experience with this limit before going too 
far. Mr. Halperin points out that he does 
not know what might happen to accessories 
under such extreme temperature ranges, 
and it is again a question of weighing the 
gains against the losses. 

Mr. Halperin states that in some cases 
considerable thermal advantage may be 
gained by making relatively deep installa- 
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tions of underground ducts. This is un¬ 
doubtedly true and is particularly true of 
the Chicago district, but it depends upon 
the permanent underground water level. 
If this can be reached, there is a material 
cooling effect on the loaded cables. If not 
reached, there is practically no difference in 
cable heating at any depth from 2V 2 to 12 
feet, the cooler earth at greater depth being 
counterbalanced by the higher thermal re¬ 
sistance to earth's surface and other factors. 
It is for this reason that standard load rat¬ 
ings of cable would be greatly simplified 
if we standardized on a depth of three feet 
and earth ambient temperature at that 
depth, ignoring the actual depth at which 
the cable is laid. The chances are, in any 
case, that the depth will vary from one end 
of a line to the other. 


J* B. Whitehead (The Johns Hopkins Uni¬ 
versity, Baltimore, Md.): In reference to 
Mr. Halperin’s paper and to the evidence 
of discharges from an oil layer between the 
insulation and the surface of the sheath, 
contact with both lead and paper of this oil 
layer of appreciable thickness would cer¬ 
tainly result in an increased ionic content of 
the oil. This would lead to space charge 
layers at the surfaces of both sheath and in¬ 
sulation with resulting high local stresses 
leading to local bridges, or local failures, or 
abuormally high stresses because of surface 
irregularities. 

To refer to Mr. Halperin’s paper and to 
the question of the mechanism of failure, 
the following may be said: A thorough 
failure with even a moderate amount of 
burning is usually sufficient to completely 
conceal the first cause of failure. Failures in 
this type of insulation almost invariably 
originate in an oil channel in which the 
spark is due to high local stress at the inter¬ 
face between paper and oil. A gas bubble 
is formed by the initial spark, and cumula¬ 
tive ionization then begins. The consequent 
burning or boring through the insulation 
wall is not reflected in a change in the over¬ 
all power factor of the sample, until the 
failure is almost complete and is such that 
a heavy increase in the conduction compo¬ 
nent of the current may result. These state¬ 
ments are largely based on accounts of 
many partial failures reported in my paper 
on today's program. 1 

Will Mr. Halperin please explain the 
statement that cable samples made with 
very thin insulation will show more definite 
deterioration than thicker samples? 

Reference 

1. Th;b Dielectric Strength and Life of 
Impregnated-Paper Insulation, J. B. White¬ 
head. AIEE Transactions, volume 61, 1942, 
August section, pages 618-22. 


L. F. Hickernell (Anaconda Wire and Cable 
Company,' Hastings-on-Hudson, N. Y.): 
This paper is so complete that it leaves few, 
if any, important questions to ask the 
author. In referring to the section titled. 
"Oil-Filled Cables,” it is noted that cable 
T-0.600 developed an increase in power fac¬ 
tor due to the excessive sheath expansion 
drawing in core oil of high power factor. 
The cause of the high power factor of the 
core oil is not stated. If it is assumed that 
the oil was not abnormal, the operation 
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could be considerably improved by carbon- 
black protection over the conductor. This 
would not only reduce the maximum stress, 
but would also improve the power factor of 
the core oil by adsorption. Similarly, if 
carbon-black tapes were used over the in¬ 
sulation, the severe discharges between t he 
sheath and insulation would be eliminated, 
and the additional volume of carbon black 
would be helpful in conditioning the oil. 

In conclusion 2 of this section, in the 
"Note,” it is suggested that these investi¬ 
gations may be applicable to other oil-im¬ 
pregnated insulation, especially transform¬ 
ers. No doubt the transformer designers 
will discuss this point. However, in the 
event a cable session may escape their at¬ 
tention, I should like to point out that, to 
the best of my knowledge, the paper insu¬ 
lation used in transformers is quite different 
from the wood-pulp paper developed for 
cables, and hence the results obtained on the 
latter do not apply to the former. 

In "Aging Tests of Three-Conductor 
Solid-Type Cable,” the following statement 
is noted: "The special shielding tapes were 
either metallized-paper tapes or carbon- 
black tapes.” Shielding, or stress control, 
is only one of several functions exclusively 
obtained iri the carbon-black construction 
as ably demonstrated by Roscb 1 and fur¬ 
ther substantiated in subsequent investiga¬ 
tions which will be published shortly. 

In reference to "Mitigation of Sheath- 
Crack Troubles," it may be of interest to 
know that a terminal employing a flexible 
copper hose, has been in successful service 
where formerly trouble had been experienced 
with lead sheaths due to fatigue from vi¬ 
bration; Similar construction could be em¬ 
ployed in manholes though subject to some 
of the difficulties of the Sylphons pointed 
out by the author. 

Reference 

1. The Type CB Impregnated-Paper Cable, 
S. J. Roach. AIEE Transactions, volume 50, 
1940, pages 1041-9. 


J. G. Stelzer (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
Mr. Halperin mentions that the movement 
of cable in ducts clogged with fine silt was 
much less than in ducts free of silt, this les¬ 
ser movement being attributed to the in- 
o-eased friction caused by the silt. Isn’t 
it possible to attribute, at least in part, this 
difference in movement to the fact that the 
heat radiation was much better in the ducts 
that were clogged with silt, thus reducing 
the over-all cable temperature with a cor¬ 
responding reduction in expansion? It 
seems that this would be particularly true 
if the silt was moist. 

Is joining any particular problem when 
cables are worked, to the emergency war 
temperatures as given in Table VII? Are 
there any particular problems to be expected 
in connection with the migrations of the 
solid compounds? 

In connection with the mitigation of 
sheath-crack troubles, we have had numer¬ 
ous installations where the cable movement 
at duct mouths was strictly limited by 
heavy concrete fireproofing. These cables 
all have a long record of continual operation 
with no reports of cracked sheaths or sheath 
abrasion troubles. 

In localities where there are lead sheath 
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corrosion troubles, will the increased tem¬ 
peratures under the emergency war loadings 
have any effect on the rate of corrosion? If 
so, in what way? 

Table VII shows the maximum allow¬ 
able conductor temperatures for normal and 
emergency operation. Conductor tempera¬ 
tures do not ordinarily mean much to oper¬ 
ating men, and it is necessary to convert 
such ratings into terms of amperes for given 
periods of time. This conversion from tem¬ 
perature to amperes is a subject on which 
there does not seem to be much information 
available that does not involve calculations 
having factors that are not ordinarily avail¬ 
able without considerable investigation. 
What method is used for converting these 
temperature ratings to amperes for the use of 
the operating personnel? 

No mention is made of sheath swelling 
and bursting due to migration of impreg¬ 
nating oils. This is probably not much of a 
factor in the Chicago area where the con¬ 
tours are in general comparatively flat. 
Troubles of this nature probably are to be 
expected in hilly sections of the country if 
the emergency war loadings in Table VII 
are permitted. 


Robert J. Wiseman (The Okonite-Callen- 
der Cable Company, Inc., Passaic, N. J.): 
Mr. Halperin’s paper will be an aid to all 
who operate power cables in pointing out 
some of the important factors in installa¬ 
tion and operation. I was very much im¬ 
pressed with the second paragraph under 
"Introduction. ” It summarizes very clearly 
the difficulty we have in trying to set up 
rules of procedure regarding power cables, 
and why it appears at times that the manu¬ 
facturer will not give a clear-cut statement 
as to what a cable will do under certain con¬ 
ditions. I think everyone should read this 
paragraph and memorize it. 

When comparing the results Mr. Halperin 
gets for the change in tearing strength of 
the paper after aging as a measure of de¬ 
terioration with the results obtained at 
Massachusetts Institute of Technology in 
1926-29, we should understand that the 
technique of cable manufacture has im¬ 
proved so that modem cables have less air 
and moisture, and better paper and oil, so 
that a longer life insulation should result. 

Mr. Halperin refers to the breakdown of 
the outer tapes next to the sheath. As this 
is oil-filled cable, it seems as if the normal 
working stress would not cause failure, even 
though the oil had shown signs of deteriora¬ 
tion, but the lightning and switching surges 
could start failure. 

The views expressed regarding improve¬ 
ment in the thermal conditions surrounding 
a conduit system by replacing soil of high 
thermal resistance by soil with low thermal 
resistance or burying the conduit deeper 
are also applicable to buried cable systems. 
As Mr. Halperin states, going to greater 
depths results in a more constant ambient 
temperature independent of air tempera¬ 
ture and a higher moisture content in the 
soil which is very helpful in lowering the 
thermal resistance and improving the heat 
dissipating properties of the duct or cable. 

The emergency load temperatures pro¬ 
posed by Mr. Halperin seem reasonable for 
bis company in view of his experience. As 
we can expect the loads on present-day 
cables to be raised because of war condi- 
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tions, we can also expect the cable failure 
rate to increase. This will have to be ac¬ 
cepted, but, fortunately, as Mr. Halperin 
brings out in his paper, some factors add 
and others subtract in their effect on opera¬ 
tion, and so the net result seems to be that 
the cables will operate, even though we ex¬ 
pect them to fail. 


B. W. Atkinson (General Cable Corpora¬ 
tion, Bayonne, N. J.): The subject of 
overload ratings of cables is being placed 
on a scientific basis by such contribu¬ 
tions as Mr. Halperin’s. In the absence 
of numerical data, the manufacturer was 
inclined to point out the dangers of any 
increase of rating above normal, sometimes 
indicating som'e of the directions from which 
such danger might come. On . the other 
hand, the user who wished to be able to ob¬ 
tain an increased rating was inclined to dis¬ 
count the general warnings and to wish to 
base ratings only on proved limitations. 
The result was a wide difference in recom¬ 
mendations and no engineering basis by 
which these could be reconciled. 

A further important difference has had to 
do with acceptance that exigencies or even 
economics of operation may justify deliber¬ 
ate shortening of cable life. . The manufac¬ 
turer was opposed to accepting a rating 
that might shorten life j the user was in¬ 
clined not to recognize that increased ratings 
might affect the life unfavorably. The war 
emergency has made easier the resolution of 
this difficulty. 

With this better viewpoint and with the 
data, and analysis presented by Mr. Hal¬ 
perin, we have now reached a common 
ground where these ratings may be consid¬ 
ered objectively and determined on a scien¬ 
tific basis with little difference of opinion 
between manufacturer and user. 


William A. Del Mar (Phelps Dodge Copper 
Products Company, Yonkers, N. Y.): 
Mr. Halperin's paper stands out as a valu¬ 
able contribution to the war effort, inas¬ 
much as it points clearly and specifically 
to means of conserving copper and enabling 
the utilities to carry on, for the duration of 
the war, with existing equipment. He also 
suggests new and higher temperatures for 
normal operation. 

The conclusions were reached as the re¬ 
sult of studies on one of the largest cable 
systems in the country, where no effort has 
been spared to obtain the best possible 
operating conditions, even to the extent of 
enlarging a great number of existing man¬ 
holes, and eliminating thermal bottlenecks. 

Many cable systems do not enjoy these 
advantages, largely because of less favor¬ 
able economic conditions; high temperature 
operation may, therefore, prove less success¬ 
ful. This is particularly the case where 
manholes are restricted in size, load factors 
are low, cables are old and deteriorated, 
and maintenance less than ideal. 

It is, therefore, to be hoped that Mr. 
Halperin’s proposals for normal operation 
will be accepted by other utility engineers 
as a challenge to bring out data either in 
substantiation or rebuttal. 


Herman Halperin: As Mr. Shanklin cor¬ 
rectly points out, in establishing increased 
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load ratings, the gains due to greater utili¬ 
zation of cable circuits must be carefully 
weighed against the losses caused by reduc¬ 
tion in life and by an increased rate of 
failures. In the present national emergency 
the problem is to obtain the maximum 
possible utilization in order to preserve 
critical materials without having these 
losses become very serious. As indicated 
in my discussion of the group of papers by 
Sporn, Gaty, Cole, and others at the AIEE 
winter convention in January 1942 (AIEE 
Transactions, volume 61, page 432), 
it seems, however, shortsighted to increase 
loadings of cable, transformers, and so 
forth, so much that numerous troubles re¬ 
quiring extensive replacements of equip¬ 
ment will occur in a few years or, perhaps, 
before the end of the war. The emergency 
ratings are based upon the consideration 
that the cable would be subjected very 
rarely to such conditions and that the re¬ 
duction in life caused by such occasional 
operation, would, therefore, be - compara¬ 
tively small, while the advantage of the 
consequent general higher level of loading 
would be large. 

Mr. Atkinson and others give emphasis 
to the advantage of obtaining and studying 
considerable field and test data in arriving 
at allowable temperatures and loading. 
As a result, the differences in opinions are 
decreasing. This sort of observation gives 
emphasis to the continuing need for con¬ 
vention sessions and discussions such as 
today’s. These advantages become further 
obvious when it is realized that available 
information shows that European tempera¬ 
ture limits for cable in 1939 were 0 to 20 or 
25 degrees centigrade less than prescribed 
in regular American specifications and 
standards, and were still further below the 
limits given for emergency operation in 
my 1939 paper "Load Ratings of Cable.” 1 

With regard to Mr. Shanklin’s discussion 
of the advantage of deeper installation of 
conduit and cable, this method is used as an 
alternative to replacing poor soil, only if at 
the lower level better soil conditions pre¬ 
vail. Our test data on temperatures in and 
around conduits indicate definitely that the 
heat does not all come to the surface, but is 
conducted in all directions to the surround¬ 
ing earth in accordance with the tempera¬ 
ture distribution and thermal resistances. 
The thermal sink is not necessarily at the 
surface of the ground, especially in the sum¬ 
mer. Also, with the lower conduits, the 
maximum base earth temperatures become 
four or six or eight degrees less in the sum¬ 
mer, and this is usually of advantage be¬ 
cause summer load ratings are becoming 
more and more the limiting ratings on cable. 
His suggestion to standardize on a definite 
depth for thermal rating is followed by the 
Commonwealth Edison Company in that all 
standard ratings are based on an assumed 
distance of four feet between the center of 
the conduit and the surface of the ground. 

Concerning Mr. Shanklin’s point on my 
proposed temperatures for normal daily 
loading usually being not greatly different 
from those in regular American specifica¬ 
tions, it should be noted that the tempera¬ 
tures in those specifications were almost 
always used for special conditions. In 
other words, the usual daily temperatures 
were actually much below the temperatures 
given in the specifications. With the new 
temperatures given in my paper for emer- 
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gency loading, a utility can, as a practical 
matter, load cables to have in normal daily 
operation temperatures such as in the specifi¬ 
cations, or somewhat higher for wartime, as 
I indicated. 

As to Mr. Shanklin’s criticism of my 65- 
degree limit for solid-type 66-kv cable, I 
refer to the Halperin-Shanklin paper, 
"Studies of Stability of Cable Insulation,”* 
wherein it is shown that in laboratory tests 
at 2.5 times operating voltage, cables were 
stable with heating cycles to 65 degrees. 
These cycles were with a room ambient of 
20 or 30 degrees centigrade, whereas in 
conduits the ambients would almost always 
be higher. Other Chicago tests showed 
stable cables with heating 'cycles to 70 de¬ 
grees. 

In connection with the point on the pos¬ 
sible ill effects of high temperatures on 
accessories, it should be noted that these 
possibilities apply principally to extra-high- 
voltage accessories and that the accessories 
usually operate at temperatures substan¬ 
tially less than those for cable in conduit. 
The ill effects in Chicago were found in a 
laboratory where the ambient was the same 
for the accessories and cable. 

Regarding Mr. Stelzer’s point, I think 
that silt, provided it is wet, has some effect 
in reducing the copper temperatures, but 
the effect is almost certainly inadequate to 
account for the reduction found in cable 
expansion. Migration of asphaltic joint 
compound into cable insulation can cause 
high power factors adjacent to the joint, but 
we never experienced any trouble from this 
cause, because such compounds are used 
in joints operated at 12 kv and less, where 
high power factors are of minor importance, 
and in joints on old 22-kv lines consisting 
of belted cable having heavy insulation. 

The method of converting allowable tem¬ 
peratures into allowable currents cannot be 
given here because of lack of space but has 
been described in a paper on “Operating 
Temperatures of Underground Cables” by 
C. A. Bauer (1930-31 report of engineering 
section. Great Lakes division. National 
Electric Light Association). 

In answer to another of Mr. Stelzer’s 
questions, increased temperatures will in¬ 
crease the rate of lead sheath corrosion 
where such action is already present to an 
appreciable extent. As to sheath swelling 
and bursting in hilly country, it is to be ex¬ 
pected that impregnating compounds in 
solid-type cable will flow at usual operating 
temperatures, and the effect of higher tem¬ 
peratures is to increase the rate of flow. 
In Chicago we have many risers where the 
vertical elevation of cable is 20 or 30 feet. 

Mr. Hickernell’s point on conductor 
shielding for oil-filled cable seems to me to 
be particularly applicable for those three- 
conductor cables with sector conductors 
having maximum stresses over 200 volts per 
mil and for hollow-core single-conductor 
cable. I agree with him that conductor 
shielding has other benefits besides stress 
control. As to his point on the difference 
in papers used in cable and in transformers, 
some transformer manufacturers advertise 
their use of "kraft” and "cable” papers and 
I do not see any substantial reason to ex¬ 
pect any large differences between perform¬ 
ance of these various cellulose materials 
and of power cable paper subjected to heat. 

In reply to Doctor Whitehead’s question, 
the cables with thinner insulation showed 
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more deterioration because all samples re¬ 
gardless of insulation thickness were tested 
at 24 kv, three-phase, with consequently 
higher stresses on the thinner insula tion. 

I agree with Doctor Wiseman that the in¬ 
sulation in modern cables should be ex¬ 
pected to deteriorate less under heat +bar, it 
did in the tests of 15 and 18 years ago at 
Massachusetts Institute of Technology. 

Operating experience and studies thor¬ 
oughly substantiate Mr. Del Mar’s points 
that reasonable manhole sizes and cable 
training and good maintenance pay excel¬ 
lent returns in the way of longer life of 
underground circuits and good reliability 
of service. 

The interest shown by all discussions is 
greatly appreciated. 
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Frequency Control of Load 
Swings 

Discussion and authors' closure of paper 
42-113 by J. E. McCormack and R. J. Lom¬ 
bard, presented at the AIEE summer conven¬ 
tion, Chicago, III., June 22-26, 1942, and 
published in AIEE TRANSACTIONS, 1942, 
September section, pages 623-4. 


J. E. Hancock and H. L. Clark (General 
Electric Company, Schenectady, N. Y.): 
This system of load control really gives to 
the manually controlled generators a por¬ 
tion of the duty of the frequency-controlling 
unit since the manual load changes are to 
be made partially dependent on system 
frequency. It would appear that in addi¬ 


tion to improving load swings on the tie 
feeders this load-dispatching method should 
also improve the system frequency regula¬ 
tion. 

The two methods described for obtaining 
the necessary accurate frequency indica¬ 
tions show considerable advantage over the 
conventional frequency meters. The usual 
frequency meter has also proved inadequate 
in investigations of steam turbine governor 
performance. To facilitate these investi¬ 
gations the General Electric Company 
engineers have recently developed a fre¬ 
quency meter operating on a entirely new 
principle. This new frequency meter is 
applicable in the load control method de¬ 
scribed by Mr. McCormack and Mr. 
Lombard. 

The frequency meter is contained in a 
metal case approximately 5 by 7 by 10 
inches and indicates the frequency of the 
110- to 120-volt 60-cycle power system to 
which it is connected. The total power 
consumed is approximately five watts. 
Figure 1 and Figure 2 show the frequency 
meter which has two scales, one marked 
from 59.875 to 60.125 cycles per second, 
and the other from 59.75 to 60.25 cycles per 
second. Selection between the two scales 
is made by means of a toggle switch on the 
instrument panel. 

This frequency meter uses a mechanical 
resonant system consisting of a small 
60-cycle tuning fork instead of the usual 
reactors and capacitors. Since it is well 
known that the resonance of a mechanical 
system is, in general, sharper than that of 
an electrical system, it is readily seen that 
a frequency meter utilizing this principle 
may be made extremely sensitive. In 
fact the range indicated is the broadest that 
is feasible while a scale of plus and minus 
0.01 cycle per second can readily be ob¬ 
tained. 

Any mechanical system combining mass 
and a spring has at least one natural reso¬ 
nant frequency. If a disturbing force is 
applied to this sytem, the resulting vibra¬ 
tion will depend on the relation between 
the applied frequency and the resonant 




Figure 2. Supersensitive frequency meter- 
oblique front view 


frequency of the mechanical system. The 
relative phase angle between the disturbing 
force and the resulting vibration will shift 
through nearly 180 degrees in the narrow 
frequency band corresponding to the reso¬ 
nant peak. 

This frequency meter then consists of 
the tuning fork driven from the system 
frequency, and a vacuum-tube circuit meas¬ 
uring the phase angle between the system 
frequency and the resulting motion of the 
tuning fork. The accuracy of the tuning 
fork is so good that the over-all instrument 
accuracy depends only on the accuracy of 
reading the indicating instrument. 

The marked scale of this frequency meter 
corresponds closely with the normal fre¬ 
quency band of a generating system, and 
each scale division is 0.005 cycle per second. 
Therefore, it will be seen that by estimating 
quarters of divisions, this frequency meter 
could be read to one part in 50,000. Thus, 
we believe that this development has 
brought the indicating frequency meter 
into a category which is comparable with 
master frequency methods. 

S. B. Griscom (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The authors have made an important 
contribution to the operating technique of 
interconnected systems. While some of the 
principles brought out have been appre¬ 
ciated for some time and have been incor¬ 
porated in automatic controls, these have 
not been well understood by the operating 
personnel, nor were they particularly adapt¬ 
able to manual control. 

In the operation of a large interconnected 
system, it will always be necessary to exer¬ 
cise a certain amount of manual control or 
direction, no matter how refined the con¬ 
trollers nor how widespread their use. 
Load curves have a definite pattern on a 
given system, but vary with the day of the 
week and seasonally. Availability of gen¬ 
erating capacity varies with maintenance 
schedules, rainfall, and unscheduled out- 
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ages, with individual station and system 
economy also playing a major role. Fitting 
these requirements together is the function 
of the system operator, according to flexible 
rules based on economy, reliability, and 
interchange contracts, all occasionally modi¬ 
fied by contingencies. 

The authors have shown that the best job 
of forecasting the system operator could do 
was not good enough if the orders were 
executed “woodenly.” In other words, if a 
load drop was expected in a given area at a 
given time, this reduction should be ordered 
by the system operator, but not executed, 
unless it will tend to restore frequency to 
normal. With this procedure deviations 
from expected load changes will have a 
minimum disturbing influence on fre¬ 
quency and tie-line loadings. 

Most of the control necessary for main¬ 
taining frequency and tie-line loadings can 
be done automatically, usually with advan¬ 
tage with respect to closeness of control, 
and with respect to freeing the operator 
from an onerous task. In addition to fre¬ 
quency and tie-line controllers, there is also 
available the “program load controller” 1 
whereby the fluctuation in station output, 
instead of being taken by one mach ine, is 
distributed among all operating m achines 
in the station, achieving the best possible 
thermal economy. This scheme has great 
practical value, as it relieves both system 
and station operators of continuous con¬ 
sideration of incremental thermal economy. 
The value of automatic control for any of 
these functions is, of course, dependent upon 
the rapidity with which load changes take 
place. 

The stroboscopic means of showing each 
station operator visually the direction and 
amount of deviation from standard speed 
has much to commend it. In addition to 
permitting an improvement in manual con¬ 
trol of load, it gives the operator a far better 
mental picture of cause and effect when - 
manipulating the generator speed changers. 


Mr. Griscom has taken this occasion to 
stress some of the problems encountered 
by load dispatchers and generating-station 
operators. Because of the innumerable 
situations that may occur in a station or 
upon the interconnections, automatic con¬ 
trol must be supervised by the station 
operator and on occasion superseded by 
manual control. Automatic controllers 
relieve the operator of the labor of control, 
but the responsibility for correct operation 
remains with him. In view of this respon¬ 
sibility, he should have a thorough knowl¬ 
edge of system characteristics and be 
provided with sufficient information and 
adequate instruments for intelligent per¬ 
formance of his duties. 

Series Capacitors for 
Transmission Circuits 

Discussion and authors' closure of paper 42- 
112 by E. C. Starr and R. D. Evans, presented 
at the AIEE summer convention, Chicago, 
III., June 22-26, 1942, and published in 
AIEE TRANSACTIONS, 1942, pages 963- 
73. 


J. W. Butler (General Electric Company, 
Schenectady, N. Y.): I have reviewed and 
studied this paper very carefully. My in¬ 
terest was greatly stimulated when reading 
the synopsis, wherein it was indicated there 
had been some new developments in pro¬ 
tective equipments for series capacitors. 
My interest continued throughout the body 
of the paper, but I confess I was unable to 
discern just what new developments were 
being described. Therefore, I will outline 
my reasoning in order that my quandary 
might be appreciated—and I hope clarified. 

Previous series-capacitor equipments in 


makes a complete round trip in 2 1 fi to 3 
cycles, which is within the time intervals 
specified by the authors. For applications 
on long lines where some short-circuit cur¬ 
rents can be relatively small, it may not be 
desirable to effect immediate reinsertion 
of the capacitor—as suggested by the 
authors—because of unnecessary operation 
of the protective equipment. 

Therefore, I would like to ask: “What 
are the new developments that prompted 
the writing of this paper?” And in spite 
of the statement in reference 1 of the paper, 
I would like it explained why "previous 
equipments decreased rather than in¬ 
creased” transient stability. 

The conclusion in respect to the necessity 
of suitable damper windings on machines to 
be operated with series-capacitor lines 
checks with our previous analyses and ex¬ 
periences. The following quotation is taken 
from June 28, 1941 Electrial World, in an 
article "Amortisseur Windings for Hydro 
Generators” by Crary and Dungan. “If 
series capacitors are used in the line con¬ 
necting the machine with the system, the 
tendency for the generators to hunt may 
be aggravated to such an extent that amor¬ 
tisseur windings would be required.” 

The authors tested two motor-generator 
sets to determine the effects of damper 
windings. The basic criterion of the effects 
of a damper winding on machine perform¬ 
ance is the effect the dampers have on the 
machine subtransient reactances and time 
constants. I wonder if the authors could 
give us these values for the two machines 
in question. 

The ratio of the inertias of these units as 
given is about 4/1, the copper damper 
machine being the larger. Thus, I would 
expect its natural frequency to be about 
one-half the no-damper machine, but the 
measured frequencies show the copper 
damper to have approximately twice the 
frequency of the other. 

Our previous studies agree with the 



Figure 1 


Reference 

1. Tib-Line Control of Interconnected Net¬ 
works, T. E. Purcell, C. A. Powel. AIEE Trans¬ 
actions. volume 61, 1932, pages 40-7. 


J. E. McCormack and R. J. Lombard: The 
prime requisite for frequency control of load 
adjustments at generating stations is that 
the same indication of system frequency 
be presented to the operator at each station. 
This can be accomplished either by provid¬ 
ing a standard frequency common to all 
stations and a suitable device for comparing 
with system frequency, or by individual 
frequency meters which have been com¬ 
pared for identity of indication and which 
will sustain their accuracy over a long 
period, regardless of atmospheric or other 
influences. 

The instrument described by Hancock 
and Clark could be applied to frequency 
control of load swings, provided that it has 
the aforementioned characteristics and is 
suitable for use in generating stations. It 
appears to be a laboratory instrument with 
possibilities for conversion to a suitable 
operating meter if equipped with a readily 
visible scale and pointer, or possibly it 
could be adapted to provide the comparison 
standard for stroboscopic indication of 
frequency. 
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power lines utilized protective equipment 
fulfilling the requirements set down by the 
authors; The first series capacitor ever 
installed in a power line—described in 
reference 6 of the paper published in 1928— 
used such equipment. 


authors' conclusion as to the location and 
arrangement of series capacitors. Figure 
3 in reference 7 of the paper is remarkably 
similar to the authors’ Figtue 5. 


S. B. Crary (General Electric Company, 
Schenectady, N. Y.): Over a year ago at 


Figure 1 of this discussion is an oscillo¬ 
gram dated 1936 showing the speed of opera¬ 
tion of a protective equipment for a series- 
capacitor installation on a 22-kv circuit. 
This setup was adjusted so the closing of 
the contactor reduced the current suffi¬ 
ciently to cause it to open, which of course 
resulted in an increase in current making 
it dose again, so it "pumped,” closing and 
opening. It is seen that the contactor 
* • ** . ‘ ' 
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the 1941 AIEE winter convention, Mr. 
Evans indicated he was in agreement with 
our condusion of the value of series com¬ 
pensation over the other methods of im¬ 
proving the stability limits of long a-c 
lines. We are particularly glad to have this 
conclusion further substantiated in the 
paper by Starr and Evans. Such confirma¬ 
tion is important since it allows the empha¬ 
sis to be placed on the details of how series 
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compensation may be best accomplished. 
In this respect, the paper by Starr and 
Evans is a valuable contribution, because it 
deals with those detailed questions which 
must necessarily enter into any practical 
application of series capacitors. 

We have made studies of series capacitors 
somewhat similar to those reported in this 
paper. In 1928 a rather complete experi¬ 
mental test setup was made to check the 
stability of the system with and without 
series compensation for two and three syn¬ 
chronous machines. These tests indicated 
the safe limits of compensation and the 
degree to which the stability limits could be 
increased. Further analytical work has 
given additional quantitative information 
as to the limits of compensation. According 
to this work, the experimental results re¬ 
ported in the Starr and Evans paper indi¬ 
cate but one of the previously well-recog¬ 
nized boundaries of possible instability, 
that is, the hunting produced by large ratios 
of resistance to reactance in the transmission 
tie. As pointed out in a discussion by 
Concordia 1 there also exists a limit for the 
minimum amount of resistance that may be 
in the circuit. For practical systems this 
limit may be of greater importance than the 
one shown in the paper. 

Our studies have also shown the advan¬ 
tages of placing the capacitors at the inter¬ 
mediate switching stations in the center 
section of the line where they will not be 
switched out with the line section,* Such 
an arrangement is desirable in order to 
reduce as much as possible the duty on the 
capacitor protective equipment. 

Under "Types of Capacitors,” the authors 
mention two kinds, the nonlimited- and the 
limited-voltage type, and indicate the 
desirability of using the limited type in 
order to reduce the cost of the capacitor. 
This is in general correct. However, it may 
be found desirable to prevent operation of 
the protective equipment for currents ex¬ 
ceeding normal values and at least equal 
to those obtained during the largest angular 
swing at full-load which may be obtained 
without loss of synchronism. If the capaci¬ 
tors are capable of remaining effective in 
the circuit during such large angular swings, 
the over-all stability of the system will be 
improved for severe faults. 

Under "Location in the Circuit” the 
authors point put there is little advantage 
in using more series capacitors than the 
number of intermediate switching stations. 
This statement is substantially correct when 
the switching stations are equally spaced 
along the line including the center portion 
of the line. The amount of compensation 
necessary is, of course, a matter of econom¬ 
ics and performance characteristics. For 
a 234-mile line 66*/a percent compensation 
reduces the equivalent line length from a re¬ 
actance standpoint to 78 miles. Accord¬ 
ingly, such a degree of compensation for this 
length of line may not always be necessary 
but may be required for longer lines. The 
per cent compensation will tend to increase 
with the line length as well as with the 
amount of power it is desired to transmit. 
We would like to ask at what rate the re¬ 
quired amount of compensation would 
decrease if the assumed /transient stability 
limit margin were decreased. Since the 
economic study depends upon the assumed 
stability margin, this becomes an important 
factor for the application of series capaci- 
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tors for improving the stability limits. 
It would appear that a 20 per cent transient- 
stability margin for the Grand Coulee 
system were unusually large if this were for 
the more severe type of transmission-line 
faults. Ordinarily a much smaller margin 
for the more severe faults may be used in 
the analysis, since the probability of ob¬ 
taining these severe faults is itself small. 
Possibly the authors would explain in more 
detail why they elected to choose what 
seems to be a conservative transient- 
stability margin on which to base their 
economic study. 

It has now become generally recognized 
that series compensation is entirely a practi¬ 
cal and economic way to increase the power 
limits of long-distance transmission lines. 
The chief differences of opinion will prob¬ 
ably arise from the assumed conditions of 
operation upon which their use is justified. 

References 

1. Discussion by C. Concordia of Stabliity Limi¬ 
tations on Long-Distance A-C Power-Trans¬ 
mission Systems, AJEE Transactions, volume 00, 
1941, page 1299. 

2, The Effect of Series Capacitors Upon 
Steady-State Stability of Power Systems, 
E. J. Allen, J. L. Cantwell. General Electric Re¬ 
view, May 1930, page 281, Figure 3. 


A. J. Krupy (Commonwealth Edison Com¬ 
pany, Chicago, Ill.): There is one point 
which has not been mentioned .by the au¬ 
thors in connection with the economic justifi¬ 
cation of the series capacitor as compared 
with the three-circuit alternative for the 
230-kv transmission described in the paper. 
The cost figures as shown in the paper 
assume an equal degree of reliability for 
both schemes of power transmission either 
for normal or abnormal conditions. In my 
opinion such an assumption is not justified. 

1 I would be interested to know whether the 
authors are in position to make a statement 
as to the relative degree of reliability of the 
schemes considered? It would also appear 
that tinder the existing conditions, the vul¬ 
nerability of the single concentrated capaci¬ 
tance center both to an accidental electrical 
failure or an intentional mechanical damage, 
is much greater as compared with that of the 
conventional transmission circuit for the 
third 230-kv line. 

Aside from the obvious difference in the 
inherent reliability of the two schemes, in 
the case of a complete outage of the newly 
added equipment or structure, the switching 
out of one half of the circuit shown in Figure 
6c of the paper still leaves a superior system 
from the stability viewpoint as compared 
with as shown in Figure 6a, should there be 
an electrical failure or a mechanical destruc¬ 
tion of the series capacitor. 


A. C. Monteith (Westinghouse Ele.tric 
and Manufacturing Company, East Pitts¬ 
burgh, Pa.): The use of series capacitors 
to compensate for the reactance of trans¬ 
mission circuits has been recognized as a 
technical possibility for about 60 year;s. 
However, before such applications of capaci¬ 
tors could be put on a practical basis, a 
number of technical developments were nec¬ 
essary, including: 

1, Reduation in cost and increase in reliability of 
. capacitors, 
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2. Development of high-speed circuit breakers and 
relays for transmission circuits. 

3. ^ Development of protective equipment that per¬ 
mits the use of capacitors with voltage ratings deter¬ 
mined by load currents. 

The authors’ investigation has established 
the practical aspects of the use of series 
capacitors so that the electrical industry 
should feel more confident in making appli¬ 
cations. 

We have heard much about the desir¬ 
ability of doing everything possible to con¬ 
serve vital materials. Here is a scheme 
that accomplishes this desire at no sacrifice 
in system operating reliability. 

E. C. Starr and R. D. Evans: In preparing 
this paper, the authors had in mind three 
principal elements: 

1. Reactance compensation is economically sound 
when applied to appropriate major circuits. Volt¬ 
age transformation results in line-resistance as well 
as line-reactance conversion. The most economic 
combination of impedance conversion and reactance 
compensation is desired. 

2'. The usefulness of series capacitors on transmis¬ 
sion circuits is to improve transient stability. Ap¬ 
plication requirements of capacitors and protective 
equipment have been determined for a particular . 
case, and the necessary functional arrangement for 
a protective scheme has been provided. 

3. Systems with normal degrees of reactance com¬ 
pensation will not have impractical operating char¬ 
acteristics. 

These views have been well supported by 
the discussion on the paper. 

Mr. Crary’s comment concerning our pa¬ 
per as a contribution, because it deals with 
the questions which must enter into any 
practical application of series capacitors, 
takes on added significance when it is real¬ 
ized that 

1. Previous work was concerned principally with 
steady-state conditions, whereas the controlling 
stability condition occurs from transient disturb¬ 
ances. 

2, Our paper not only presents the first theoretical 
analysis and miniature-system test results of series 
capacitors under transient conditions but also 
describes the combination of equipment necessary 
to make the scheme practical. 

The reference quoted by Mr. Crary rela¬ 
tive to the minimum as well as maximum 
amount of resistance that may exist in the 
circuit for stable operation indicates that 
for the typical case of a 230-mile line with 
66.7 per cent reactance compensation, which 
was analyzed in the paper, the minimum 
stable length would be of the order of 75 
miles and the maximum several times the 
assumed length. Consequently, the two 
limiting resistance conditions, as pointed 
out in this reference, are remote from the 
example given. 

Mr. Crary has raised a question as to the 
selection of a particular margin of stability 
as the basis for the economic study. The 
choice for a selected stability condition must, 
of course, be based on experience in connec¬ 
tion with the particular system and the judg¬ 
ment of the operating engineer. There are 
obvious advantages in having a margin 
above the calculated limit, since this makes 
operation less dependent upon fault-clearing 
speeds and upon the actual distribution of 
' load and generating capacity. In answer to 
this question we have, however, made a 
comparison between the addition of a series 
capacitor and the addition of a third trans¬ 
mission line for the extreme increase in load 
which would eliminate all margin in tran- 
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sient stability for the same terminal imped¬ 
ances. Under this condition the first cost of 
adding the series capacitor would be about 
40 per cent of the first cost of a third trans¬ 
mission line. If capitalized figures for addi¬ 
tional loss and reactive kilovolt-ampere 
generation are added to the first cost of the 
capacitor, the series capacitor can still be 
installed for 75 per cent of the cost of adding 
the third line. It is to be emphasized that 
the economic study was made on a very con¬ 
servative basis in regard to cost of con¬ 
struction and in regard to load factor which 
controls the capitalized figures for line loss. 
For this reason when the actual stability 
margin, line-construction cost, and capital¬ 
ized losses are taken into account, the re¬ 
sults, we believe, will be more favorable 
than shown in the paper. If the kilovolt¬ 
amperes of an individual generator is less 
than the rating of a line, added series capaci¬ 
tors can be proportioned to the particular 
case whereas added lines will come in rela¬ 
tively large steps. 

Mr. Crary concludes his discussion with 
the statement that it is now generally recog¬ 
nized that series capacitors provide an en¬ 
tirely practical and economical way of in¬ 
creasing the power limits of long transmis¬ 
sion circuits. This is a definite change in the 
point of view concerning the usefulness of 
series capacitors previously expressed in the 
AIEE Transactions, volume 56, 1937, 
February Section, page 264, the pertinent 
excerpt from which is as follows: 

". • • To protect the capacitor against puncture the 
usual practice (in using series capacitors) is to use 
a normal voltage capacitor with means to short- 
circuit it during excess current conditions. The 
series capacitor as proposed is thus rendered ineffec¬ 
tive at the time when it is most needed. The alter¬ 
native is to use capacitors capable of withstanding 
the high voltages arising under fault conditions. In 
no major project in America has the series capacitor 
received serious consideration.’* 

The foregoing was prepared by the AIEE 
subcommittee on interconnection and sta¬ 
bility factors. Both Mr. Crary and Mr. 
Evans were members of this subcommittee 
and concurred in the views expressed. The 
change in viewpoint is believed to have re¬ 
sulted from the work reported in the present 
paper on economic gains and on transient 
stability with series capacitors. Previous 
articles, including items 7 and 8 of our list 
of references, have been limited to voltage- 
regulation studies and to steady-state sta¬ 
bility conditions. 

Mr. Butler’s question of how series capaci¬ 
tors can reduce transient-stability limits and 
his request for more information on the pro¬ 
tective scheme indicates a lack of under¬ 
standing of the essential features of the 
series-capacitor scheme described in the pa¬ 
per. It is not sufficient merely to provide a 
series capacitor and means for short-circuit¬ 
ing it and subsequently restoring it to the 
circuit in response to the indications of a 
current-sensitive device. If a "protected" 
series capacitor is short-circuited upon the 
application of a fault, and if the fault is not 


Table I. Subtransient Reactances of Minia¬ 
ture-System Machines 


100-Kva Machine 

Reactance 

1 —Per Cent 

Damper 

Xd " 


None.... 

.... .26.0 

R 7 7 

Connected copper. 

....15.7..:. 

....14.6 
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quickly cleared and the series capacitor is 
not quickly restored to the circuit, the 
transient-stability limits will be reduced 
below the values which would obtain on the 
system without the capacitor in the circuit. 
This condition results from the facts that 

1. The excitation on machines will be slightly 
lower. 

2.. The initial angle between sending- and receiv¬ 
ing-end machines will be slightly less. 

Both of these conditions tend to reduce the 
transient-stability limit of the system with 
the series capacitors in comparison with the 
system without series capacitors. This 
viewpoint was back of the statement on 
series capacitors which was made by the 
AIEE committee on system stability and 
given in its report, an excerpt of which was 
previously quoted. 

The essential features of a series-capacitor 
scheme for increasing transient stability 
have adequately been described in the paper. 
This scheme is based on using series capaci¬ 
tors of the protected type in combination 
with high-speed line-sectionalizing circuit 
breakers and relays. In this scheme the series 
capacitors are (1) short-circuited upon the 
occurrence of a fault which would produce 
excessive voltage and (2) quickly restored 
to the circuit after the fault is cleared, the 
combination functioning in a sufficiently 
short time to make a substantial improve¬ 
ment in transient stability over the value 
obtainable without the series capacitor. 
While the essential elements of the scheme 
are simple and easily understood, it involves 
a conception that is expected to makp feas¬ 
ible the application of series capacitors for 
transmission circuits. Quite separate from 
this functional scheme are the details of the 
protective equipment. Space limitations 
made it desirable to omit the details of the 
protective scheme from this paper. 

In general we are in agreement with the 
technical observations of Crary and Butler. 
However, the inaccuracy of Mr. Butler’s 
characterization of the series-capacitor in¬ 
stallation at Ballston in 1928 makes it neces¬ 
sary for us to point out that it was not an 
anticipation of the scheme described in our 
paper, because it does not meet the essential 
requirements of a scheme to increase tran¬ 
sient-stability limits. Despite the complete 
mastery of the problem prior to 1935, cer¬ 
tain misapplications of series capacitors sub¬ 
sequent to this date have placed the device 
in unfavorable .light among some engineers. 

We do not understand that Mr. Butler 
contends that either the protective equip¬ 
ment for Ballston or for the 22-kv installa¬ 
tion which he mentioned is suitable for use 
with a 50-kv 100,000-kva capacitor installa¬ 
tion on a 230-kv circuit, such as considered 
in our paper. Such a view of these protec¬ 
tive schemes is consistent with the com¬ 
mittee members’ subsequent agreements to 
the statements on the limitations of pro¬ 
tected capacitors from the standpoint of 
transient stability as given in the AIEE sub¬ 
committee report previously referred to. 
Such a view would also explain why no defi¬ 
nite proposals of series capacitors for major 
transmission circuits have been made pre¬ 
viously. 

Mr. Butler has asked for additional in¬ 
formation on the subtransient reactances of 
the miniature-system machines. The values 
are shown in Table I. 

In reply to Mr. Krupy, we agree that there 
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is probably more concentrated vulnertii*^* 
equipment in the compensated two-clx'<-'*** 
system than in the uncompensated thn M r 
circuit system. However, capacitors as i»< * vV 
manufactured and provided with meant* f* ** 
isolating a damaged unit should be ctst*<-*** 
tially as reliable as switching or other 11* * 
minal equipment and when properly *** 
stalled should constitute no greater * * 

to continuity of service than the more eo»‘ ' 
mon equipment. They should be no 
vulnerable to intentional damage than tt*'*' 
generators,transformers, and circuit brea.3k<? r ' ■* 
The third circuit will under some ul * 
normal conditions provide greater reli«-l»** 
ity, particularly if the third line is loctt-t «-* f 
on a separate right of way at increased 
However, we should like to point out tin** 
the compensated two-circuit line can. los*’ 
one section and remain stable under essct* 
tially the same loading as that for whiclx t !»♦* 
three-circuit line can lose one section 
retain synchronism. If the two-circuitr. lit** 
loses both sections between the same swit ft* 
ing stations, service will, of course, be it lie** 
rupted. But if the three-circuit line simt 
larly loses two sections between the sum*' 
switching stations, the power capacity of t It* 
remaining circuit would be so low that if 
the line were loaded materially above GO pr* 
cent* of its rating, it would also lose syn 
chronism and interrupt service. Const* • 
quently, as we view the comparison, thf 
three-circuit uncompensated line has sonir 
advantage over the compensated two-cix*cm i * 
line under abnormal conditions, but, start 
ing from normal circuit arrangements, tlu*i* 
performance will be comparable for all of 11*«* 
more frequently occurring types of out«n.|£f s* 
Mr. Monteith has outlined the step*-; tit 
the technical developments necessary to pu t 
series capacitors for transmission lines oil it 
practical basis. Consideration should 1m* 
given, as he has suggested, to the conservu. 
tion of vital materials made possible by this 
type of series-capacitor application. Fox* tlx*' 
case considered in the paper the materia. 1 rt* 
quired for the capacitor installation would 
be only a small percentage of that requ.irt*« I 
for the third circuit. 


Stability Study of A-C 
Power-Transmission 
Systems 

Discussion and author's closure of paper -4 
117 by John G. Holm, presented at thee 
AIEE summer convention, Chicago, II!**, 
June 22-26, 1942, and published in AIEE 
TRANSACTIONS, 1942, pages 893-905. 


J. A. M. Lyon (Ebasco Services Xixo, 
New York, N. Y.): The author of tfiis* 
paper has made two useful contritott ~ 
tions on the subject of stability: 

1. Stability studies have been made on a variety 
of hypothetical systems including some with line* 
of great length and with operating voltages wliici ( 
in some cases are beyond those now in use. 

2. The many well-known contributing factor's to 
system stability have been listed and studied. 

According to the author, equation 2 c >f 
the paper enables the transient stability of 
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a system to be found by comparison with a 
similar system of known transient-stability 
limit merely on the basis of the ratios of the 
reactances of the systems, the voltages, and 
the ratings of the systems. This relation¬ 
ship seems consistent with the factors affect¬ 
ing transient stability. However, it ap¬ 
pears that the equation should be recognized 
as a means of obtaining an approximate re¬ 
sult rather than an exact one. The ratio of 
system capacities does not seem capable of 
exact evaluation. The author’s definition 
of system rating is too simple and requires 
further explanation. In the same way the 
author’s claim that the expression is valid 
for systems of "similar configuration" is 
somewhat indefinite and should be ex¬ 
plained further. 

Figures 3 and 4 of the paper seem useful, 
but it is desirable to know if the author has 
checked either of these sets of curves by the 
known stability limits of actual systems 
which fall in the rather broad range of the 
systems of his computations. The curves 
of Figure 3 are called "estimating curves,” 
and the range of usefulness should be proved 
as well as clearly defined. 

Part II of this paper has indicated pos¬ 
sible corrective measures to be applied to a 
system to increase the stability limits. The 
listing of these methods, together with the 
statement of the results of using -some of 
these methods according to calculating 
board studies, seems valuable. Obviously 
the problem of improving the stability of a 
system involves many operating and eco¬ 
nomic considerations which the author has 
not discussed. 

Upon reading the text on the use of re¬ 
actors to increase stability limits it is not at 
all dear whether or not Figure 9 represents 
the increase of the stability limit due to the 
reactors alone or due to the reactors to¬ 
gether with the larger generators required 
with realtors. 

Many of the above comments have been 
in the nature of spedfic questions; the 
answers to these may very well increase the 
usefulness of the paper. The author should 
be commended for making available infor¬ 
mation on a large number of theoretical 
systems, as well as reviewing and checking 
many fundamental considerations of the 
stability problem. 

S. B. Crary (General Electric Company, 
Schenectady, N. Y.): It will be realized 
by anyone familiar with stability calcula¬ 
tions that the author of this paper has done 
a tremendous amount of work. He has 
made a 1 worthy contribution by presenting 
the results of his study which indude many 
of the factors entering into the transmission 
stability problem. This paper is concerned 
primarily with three methods of improving 
stability: intermediate synchronous con¬ 
densers, generator bus reactors, and resist¬ 
ance grounding of the sending-end trans¬ 
formers. 

All of these methods, as indicated by the 
author’s references, have been considered, 
although no comprehensive study of their' 
characteristics has been previously pub¬ 
lished. However, they have been carefully 
studied for particular systems. The con¬ 
clusions, in general, which we have arrived 
at from these system analyses are: 

1. The intermediate condenser for improving the 
stability limits of straightaway transmission lines is 
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not so effective nor practical as the series capacitor 
wmeh, m effect, reduces the equivalent line length. 

2. Generator bus reactors have been found in gen¬ 

eral to be more expensive and less desirable as a 
mewjs of improving the stability limits than the use 
of higher short-circuit ratio generators. Their use 
appears to be limited to stations which after com¬ 
pletion have been found to have too low stabilitv 
limits. J 

3. The use of resistance in the neutral of the send- 
ing-end transformers does provide a means for im¬ 
proving the transient-stability limits. The benefit 
from its use decreases with shorter switching time, 
higher generator inertia and is, of course, of no value 
for three-phase faults which are the most severe 
type. Accordingly, the use of resistance in the neu¬ 
tral may or may not be found necessary. 

We would like to ask the author how he 
arrived at such a high value of equivalent 
reactance for the synchronous condensers 
(128 per cent). We would expect this re¬ 
actance to be considerably less than this, 
particularly if the synchronous condensers 
are operating near full leading kilovolt¬ 
amperes. 


F. Von Voigtlander (The Commonwealth 
and Southern Corporation, Jackson, Mich.): 
The author presents an unusually complete 
and readable paper on the subject of power- 
system stability. The premises on which the 
studies of the 31 assumed systems are 
based are of practical significance, and 
therefore the results are understandable 
and of value to those who must cope with 
stability problems in the industry. The re¬ 
duction of the data to a series of tables and 
curves which can be interpolated and ex¬ 
trapolated for intermediate values is note¬ 
worthy and considerably extends the useful¬ 
ness of the results. 

Present conditions have greatly aggra¬ 
vated the problems of stability on man y 
power systems because of the deferment of 
important system reinforcements and plant 
additions, upon which has been superim¬ 
posed greatly increased war loads. These 
situations are a challenge to management 
to make the fullest use of the engineering 
ingenuity at its disposal so that the best 
possible service to essential loads may be 
provided by skillful disposition of existing 
facilities. 

It therefore seems worth while to call 
attention to the fact that, in order to make 
full use of the potential stability limits of a 
power system, there are a number of factors 
to consider in addition to the power-angle 
relationships. Of these, the adequacy of 
protective relay and machine control systems 
is perhaps the most important. 

High-speed fault clearance is most effec¬ 
tive in mitigating stability troubles. Con¬ 
versely, slow fault clearance can bring with 
it a host of complications. Unfortunately, 
slow fault clearance is quite prevalent, and 
often little can be done about it under pres¬ 
ent conditions, especially with older types 
of switchgear. 

Practically all types of transmission-line 
relays may be subject to false operation 
during system oscillations, even within the 
theoretical stability limits of the system. 
The application of such devices should 
therefore be particularly well considered 
under these conditions. Auxiliary control 
devices may be required to assist in correct 
discrimination, for example, between an 
actual fault in a line section or the presence 
of an electrical center of oscillation there. 
In extreme cases, such correct discrimina- 

Discussions 


tion may be impossible, even with the best 
equipment available, but often considerable 
improvement may be effected by compara¬ 
tively simple rearrangements and minor 
additions. 

Adequate control features for synchronous 
are also of importance, especially on con¬ 
densers and on generators which may be 
motoring as condensers prior to the fault. 
Adequate excitation control and governor 
oil capacity may easily be the difference 
between success and failure of the system to 
ride through the oscillations incident to line 
faults, and again simple rearrangements, 
often within the scope of present restricted 
construction, can effect great improvements. 

While the considerations of electrical and 
mechanical characteristics of machines, 
loads, lines,' and switchgear are of funda¬ 
mental importance in stability studies of 
electric-power systems, the application of 
controls to such equipment must be made 
with great care and with special emphasis 
on their behavior under emergencies so that 
they will permit the theoretical ability of 
the system to be actually attained. The 
practical power limits of systems may often 
be extended with only existing facilities by 
engineering ingenuity. Under the stress of 
the times, such efforts should easily be 
justified. 

John G. Holm: The discussions presented 
do not lend themselves to a common reply; 
they will therefore be handled separately. 

Mr. Crary prefers a series capacitor to an 
intermediate synchronous condenser for 
improving the stability limits of trunk trans¬ 
mission lines. It is true that the capacitor 
reduces the equivalent line length, but in the 
long lines the resistance is very large, and, 
if the line is to be economical, it will pre¬ 
sumably transmit a large block of power, so 
that its current will also be high, even if the 
highest voltages are employed. Conse¬ 
quently the resistance drop is large even 
though it is assumed that lower-resistance 
conductors are justified economically. The 
longer the line, the larger the resistance drop 
which must be compensated by inductance, 
after allowing for some resistance to be left 
between the ends of the system. Therefore 
in the longer lines there will be a limit to the 
series-capacitor compensation that may be 
used, and consequently a limit to the in¬ 
crease in the stability limits obtained from 
this source. 

It is embarrassing to disagree with a man 
of Mr. Crary’s knowledge, but it seems to 
me that the series-capacitor compensation 
has definite advantages over the inter¬ 
mediate condenser only in lines from 160 to 
about 376 miles long, and no longer, assum¬ 
ing that the analysis of systems is made with 
actual loads and not on the basis of an in¬ 
finite bus. However, so far as the economics 
of the question are concerned, it remains 
yet to be proved that even in 150- to 375- 
mile lines the advantage lies on the side of 
the series capacitor. So far, no economic 
comparison has been made between a line 
using series-capacitor compensation and the 
same line whose stability limits are raised to 
the same levels by the use of other means 
than the series capacitor. 

As Mr. Crary points out, shunt reactors 
on the generator bus are more expensive 
than the higher short-circuit ratio of genera¬ 
tors. So far as I know, the highest short- 
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circuit ratio of generators ever used is some¬ 
where around 3.0, and it is very unlikely 
that the increase in stability limits obtained 
from this short-circuit ratio approaches 
that obtained from shunt reactors. More¬ 
over, the short-circuit ratio has a far greater* 
effect on the steady-state-stability limit 
than on the transient limit, and is to be 
resorted to primarily where the steady-state 
stability limit is to be raised first. The 
shunt reactors therefore may be used in 
addition to the increased short-circuit ratio 
in cases where the latter fails to bring the 
transient-stability limit to the desired level. 
The cost per unit of improving the transient 
stability by the use of the shunt reactor will 
therefore not be so expensive as might ap¬ 
pear at first. 

Besides the particular applications of the 
shunt reactor outlined in the paper, the 
shunt reactor, as well as the resistance in the 
sending-transformer neutral, is particularly 
well adapted for application to existing 
systems with prevailing slow fault-clearing 
times 'when it is desired to raise their sta¬ 
bility limits. The resistance may, of course, 
be used if the transformer insulation is suffi¬ 
cient. 

Mr. Crary asks why the synchronous re¬ 
actance of synchronous condensers was 
taken at 128 per cent. In the first place, I 
wish to make clear that while the saturated 
synchronous reactance of the receiving-end 
condensers was taken at 128 per cent, that 
of the intermediate condensers was taken at 
72 per cent (0.8 of the unsaturated value for 
both the receiving-end and the intermediate 
condensers). I regret that this figure was 
omitted from the second abridged draft of 
the paper. The unsaturated direct-axis 
synchronous reactance of synchronous con¬ 
densers is given at 160 per cent in the First 
Report of Power System Stability and in 
other sources. 1-3 At any rate, it seems that 
the value of the synchronous reactance of 
the receiving-end condensers has a very 
slight effect, if any, on the system stability 
limits. 

Mr. Lyon has asked a number of questions 
in his discussion. I regret that the limita¬ 
tions on the length of the paper did not per¬ 
mit going into the various details, and I am 
glad that the questions have been brought 
up. They will now be answered. 

Equation 2 of the paper gives results 
within five per cent of those obtained by 
actual measurement on the network analy¬ 
zer. By systems of “similar configuration,” 
to which the equation applies, are meant 
trunk transmission lines. The number of 
circuits, the sectionalizing of the lines, or 
the lines, or the units of the end equipment 
are of no importance. As for the definition 
of the “system rating,” I may say that much 
thought has been given to it. Whatever 
definition is given has only a theoretical 
significance, because for the two systems in 
question the quantity P enters the equation 
as a ratio, so that care should be taken only 
that exactly the same definition is applied 
to both systems. If the two transmission 
lines are designed on the same principles; so 
far as the conductor current-carrying capac¬ 
ity, corona power loss, and the voltage 
regulation are concerned; if the power 
factors and line and transformer efficiencies 
are properly taken care of; and if the trans¬ 
former capacity is installed to fit the above 
conditions, in a similar manner in the two 
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systems; then the installed transformer 
capacities may be taken for the quantity P. 
If the two lines are designed on entirely 
different principles, then either design cor¬ 
rection factors must be applied, or what is 
known as the reliable rating of the line when 
there are no faults on it must be used. Care 
should be taken that criteria applied to both 
systems are as nearly as possible alike. 

Mr. Lyon asks if curves of Figures 3 and 
4 of the paper have been checked with 
stability limits of existing systems. There 
are very few systems whose stability limits 
have been reliably reported. The curves, 
however, have been checked on two sys¬ 
tems, and a check was obtained well within 
engineering accuracy. The difficulties of 
such a check, however, should not be under¬ 
estimated in view of the approximations 
necessitated by the network analyzer and 
the difficulties of evaluating and represent¬ 
ing the system load. The stability limits 
determined on an actual system will never 
completely agree with those obtained- 
through measurements on the network 
analyzer. The curves of Figures 3 and 4 are 
based on the study of a certain range of 
systems. They can be used for any fairly 
economical combinations of kilowatts, mile¬ 
ages, and voltages. When a case is taken of 
transmitting a certain block of power at a 
voltage entirely out of proportion to the 
transmission distance, a point on Figure 3 
will be obtained which might lie either 
between the separate curves or entirely 
outside them. 

Figure 9 represents the increase in the 
stability limits due to reactors with a 
corresponding increase in the kilovolt¬ 
ampere generator capacity, as discussed in 
the paper. I regret that this point was not 
made clearer. However, the increases in 
the stability limits due to reactors alone may 
be calculated by one of the methods out¬ 
lined in the paper. 

Mr. Lyon regrets that the paper does not 
discuss the economic considerations of the 
improvement in stability limits. There are 
so many factors entering into system costs 
that perhaps it would be desirable to present 
in a separate paper the costs and the effect 
on them of the various methods of stability 
improvement. 

Mr. Von Voigtlander justly points out 
the importance of high-speed relaying and 
fault clearing of the transmission line. So 
far as system stability is concerned, there is 
nothing so effective as high-speed fault clear¬ 
ing. Mr. Von Voigtlander’s statement that 
the system control equipment should be 
adequate for responding properly during 
emergencies as well as when the system is 
near its stability limits could not be made 
any stronger. 

In conclusion I wish to thank the dis¬ 
cussers kindly for the trouble they went to 
in preparing their discussions and for the 
contributions they made. 
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Analysis of Short Circuits 
for Distribution Systems 

Discussion and author's closure of paper 42-88 
by Charles F. Dalziel, presented at the AIEE 
summer convention, Chicago, III., June 22-26, 
1942, and published in AIEE TRANSAC¬ 
TIONS, 1942,October section,pages757-64. 


F. S. Benson (Pacific Gas and Electric 
Company, San Francisco, Calif.): This 
paper is timely as a source of additional in¬ 
formation for computing short circuits on 
low-voltage distribution systems when delta- 
wye or delta-delta transformer banks are 
ins talle d, serving both three-phase and 
three-wire single-phase loads. The equa¬ 
tions and formula developed in the paper 
will be helpful in determining the magni¬ 
tude of short circuits on low-voltage or 
secondary systems. 

I agree with the author that resistance 
plays an important part in limiting low- 
voltage line-to-ground short-circuit cur¬ 
rents; all resistances should be included in 
the computation, even though they are of 
such low magnitude as bolted connections 
between wire and bar, or wire and wire. 
Field experience has shown that the mag¬ 
nitude of low-voltage line-to-ground short 
circuits is usually considerably less than 
that computed by ordinary methods; using 
reactance values only, we have found, if re¬ 
sistance is included, the computed values of 
short-circuit currents (line-to-ground) are 
in a reasonable agreement with those occur¬ 
ring in practice. 

The graph in Figure 2 shows that the 
effect of ground resistance in limiting short- 
circuit currents is greatest at low voltage, 
that is, 800 volts or less, and is least when 
the transformer-bank secondary voltage is 
on the order of 12 kv. If, however, internal 
faults occur within such transformer banks, 
the effect of the ground resistance is quite 
important in reducing the magnitude of the 
line-to-ground voltage, even though the 
transformer secondary voltage may be as 
high as 12 kv. This is probably true because 
high-voltage systems are usually solidly 
grounded at the source of power and a 
transformer-bank internal fault adds an 
extensive zero-phase sequence network in 
series with low-voltage ground resistance. 

The analysis of the magnitude of trans¬ 
former reactance during transformer inter¬ 
nal faults is interesting; the author’s tests 
tend ■ to confirm his conclusions that the 
transformer reactance can be entirely neg¬ 
lected when computing the value of such 
faults. The elimination of the transformer 
reactance from computations during trans¬ 
former internal faults will aid in determining 
the correct and economical size of case 
ground wire or secondary-neutral ground 
wire to the grounding device. 

Figure 16 is instructive and again sub¬ 
stantiates my experience that ground, re¬ 
sistances on . the order of one ohm or less do 
not necessarily limit the rise of voltage on 
the transformer secondary neutral to the 
prevailing idea of a low value, when trans¬ 
former internal faults occur. When di¬ 
stribution transformer banks are installed 
near substations having large power supply, 
and the ground resistance is a large propor- 
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tion of the total impedance to the fault, the 
voltage on the distribution transformer 
secondary neutral may approach the line- 
to-ground value of the primary voltage sup¬ 
plying the bank, although the ground re¬ 
sistance is considerably less than one ohm. 


Charles F. Dalziel: The author is pleased 
to note that experience on actual power sys¬ 
tems confirms the conclusions derived in the 
paper. This is significant, since all of the ex¬ 
perimental data were obtained from tests 
made on small laboratory transformers oper¬ 
ated at reduced voltage. The interpreta¬ 
tion to the effect that, during transformer 
internal faults, the transformer may be neg¬ 
lected entirely, should be qualified slightly. 
As stated in the paper, it is believed that 
this simplification should give satisfactory 
results for cases in which the feeder imped¬ 
ance is at least equal to 50 per cent of the 
transformer impedance in high-voltage 
ohms. The change from solid to dash lines 
in Figure 16 indicates the proposed limit. 
The approximation may result in excessive 
error for transformers located near the bus. 
Obviously, neglecting the effects of the 
transformer would result in very serious 
error for transformers directly connected 
to a bus of maintained voltage. 

Attention should be called to the fact 
that practical units are specified throughout 
the paper. Although per units may be used 
directly in most equations, corrections in¬ 
volving -y/S are necessary when using per 
unit quantities in analyses involving un- 
symmetrical conditions in wye-delta trans¬ 
formations. This is true for the power-leg 
and light-leg equations derived in the. paper, 
and practical units were specified to avoid 
introducing unnecessary complications. 


Steady-State Theory of 
the Amplidyne Generator 


Diicuwion and author's closure of paper 42-89 
by Troy D. Graybeal, presented at the AIEE 
summer convention, Chicago, III., June 22- 
26,1942, and published in AIEE TRANSAC¬ 
TIONS, 1942, October section, pages 750-6. 


J. L. Bower and JB. H. Caldwell (General 
Electric Company, Schenectady, N. Y.): 
The author has developed an interesting 
and useful method of predicting the charac¬ 
teristics of an Amplidyne generator with the 
aid of constants which can be measured from 
open- and short-circuit tests. We have been 
using a similar method, which is based on 
tests made on a large number of machines 
for a wide range of applications and have 
found in the general case that certain modi¬ 
fications of the theory presented by the 
author are required. 

The author has confused speed-voltage 
coefficients with inductances. In. general 
the author’s terms La a, M a - 3 , and so forth, 
which are speed-voltage coefficients, are not 
equal to the corresponding inductances, 
even though the units are the same. Also 
the mutual inductance between two wind¬ 
ings is the same when viewed from either 
winding, while the mutual speed-voltage 
coefficient between two windings usually has 
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different values when viewed from the differ¬ 
ent windings. 

The steady-state equations 6 and 7 do 
not include terms which represent the speed 
voltage developed in the main- or direct- 
axis armature winding due to direct-axis 
armature current and the speed voltage 
developed in the cross- or quadrature-axis 
armature winding due to quadrature-axis 
armature current. These coefficients are 
primarily functions of the centers of current 
collection of the direct- and quadrature- 
axis currents. The effective center of cur¬ 
rent collection is a function of the brush 
position and all of the factors affecting 
commutation, such as magnitude of current, 
commutating field adjustment and brush 
characteristics (both mechanical and elec¬ 
trical) which vary with brush material, 
speed, commutator film condition,- and so 
forth. Unsymmetrical spacing of the wind¬ 
ings also gives rise to some degree of mutual 
coupling between all of the various wind¬ 
ings, but experience has shown that for the 
normal case only the ones discussed above 
have sufficient effect to warrant their addi¬ 
tion to the author’s equations 6 and 7. 

Adding the term SM BB i B (the speed 
voltage developed in the quadrature-axis 
armature winding by current flowing in the 
same winding) and the term SMaa+a (the 
speed voltage developed in the direct-axis 
armature winding by current flowing in the 
same winding), we obtain the steady-state 
equations 

-n(RA+SMAA)+i B S(LAA - 

Ma-<,b)=V a 

Ma-Ha) *~*B.(-Rb-|- 

•S M bb ) +i 3 S Ma-s~0 
The open-circuit equations become 

is — e s/R-a 

. SM *~» - 

* Ra+SMbb *' 

V S ^ L ^~ M ^b)Ma-, . 

A Rb+SMbb h 

i 

and the short-circuit equations are 
i s =e s /R s 

. _ S i MA- 3 {LaA~MA- gB)ig 

(Ra+SM aa (Rb+SMbb )+’ 

SKLaa — MA~dA)^AA~ Ma-qb) 

. SMa-ARa+SMaaV* 

(Ra+SMaa)(.Rb+SM bb )-{- 
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and the load equations are 

. _ ~S(Laa~ Ma^aWa . SMA-ats 
Rb+SMbb Rb+SMbb 

V a = 

( Ra+SM A a)(Rb+SMbb)+ 

S i (I'AA~MA-g B )(LAA~MA-dA)iA ■ 

• Rb+SMbb 

S*Ma-,(L A a MA- QB )i s 
Rb+SMbb 

The terms SMbb and SMaa appear in the 
same manner as the resistances Ra andi? B . 
These terms SM BB and SMaa^bxi be and 
frequently are considerably larger - than Ra 


and R b . It is immediately apparent that 
the term SM bb plays a very important role 
in determining the load characteristics; 
and since the coefficient M bb is a function 
of load and speed, this variation instead 
of saturation and nonlinearity of brush drop, 
may well account for a considerable part of 
the curvature of the curves of Figure 8. 
Also the difference in characteristics with 
the different grades of brushes shown in 
Figures 6 and 7 might well be due to differ¬ 
ences in commutating characteristics of the 
brushes rather than to difference in brush 
drop. . . 

The author uses a negative sign in equa¬ 
tion 5 before the speed-voltage coefficient, 
SMa-qbi'b, which is the speed voltage de¬ 
veloped in the direct-axis armature winding 
by current flowing in the stator coil in the 
quadrature axis. This is the convenient 
convention for the author’s case, since the 
coil qB is assumed connected so as to partially 
compensate for armature reaction in the 
quadrature axis. Although the validity of 
the analysis is unaffected, it is of interest 
to note that in the usual case, particularly 
for small size machines, this winding is 
connected so as to increase the flux of arma¬ 
ture reaction. 

The author gives an appropriate sum¬ 
mary of the difficulties involved in calculat¬ 
ing the characteristics of the Amplidyne 
generator without the benefit of the con¬ 
stants which he determines experimentally. 
The designer must have the solution of this 
more difficult problem in order to build a 
machine which will have characteristics 
required by a specific application. How¬ 
ever, as is often the case, the simplified 
method outlined by the author is a definite 
contribution toward the solution of the more 
difficult problem, since its use aids in the 
development and intelligent application 
of experience factors which simplify and 
improve the accuracy of the designer’s cal¬ 
culations. 


P. Lebenbaum, Jr. (General Electric Com¬ 
pany, West Lynn, Mass.): The author is 
to be complimented on his analysis of the 
Amplidyne generator and the excellent 
check he has obtained between theory and 
test. 

As has been pointed out, the Amplidyne 
generator is a dynamoelectric power ampli¬ 
fier. The three fundamental requisites of a 
good amplifier are its amplification ratio, 
its fidelity, and its speed of response. Com¬ 
mercial Amplidyne generators have cal¬ 
culated amplification ratios of 30,000 to 
150,000 to 1, and time constants of less 
than one eighth of a second between signal 
current and output voltage. The time con¬ 
stant of the machine, while slow compared 
to the vacuum-tube amplifier, is neverthe¬ 
less extremely small when compared with 
those of other machines in tie circuits 
where the Amplidyne generator is most fre¬ 
quently applied. 

The. importance of good commutation 
and correct brush position in both short- 
circuit and load axes cannot be overstressed, 
for the brush short-circuit currents and 
magnetizing or demagnetizing, ampere turns 
because of briish shift affect all three am¬ 
plifier properties. The author’s analysis 
assumes that the brushes are on the induc¬ 
tive neutrals in both axes and that the 
brush short-circuit currents are zero. If 
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these assumptions were not true, equations 
4 and 5 would contain terms involving 
mutual inductances between the direct and 
cross axes, and succeeding equations would 
be changed. However, if the Amplidyne 
generator has been properly adjusted for 
commutation with all brushes on their re¬ 
spective neutrals, these additional terms are 
not needed in the steady-state analysis. 

An example of the importance of brush 
short-circuit currents is the author’s test 
shown in Figures 6 and 7. The difference 
in saturation curves of the experimental 
Amplidyne generator because of change in 
cross-axis brush material is due as much to 
change in cross-axis brush short-circuit 
currents as to change in brush drop. The 
experimental machine was apparently com¬ 
pensated properly with the soft graphite 
brushes in place, for the curves of Figure 7 
agree closely with theory, the open-circuit 
voltage varying approximately as the square 
of the speed for constant signal current. 
However, the change to a harder brush, 
while keeping the same compensation in the 
commutating field, results in undercom¬ 
pensation of the coils undergoing commuta¬ 
tion. It can be shown that undercompensa¬ 
tion in the cross axis results in a directly 
demagnetizing effect in the signal field axis. 
The higher the speed, the higher are these 
demagnetizing ampere turns. Thus the 
open-circuit voltage no longer varies as the 
square of the speed, and hence the "crowd¬ 
ing” and nonlinearity of the curves of 
Figure 6 results. 


Troy D. Graybeal: The discussions by P. 
Lebenbaum, Jr., J. L. Bower, and B. H. 
Caldwell are both pertinent and interesting. 
The representative data for commercial 
Amplidyne generators given by Mr. Leben¬ 
baum are particularly significant. 

Concerning the addition to the equations 
of the two speed terms which represent the 
voltages generated in either axis of the 
machine by current in the same axis, these 
terms theoretically should be included if a 
more accurate solution of the steady-state 
operation of the machine is desired. How¬ 
ever, the apparent increase in accuracy 
cannot be realized in actual practice, be¬ 
cause the coefficients M BB and M AA are 
critically dependent upon the condition of 
the brush contact surfaces, as well as upon 
the brush position. For example, the slight 
"play” between ordinary brushes and brush 
holders will cause a large increase in these 
constants when the direction of rotation is 
reversed. A slight shift of the brush posi¬ 
tion from the true neutral, or a slight change 
in the surface conditions, because of the 
minute arcs between blushes and commuta¬ 
tor caused by normal load current, might 
make the coefficients several times larger. 
Figure 1 shows the values of ohmic resist¬ 
ance and of SM bb plotted against speed. 
The two nearly linear curves show that 
while M bb was constant for each test, a 
change in cross-axis current changed the 
value of the "constant” by a factor of four. 
This increase was due to the change in the 
distribution of current over the brush sur¬ 
face, even though no change had been made 
in brush position or commutating pole 
adjustment. 

For the calculation of the curves given in 
the paper, an average of the cross-axis 
circuit equivalent resistance was taken as 
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shown by the dotted curve of Figure 12 of 
the paper. The actual ohmic resistance was 
1.16 ohms, which was increased to 1.55 
ohms to give the equivalent resistance used 
for the calculations. This procedure is 
justified by Figures 10 and 11 of the paper 
which show that the curves calculated on 
this basis do give a very close approximation 
to actual test results. 

The theory presented in the paper was 
developed by calculating the speed voltages 
which are generated in the armature of the 
machine. The coefficients which appear in 
the final expressions are ratios of flux 
linkages to currents and therefore are co¬ 
efficients of inductance. These coefficients 
would be identical with the open-circuit 
inductances if perfect commutation could 
be obtained in the exact geometric neutral. 
The fact that these conditions cannot be 
fulfilled in an actual machine gives rise to 
effects which reduce the output of the 



Figure 1. Curves showing the components of 
the equivalent cross-axis circuit resistance of 
the Amplidyne generator and the variation of 
these components with speed 

machine. Actually, these effects represent 
a reduction in the numerical values of the 
coefficients of inductance compared with 
those obtained from measurement with the 
coils open-circuited and the brushes of the 
machine raised. The fact that the perfor¬ 
mance of the Amplidyne generator cannot be 
calculated on the basis of inductances ob¬ 
tained from the usual methods of calcula¬ 
tion or from usual inductance test procedure 
does not mean that the coefficients which 
appear in the equations are not inductances, 
but rather that the inductances are different 
under actual conditions of operation. 
These differences arise because the distri¬ 
bution of flux is not the same as is usually 
assumed for calculation, or as that which 
exists during open-circuit inductance meas¬ 
urements. Since Bower, and Caldwell 
prefer to call the coefficients which apply 
in actual operation "speed-voltage co¬ 
efficients” rather than inductances, no 
doubt they find that this terminology avoids 
confusion in their work with Amplidyne 
generators. 

The negative sign mentioned was used 
in equation 5 because the flux of the com¬ 
mutating pole in the cross axis always 
opposes the flux of armature . reaction. If 
in addition an additive coil in the cross axis 
is used iiyan attempt to increase the cross¬ 
axis flux, only a slight increase can be ob- 
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tained. The additive turns increase the 
resistance of the cross-axis circuit and 
therefore decrease the current. This smaller 
current flowing through the increased num¬ 
ber of magnetizing turns produces only a 
slight increase in flux. The additive coil 
will increase slightly the machine efficiency 
and also tend to mask out the nonlinear 
effects introduced by the brushes, the 
commutating voltages, and so forth, in the 
cross-axis circuit. On the other hand, omis¬ 
sion of this coil will improve the speed of 
response of the Amplidyne generator to 
changes in the signal current. 

The purpose of this paper was to present 
the theory of the Amplidyne generator in a 
form suitable for use in applying the 
generator to control mechanisms. For this 
purpose, simple expressions of the operation 
are essential, because the Amplidyne genera¬ 
tor must be studied, not as an isolated unit, 
but in relation to all other units of the con¬ 
trol mechanism. Information on details 
of design can be obtained from tests of 
experimental machines; these "experience 
factors” are helpful to the designers but are 
seldom published, and therefore are not 
available to the -purchaser. It is hoped 
that this paper will encourage the publica¬ 
tion of the results of other investigations 
which no doubt have been made upon the 
Amplidyne generator. 

Precision Speed Control 
for World’s Largest 
Induction Motor 

Discussion of paper 42-132 by R. R. Longwell 
and M. E. Reagan, presented at the AIEE 
summer convention, Chicago, III., June 22-26, 
1942, and published in AIEE TRANSAC¬ 
TIONS, 1942, September section, pages 
634-8. 


E. Herzog (U. S. Army Air Corps, Wright 
Field, Dayton, Ohio): A few explanatory 
notes may be in order in regard to the 
authors’ presentation of this particular con¬ 
trol problem. 

Essentially two controls, the start-stop 
switch and the speed setting, permit the 
operator to control the, entire assembly in 
normal operation. The one brings the fan 
motor to standstill, ready to run, or shuts it 
down from that point; the other controls 
it through the entire speed range from stand¬ 
still to maximum speed. As long as the 
equipment performs properly the operator 
merely supervises the correct functioning of 
the control. The total investment in the 
installation is, however, so great, and the 
need for its use so urgent at certain times 
that the drive could not be held inoperative 
because of a failure of the automatic con¬ 
trol. For this reason control can be trans¬ 
ferred from automatic to manual at any 
point in the operating cycle. To facilitate 
repairs after completion of the run, the con¬ 
trol can be rapidly subdivided and reas¬ 
sembled in various groupings. 

With modem tendencies toward auto¬ 
matic control there may be no need to ex¬ 
plain the particular set-up, but the authors 
pointed, out the elaborateness of the con- 
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trol, and, as has been stated in this discus¬ 
sion, the control is in some respects only 
semiautomatic. 

The large investment in the equipment is 
obvious. The new type of equipment pre¬ 
cluded the possibility of using operating 
personnel familiar with its operation, and 
the enormous expansion of the plant made 
it most improbable that trained operators 
could be obtained in the present state of the 
labor market. The expectations were 
actually fulfilled; trained personnel have 
to be scheduled carefully for key positions. 
The automatic control described has made 
it possible to operate equipment of con¬ 
siderable complexity with a minimum of 
trained personnel leading a large group of 
semitrained employees. The government 
engineers specified the control requirements, 
and the co-operation of the electrical in¬ 
dustry has been most gratifying in this and 
many other cases when it has been neces¬ 
sary to fulfill unusual requirements. 

Electrical Features of Design 
and Operation of the 
Plantation Pipe Line 

Discussion and author's closure of paper 
42-143 by M. A. Hyde and H. B. Britton, 
presented at the AIEE summer convention, 
Chicago, III., June 22-26, 1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
September section, pages 638-44. 


W. E. Stueve (nonmember; Oklahoma Gas 
and Electric Company, Oklahoma City, 
Okla.): Since I have been interested in the 
electrification of crude oil and oil-products 
pipe-lhie pumping stations for a great num¬ 
ber of years and have conducted negotia¬ 
tions for my company resulting in the 
complete electrification of certain transconti¬ 
nental crude-oil pipe lines, I was given ah 
opportunity to discuss this paper by the 
authors. 

I think the engineers are deserving of the 
highest praise in working out the design of 
the motors used in the pump stations, which 
design enables the operators to increase the 
motor output 60 per cent by merely increas¬ 
ing the ventilation or air-cooling arrange¬ 
ment of the motor. Thus, on the 12-inch 
section of the line 600-horsepower motors 
are used for original capacity, and the same 
motors will deliver 900 horsepower later on, 
after the intermediate booster stations are 
installed. This problem always arises in 
most crude-oil pipe lines being installed to 
handle the flush production of newly dis¬ 
covered oil fields. 

Another contribution, which the design 
electrical engineers have made to the pipe¬ 
line industry, is the recognition they give to 
high load factors or capacity factors at 
which most pipe-line pumping stations oper¬ 
ate, The motor is designed for low starting 
torque since the centrifugal pumps are al¬ 
ways started against a closed header gate 
valve with consequent low rotor resistance, 
resulting in very good efficiency of the motor 
itself. 

Another achievement accomplished by 
the design engineers is the elimination of a 
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fire wall between the pump and motor. 
Most early-day pipe-fine operators were 
reluctant to install electric motors for pump 
station use on account of the apparent fire 
hazard. The elimination of the fire wall 
reduces the investment in the pump station 
which tends to make the use of purchased 
power more economic. 

The automatic control features embodied 
in the design of the pump stations are also 
an achievement of note, since they eliminate 
the human element to a great degree in the. 
operation of the pump station. Certain 
labor savings are thereby accomplished 
which again tend to make the use of electric 
power more economic. 

The only criticism I would care to offer 
is one of a mechanical nature perhaps but 
which has to do with the over-all flexibility 
in the pumping operation. In my experience 
in negotiating contracts for pump-station 
electrification, I was always confronted 
with the statement of manufacturers of 
other forms of prime movers that, since the 
electric motor speed could not be efficiently 
changed, and the induction motor was es¬ 
sentially a constant-speed prime mover, it 
did not offer the proper flexibility, when 
changes in capacity were desired. This 
operating flexibility was discussed very 
briefly by the authors, but in my judg men t 
this should have been enlarged upon to a 
greater degree by showing what actual ca¬ 
pacities could be achieved at high efficiency 
points of both motor and pump in a long 
pipe fine similar to the Plantation Pipe Line 
containing a great number of pump stations. 
Thus, as an example, if we assume a level 
pipe line employing four pump stations with 
two pump units in each station arranged in 
series, the following capacity rates can be 
realized: 

Bight pump units or all motors on this hypothetical 
line, of course, will provide 100 per cent capacity; 
six pump units, properly selected, will provide 86 
per cent capacity; and five pump units, properly 
selected, will provide 78 per cent capacity. One 
pump unit in each station will provide 70 per cent 
capacity. Intermediate values of capacity between 
those selected above can be achieved by throttling 
the discharge to a certain extent without lowering 
the pump or motor efficiency very much. 

As stated previously, the dual horsepower 
design of a motor, permitting the increased 
loading of the motor or decreased loading of 
the motor, as the case may be, is an out¬ 
standing achievement, for in the case of 
crude-oil pipe fines the loads are always 
greater at the outset, because of the flush 
oil production being handled with a result¬ 
ing decrease in capacity later on. In the 
case of gasoline or oil-products pipe line 
the reverse is true, in that the original capaci¬ 
ties are low until the business is built up, 
and as more capacity is required the larger 
loading, of the motor becomes necessary. 
All of this eliminates tearing out motors and 
purchasing new equipment as time goes 
along, and this design accomplishes results 
by merely adding or taking off a fan on the 
rotor to increase or decrease the ventilation. 


M. A. Hyde: It is of interest to note that 
the provisions made in the original design 
of the line for capacity increase already are 
justified. Since the paper was written, it 
has been found desirable to increase the 
capacity of the main line, and fourteen new 
intermediate stations are now under way, 
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which will provide 60 per cent more through¬ 
put. When this work is completed, the ag¬ 
gregate motor horsepower on the system 
wifi be 51,000 horsepower. 

Analytical Treatment for 
Establishing Load-Cycle 
Ratings of Ignitrons 

Discussion and authors' closure of paper 42- 
94 by D. E. Marshall and E. G. F. Amott, 
presented at the AIEE summer convention/ 
Chicago, HI., June 22-26, 1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
August section, pages 545-8. 


O. K. Marti (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis): In their 
paper, the authors D. E. Marshall and E. G. 
F. Amott, have solved in a very clear and 
practical way the problem for rating of 
rectifier tubes subjected to different load 
cycles, but by doing so they have considered' 
only their thermal characteristic and accept¬ 
able arc-back frequency as the limiting fac¬ 
tor. 

During the last two years, the Allis-Chal¬ 
mers Company has been conducting field as 
well as laboratory investigations in .order to 
determine the influence of the inverse cur¬ 
rent on arc-back frequency. It was found 
that the arc-backs are in a certain relation 
to the inverse current and that this current 
is an important factor for determining the 
rating of rectifier tubes. In most ra^es it is 
possible to cool the rectifier in such a way 
that no internal parts of the tank or tube 
reach a critical temperature. However, it 
is not so simple to arrange the baffling in 
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Figure 1 

order to limit to a certain degree the ioniza¬ 
tion during the inverse cycle or the inverse 
current without introducing disturbing arc 
phenomena. Therefore, besides the tem¬ 
perature of the cooling water, the deionizing 
properties of the tube also will have to be 
taken into account. This means that the in¬ 
verse current, which is no doubt responsible 
for terminating the length of life of the 
tube, has to be considered when rating a 
rectifier. 

As can be seen in Figure 1 of this discus¬ 
sion, after a certain temperature the in¬ 
verse current increases very rapidly and 
may reach a value which can endanger con¬ 
siderably the fife of some internal parts of 
the tube. It is therefore necessary, when 
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Figure 2 


attempting to rate a tube, first to deter¬ 
mine the temperature at which the inverse 
current does not exceed a certain safe value, 
and only then is it advisable to employ an 
analytical treatment such as outlined by 
the authors. The backfire test, as outlined 
by the authors, is no criterion for the rating 
because at higher d-c voltage the backfire 
frequency is not only a function of the 
cooling (or of the inverse current) but also 
of the anode voltage during the inverse 
cycle, especially of the value following the 
firing of the anode. (See e in Figure 2 of 
this discussion.) In other words, the in¬ 
verse current of a given tube is a function of 
the cooling as well as of the voltage im¬ 
pressed between the anode and cathode dur¬ 
ing the inverse cycle. • 

In case a tube is being used in a welding 
circuit, or a six-phase rectifying circuit, it 
will have to be realized that for the same 
temperature of the tube a considerable dif¬ 
ference in the backfire frequency may be 
found, due to the difference of the negative 
voltage (e) at the end of the firing period. 

For instance, a curve illustrating backfire 
temperature against anode current, as 
shown in Figure 4 of the paper on “Sealed- 
Tube Ignitron Rectifiers” by M. M. Mor- 
ack and H. C. Steiner holds good only for 
the circuit used during this test, and there¬ 
fore, the rating cannot be based on the level 
of load which the tube will carry with ac¬ 
ceptable backfire frequency. 

In order to obtain very definite operating 
and rating characteristics for a given tube, 
it will therefore be necessary to take into 
account the above considerations regarding 
the current and voltage during the inverse 
cycle. 

Reference 

1. Sealed-Tube Ignitron Rectifiers, M. M. 
Morack, H. C. Steiner. AIRE' Transactions, 
volume 61, 1942, August section, pages 594-9. 

D. E. Marshall: Mr. Marti has offered 
several interesting and pertinent remarks 
concerning rpethods to use in determining 
thd basic rating of a mercury-arc rectifier. 
We are, in general, in agreement that among 
other things the arc-back rate should be a 
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function of the inverse current and the wave 
form and magnitude of the inverse voltage. 
In fact, our paper is actually based on such 
an assumption. We assume, that, for a 
given magnitude of inverse voltage at a 
given wave form, the other variable factors 
influencing arc-back are the demand current 
and the pressure of mercury vapor. The 
latter two determine the inverse current. 
Experiments performed in the Westing- 
house Electric and Manufacturing Com¬ 
pany on an unshielded ignitron a number of 
years ago indicate that for a given water 
temperature the inverse current is a nearly 
linear function of the demand current, other 
factors being constant. 

In welding control circuits, the inverse 
voltage wave form depends on the line volt¬ 
age, the power factor of the circuit, and the 
degree of phase control. Sealed-off ignitron 
tubes are rated for the worse combination of 
the above factors. This determines the 
voltage wave form. The current wave form 
is also set by the above setting of power 
factor and phase control of the test circuit. 
Thus the transition voltage is definitely set, 
and the rate of change of load current is 
directly proportional to the magnitude of 
the demand current. The water tempera¬ 
ture is set at the maximum rated tempera¬ 
ture. 

Under the above conditions, the problem 
of rating the tube reduces to specifying the 
magnitude of the demand current allowable 
for a given duty cycle. 

Our method assumes that the probability 
of arc-back at a given duty cycle will not 
exceed that of the basic test if the equivalent 
temperature of the vapor between anode and 
cathode does not exceed that of the basic 
test. This, we assume, will be the case if the 
heat energy stored in the tube structure and 
vapor never exceeds that stored in the basic 
test. We further assume that the stored 
energy is equal to the tube loss minus the 
heat carried away by the water and air- 
cooling facilities of the tube. 

This would seem to agree with Mr. Marti’s 
comments as follows: 
m- . v . 

1. The inverse current will be directly propor¬ 
tional to demand current. 

2 . If the arc-back rate is proportional to inverse 
current, then by item 1 it is proportional to the de¬ 
mand current. 

3. Since, in general, the number of arc-backs that 
can be tolerated is measured in elapsed time and not 
in actual conduction time, then it would seem that 
the product of conduction time and demand current 
should be made constant. This means that the 
average current in the tube should be constant, 
This conflict with the original assumption that 
the maximum equivalent vapor temperature be not 
exceeded. However, if the equivalent vapor tem¬ 
perature is kept constant, the average current cri¬ 
terion is within safe limits. 

’ [ Mr. Marti’s comments regarding rectifier 
operation as directed to the paper by 
Morack and Steiner are well taken in that 
the following factors need to be specified 
when the quality of performance of a given 
rectifier tube is judged. 

1. Type test circuit. 

, f Resistive " 

2. Type load •] Inductive 

(Counter electromotive force 

3. inverse voltage wave form. 

4. Rate of change of anode current at commuta¬ 
tion. •' •• 

The preceding four factors are inter¬ 
related and can be specified quite accu¬ 
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rately by specifying the type circuit, the 
regulation, phase control, and loading. 

Material for many papers could be found 
in the thorough investigation of the effect 
of circuit constants on the reliability of 
rectifier operation. It is hoped that these 
discussions will stimulate further research 
along this line. 

Sealed-Tube Ignitron 
Rectifiers 

Discussion and authors’ closure of paper 42- 
106 by M. M. Morack and H. C. Steiner, 
presented at the AIEE summer convention, 
Chicago, III., June 22-26, 1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
August section, pages 594-9. 

O. K. Marti (Allis-Chalmers Manufactur¬ 
ing Company, Milwaukee, Wis.): This 
paper outlines a very interesting account 
of the development which has taken place 
during the last few years in connection with 
sealed-off single-anode Ignitron type of rec¬ 
tifiers. 

I would like to point out that a practi¬ 
cally backfire-free operation and a low arc- 
drop single-anode rectifier can also be ob¬ 
tained when using a continuous ignition- 
excitation system, in spite of the fact that 
a cathode spot is maintained during the 
inverse cycle. In other words, it is not 
necessary to use an ignitor for initiating a 
cathode spot every cycle in each tank. 
Operating experiences with the Allis- 
Chalmers "Excitron” rectifier with a con¬ 
tinuous ignition-excitation system have 
definitely proved that the small excitation 
arc does not increase deionization during the 
inverse cycle to such an extent that it con¬ 
tributes to the arc-back susceptibility. 

I had occasion to call attention to this 
fact in my paper “Excitron” rectifiers, pre¬ 
sented during the 1940 winter convention 
of the AIEE. 

A cross section of a rectifier tank with 
continuous excitation, as introduced by the 
Allis-Chalmers Company over three years 
ago is shown in Figure 1A of the paper. 
This tank is somewhat larger than the one 
shown by the authors in their Figure 2 but 
is about equally shielded. A unit with six 
such tanks was in operation for several 
• months on 600 volts and finally went into 
operation, supplying load to an industrial 
plant at 250 volts, 2,000 amperes, with 
occasional overloads of up to 3,000 amperes. 
This unit has been carrying such loads for 
over a year without a single backfire, in 
spite of the fact that the shidding is very 
slight, having a grid with rdativdy large 
holes. This particular "Exdtron” rectifier 
tank had an arc drop comparable to that of 
the “Ignitron” rectifier, eVen at a lower cur¬ 
rent, that is, up to the current rating of the 
ignitor tube. This may show that the “Ex- 
dtron”-type rectifier does not require more 
ddonizing properties in spite of the fact 
that the excitation fires over the whole cycle. 
Naturally no difficulty is encountered in 
building a sealed-off rectifier tube using the 
continuous ignition-exdtation system. 

• The use of two ignitors and a holding 
anode as shown in Figure 1 of the authors’ 
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paper complicates the design of the Ignitron 
rectifier and also requires a relatively com¬ 
plicated circuit with considerable auxiliary 
equipment. We would like to know if the 
authors consider such complication of the 
ignition-excitation system necessary only 
in connection with rectifiers used in the in¬ 
dustrial and railway field, where the load 
fluctuates greatly and where periods of very 
low loads are encountered. Furthermore, 
does the introduction of a holding anode 
reduce the arc drop and the surges at low 
temperature? 

Under the heading, “Ignitor-Excitation,” 
the authors refer to a rather serious limita¬ 
tion, which is encountered during low load 
periods with the ignitor system. It may be 
of interest that the previously referred to 
“Excitron” unit was for several months 
operating on very low load, sometimes in 
parallel with a motor-generator set or con¬ 
vertor, but no difficulties were encountered 
in carrying loads of a few amperes. 

Reference 

1. “Excitron” Mbrcury-Arc Rectifiers, O. K. 
Marti. AIEE Transactions, volume 59, 1940, 
pages 927-31. 


J. H. Cox (Westinghouse Electric and Manu¬ 
facturing Company, East Pittsburgh, 
Pa.): I was happy to note the statement in 
this paper regarding the relationship be¬ 
tween arc-drop and arc-back frequency in 
any given type of mercury-arc rectifier. 
This relationship exists in all types of rec¬ 
tifiers and should be recognized. 

In Figure 3 of the paper it is noted that 
the arc-drop curve of the Ignitron described 
is plotted in terms of instantaneous anode 
current. In general, the user of rectifiers 
is interested in the arc drop in terms of 
cathode current. I would like to ask 
whether the authors find that the cathode 
current per group may be applied to this 
curve or if the average arc drop is influenced 
by the various rectifier transformer con¬ 
nections because of the difference in the 
length of the conducting period. In general, 
the arc-drop voltage is higher at the begin¬ 
ning of a conducting period, before maxi¬ 
mum ionization density has built up, and 
this would suggest that those circuits utili¬ 
zing the shorter conducting periods would 
have somewhat higher average arc drops 
My 4 own experience indicates that the 
difference is negligible. 

I was interested in the authors’ statement 
that the Ignitron described does not exhibit 
surging characteristics down to a cooling 
water temperature of the order of ten de¬ 
grees centigrade. In general, Ignitrons are 
much superior to multianode rectifiers from 
this point of view, because of the short arc 
length and small amount of shielding. In 
our experience with pumped-type Ignitrons 
we have never found any instability in the 
arc, with suddenly applied loads up to 
300 per cent rating at water temperatures 
as low as six degrees centigrade, the mini¬ 
mum water temperatures available in Pitts¬ 
burgh in the Wintertime. ( 

In Figure 6 the authors indicate double 
two-phase circuits for the utilization of four 
tubes. All multiple-group rectifiers require 
interphase transformers and enough induc¬ 
tance in the load circuit to maintain mul- 
tiple-grpup operation. The advantage is a 
more effective use of the transformer wind- 


seems low, and I believe that 200 watts 
would be more nearly correct. 

I do not agree with the statement that 
fuses for the interruption of arc-back cur¬ 
rents are satisfactory. We have hardly 
arrived at the point where arc-backs are so 
rare that the inconvenience of fuse replace¬ 
ment for every arc-back would be negligible, 
and in view of the relationship between arc- 
drop and arc-back frequency, I dp not think 
that such a low arc-back frequency would 
be desirable. I believe that the simplest 
and most attractive over-all arrangement 
for these small rectifiers is the use of dis¬ 
connecting fuses in the primary circuit of 
the rectifier transformer and anode breakers 
in the secondary circuit of the transformer 
with only a disconnect in the cathode circuit. 
Such an arrangement provides the most 
complete protection, since modern air 
breakers are considerably faster than oil 
breakers, and by the use of anode breakers 
maximum protection is provided both for 
the rectifier and for the associated trans¬ 
former,. 

By the use of anode breakers the complete 


Ignitron-rectifier operation is obtained with 
a high water rate, and such a rate is not 
possible with the circuits shown in the 
authors’ Figure 13, unless temperature con¬ 
trol is abandoned and water consumption 
prohibitive. Of course, by the addition of a 
pump, the raw water can be recirculated in 
a local path and still retain direct water 
cooling with high velocity and control. 

In many of the authors’ statements they 
give figures of efficiency and losses ■without 
mentioning the voltage of the application. 
I assume that in ail these cases they are dis¬ 
cussing 250-volt rectifiers. 

M. M. Morack and H.C. Steiner: Mr. 
Marti’s experience with the continuously 
excited single-anode mercury pool rectifier 
is very interesting. As Mr. Marti points 
out and as stated in the paper summary, it 
is the single-anode design with its low den¬ 
sity of ionization during the inverse Cycle 
which reduces the shielding necessary to 
prevent arc : back and thus lowers the arc 
losses. 


switchgear, with the probable exception of 
the primary disconnecting fuses, can be 
mounted in a cubicle with the rectifier and 
the a-c switchgear unit shown by the authors 
in their Figure 10 can be eliminated. Figure 
1 of this discussion shows a sealed-off Igni¬ 
tron assembly in which the complete switch- 
gear, with exception of the primary dis¬ 
connecting fuses, is included. 

The authors indicate, and suggest, the use 
of raw water directly in the Ignitron tubes. 
In many cases the cooling water available 
is such that trouble is encountered with 
scaling and deposits which interfere with 
water flow. Furthermore, best sealed-off 


ings and lower maximum currents in the 
anodes. In the case of six tubes the advan¬ 
tages far outweigh the disadvantages. 
However, in the case of double two-phase 
operation, the disadvantages become greater 
and the advantages less. A straight four- 
phase transformer is definitely no larger th an 
a double two-phase with interphase. The 
lowering of anode duty is not so great as 
in the six-tube case. The operation of a 
double two-phase rectifier is definitely more 
critical, and the simplicity of the straight 
four-phase circuit has much in its favor. 

The figure of 100 watts per ignitor for the 
Rectox-charged capacitor excitation circuit 


Figure 1. Sealed- 
off Ignitron assembly 
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In considering the method of cathode-spot 
excitation, the principle of igniting the spot 
each cycle offers two advantages: 

1. With continuous excitation it is necessary to 
provide some form of cathode-spot stabilization or, 
as shown in the cross section of the Excitron tube, 
to insulate the pool in order to prevent the arc leav¬ 
ing its surface and anchoring on the tube walls. 

2. It is felt that phase control of the output voltage 
is essential in the sealed type of rectifier. 

The ignitor provides these functions with 
a minimum of complication in the design 
of the tube itself. Control of the ignition 
impulse serves the dual purpose of ignition 
and phase control. 

The addition of a second ignitor is simply 
insurance. Actually, experience indicates 
that the ignitor is a very reliable device. 
Failure is more often due to abuse or mis¬ 
application, or lack of understanding its 
characteristics than anything else. 

The holding anode was added as a result 
of field experience which indicated that 
minimum load conditions were likely to be 
encountered in sets of relatively high current 
capacity. Its addition did not change ap¬ 
preciably either the arc drop or singe con¬ 
ditions. 

The arc-drop data in Figure 3 were deter¬ 
mined in a three-phase single-way circuit 
using a vacuum-tube amplifier and cathode- 
ray oscillograph. The data are the average 
of the voltages at the beginning and end of 
the full-current conducting period. The 
arc drop is roughly a volt higher at the 
beginning and a volt lower at the end, when 
there is an excess of ionization. It would 
seem, as Mri Cox suggests, that the arc drop 
should be higher in circuits with shorter 
conducting periods. However, our experi¬ 
ence indicates that the difference is negli¬ 
gible. 

In regard to the circuit, we believe that 
circuits of the multiple type with interphase 
are preferable because of the greater trans¬ 
former utilization and lower tube arc losses. 
Our experience indicates that the double 
two-phase circuit is fully as stable as the 
double three-phase. The control is particu¬ 
larly stable since the average output volt¬ 
age is the same at light load and 90 degrees 
phase control (four-phase operation) as at 
full load with 0 degrees phase control (two- 
phase operation). 

The excitation loss in the capacitor circuit 
was determined by wattmeter measure¬ 
ment. The measured loss, including an 
assumed 50 watts in the Thyratron-tube 
heater circuit was 110 watts. Volt-ampere 
demand is several times this value. 

Whether, fuses are satisfactory for arc- 
back protection depends primarily on the 
frequency of arc-back. For industrial use 
we do not believe that frequent arc-backs 
(one or two per month) are permissible in 
sets of the capacity considered here. If the 
rate is one in several years, as field experi¬ 
ence is beginning to indicate in certain in¬ 
stallations, fuses become practicable. Prac¬ 
tice seems to indicate that a-c feeder 
breakers are usually required for transformer 
and arc-back protection and that double 
pole d-c breakers are required, to remove 
short circuits. Anode brekkers to provide 
the arc-back and short-circuit protection 
functions have proved quite satisfactory in 
certain installations. 

Whether it is preferable to design the 
rectifier and switch gear as one unit or to 
combine separate units with the advantage 
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of highly specialized design and manufacture 
in each would seem to depend primarily on 
the manufacturing organization. 

The efficiency and loss figures were all 
based on 250-volt rectifiers. This omission 
has been corrected in the final paper. 

Energy Flow in Electric 
Systems—The Vi 
Energy-Flow Postulate 

Discussion and author's closure of paper 
42-141 by Joseph Slepian, presented at the 
AIEE summer convention, Chicago, III., 
June 22-26, 1942, and published in AIEE 
TRANSACTIONS, 1942, December sec¬ 
tion, pages 835-41. 


C. E. Bennett (Washington, D. C.): Ever 
since the time of Maxwell, students of elec¬ 
tricity and magnetism have been intrigued 
by the problem of the mechanism of electric- 
power flow. Doctor Slepian’s paper is a 
further contribution to the literature and 
presents interesting mathematical specula¬ 
tions without appearing to add anything 
tangible to our fund of knowledge regarding 
flow of electric energy or to impugn the 
validity of- established engineering prin¬ 
ciples. 

Doctor Slepian’s paper is concerned, in 
general, with what he refers to as energy- 
flow "postulates.” If the term applies to 
the mechanism of energy flow, one cannot 
quarrel with its usage. But if it refers to 
the flow itself, that is something that is not 
a "postulate.” Whether it be a "phenome¬ 
non which can be actually physically 
observed” is a matter of indifference. Its 
effects, like the effects of heat, may be ob¬ 
served, and, as long as it may be measured 
accurately through its effects, the engineer 
will not worry about its observability. 
Whatever the nature of electric energy and 
the mechanism of its flow, the energy trans¬ 
fer itself is as much a reality as the metal 
conductor by which its flow from generator 
to load is implemented. 

Throughout the paper, it is necessary to 
distinguish between energy flow as a reality 
and the mathematical assumptions and con¬ 
clusions used in visualizing the mechanism 
of such flow. In his opening statement 
Doctor Slepian says: 

"Let V be the electric potential at any given 
point referred to some arbitrarily chosen point of 
zero potential." 

Applying that definition to a three-phase 
circuit, if the neutral wire is assumed at 
zero potential, the result is the universally 
accepted one of energy flow in or about the 
three conductors. But if the point of zero 
potential be assumed on one of the three 
line conductors, then it appears from the . 
application of these mathematical conven¬ 
tions that there is no energy flow in (or 
around, or adjacent to) that conductor 
(although it gets as hot as the others), and 
all of the energy flow is in or about the re¬ 
maining conductors. Changing the hypothe¬ 
sis to assume another conductor at zero 
potential changes the apparent energy flow 
in that conductor to zero and seems to cause 
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energy to flow in or about the conductor 
that previously carried nothing. Yet every 
engineer knows that grounding one con¬ 
ductor or another of an ungrounded three- 
phase system does not alter the energy flow. 
The writer of this discussion does not deny 
the occasional usefulness of such concepts, 
but he wishes to caution against confusing 
the consequences of mathematical assump¬ 
tions with physical realities.. 

For practical reasons, engineers measure 
power flow by methods related to the to¬ 
tality VI product rather than by the summa¬ 
tion of point functions discussed by Doctor 
Slepian. There does not appear to be any¬ 
thing in the paper to raise question as to the 
propriety of such methods, nor does the 
present commentator know of any meter or 
other device capable of integrating the 
point functions of Slepian and Poynting. 

It should be noted that the voltages and 
currents associated with the conductors 
needed to interconnect generators and loads 
are determined by terminal conditions of 
the network and by the constants of the 
individual circuit elements. In conse¬ 
quence, the amounts of energy transmitted, 
lost, and stored or received, at any instant 
in association with any circuit element are 
fixed by the indicated parameters. Estab¬ 
lished engineering principles reveal the 
direction and magnitude of power flow 
through these elements but not the mecha¬ 
nism. . The point-function "postulates” 
discussed by Doctor Slepian merely at¬ 
tempt to provide a mathematical picture of 
the mechanism of such flow. So far as 
concerns his use and control of electric 
energy, the engineer does not care whether 
the power flow takes place in the ether 
surrounding the conductors or in the con¬ 
ductor through the interatomic space by 
electron displacement, by a flow of electrons, 
by rotation of atomic dipoles, or by other 
means. 

Against such a background some electrical 
engineers have read with surprise the eighth 
paragraph of the “Introduction” to Doctor 
Slepian’s paper in which he says: 

“.the conditions just given are not sufficient 

for uniquely determining an energy flow.... which 
generation point is to feed which consumption 
point, and by what route, is completely undeter¬ 
mined so far as concerns any phenomenon which 
can be actually physically observed. Infinitely 
many postulates may be devised which will all be 
equally valid and equally well established by the 
conditions which have been described, and which 
are the only conditions which are available for de¬ 
fining an energy flow.” • 

Doctor Slepian chooses not to elaborate on 
this point but allows it to appear as an in¬ 
cidental corollary, the relevancy of which is 
not disclosed in lie paper. But Mr. Wag¬ 
ner, who presented Doctor Slepian’s paper 
in the author’s absence, and one of the 
engineers who took part in the discussion 
indicated that current interest in the mecha¬ 
nism of flow of electric energy has been 
aroused among engineers by its having been 
injected into certain regulatory Federal 
Power Commission cases,* in which decision 
turns upon the tracing of energy flows in a 
network. Doctor Slepian appeared as an 
expert witness in these cases and presented 
testimony for some 22 days regarding the 
flow of energy according to various energy- 
flow "postulates.” 

* It seems likely that the cases referred to (one of 
which is still pending before the commission) were 
Federal Power Commission dockets IT-5,563 and 
IT-6,565. 

AIEE Transactions 




The full implications of the quoted state¬ 
ment become clearer from a consideration 
of Doctor Slepian’s sworn testimony in the 
above cases. The following statements are 
noteworthy: 

"There is no location in the geographic sense to 
the energy per se. You may calculate a cer tain 
energy by means of certain measurements made of 
objects having certain locations in space, but that 
does not mean necessarily that the energy resides 
there.” (Slepian, FPC docket IT-5, 563, transcript 
page 3,011, line 10.) 

"The best location I can find for the energy, if I 
must have one, is in the mind of the calculator, 
strange as that may sound, if you must have a loca¬ 
tion.” (Slepian, FPC docket /T-5,563, transcript 
page 3,012, line 10.) 

The Federal Power Commission sum¬ 
marized Doctor Slepian’s testimony regard¬ 
ing application of his views as to energy 
flow in a formal opinion (FPC docket IT- 
5,665, opinion 75, page 27), as follows: 

"Such a method, it was admitted, [italics by the 
discusser], would permit allocating to a generator 
in Hartford, Conn., the supply of a load in Shanghai, 
China, and to the Shanghai generator the supply 
of the load in Hartford, if such equality were ob¬ 
served, notwithstanding the fact that the Hartford 
generator appears to be electrically connected to 
the load in Hartford and the Shanghai generator to 
the load in Shanghai, while there appears to be no 
electrical connection between Shanghai and Hart¬ 
ford.” 

This is interesting as mathematical specu¬ 
lation, but, if considered as applicable to the 
physical world in which power companies 
operate, a theory of energy flow leading to 
such results would raise question as to a 
utility’s legal right to collect money for 
electric energy used by its customers. 

A certain difficulty of understanding 
Doctor Slepian’s paper is due to the nota¬ 
tion and may be clarified by an examination 
of section V, "Example of Failure of Simple 
VI Postulate.” Discussing the case of a 
varying current flowing in a conductor 
having inductance but no resistance, he 
says: 

"Hence if the simple VI postulate is valid, there 
should be appearing in the section an increasing 
amount of some form of energy, such as heat, for 
example. But no such energy appears there! The 
simple VI postulate failsl” 

The explanation—his assumptions make it 
fail! By hypothesis, V is a scalar quantity 
determined by the location of point charges. 
It therefore excludes potential caused by 
induction. Doctor Slepian is simply point¬ 
ing out that the Vi product excludes energy 
stored by induction. The "V” and as 
used in his paper are not, therefore, to be 
confused with the corresponding Poynting 
vector quantities nor with the instantaneous 
values of potential difference and current 
which the engineer uses in the ordinary 
differential equations of electric circuits. 
Statements regarding the inexactness of the 
simple " VI postulate” should not, therefore, 
be interpreted as proving or disproving the 
exactness of the differential equations of 
electric circuits ordinarily used by electrical 
engineers. 


S, W. Roland (Arlington, Va.) and J. J. 
Jessel (Falls Church, Va.): Doctor Slepian 
states that "the conditions which a valid 
postulated electric energy flow must satisfy 
... are insufficient for its unique determina¬ 
tion. An analysis of this statement first 
requires that the term "postulated electric- 
energy flow” be defined. 
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The author obviously makes no distinc¬ 
tion between measured and postulated 
electric-energy flows; that is, between 
energy flows that are continuously being 
measured and recorded at numerous points 
throughout an electric-power system and 
postulated flows which may be arbitrarily 
assumed for analytical purposes to exist at 
any point in space. He takes no cognizance 
of the fact that measured energy flows on 
the transmission and distribution circuits of 
a power system arise from consumer de¬ 
mands for electric power and that postulated 
flows, wholly independent of those demands, 
arise only when and if they are introduced 
by the analyst. 

If one grants this distinction between 
measured and postulated electric-energy 
flows, it is evident that the question of 
uniquely determining energy flows on a 
power system concerns itself only with 
measured energy flows, particularly when 
such determinations are made in connection 
with legal proceedings. The term “energy 
flow” is a convenient expression used or¬ 
dinarily to denote the transfer, transmission 
or conveyance of electric energy by electric 
currents. 

The second question involved in the afore¬ 
mentioned statement by Doctor Slepian 
then becomes: * * Can a unique determination 
be made of the measured electric-energy 
flows on a power system?” Before proceed¬ 
ing with an analysis of this question, it 
should be pointed out that it is common 
practice for electrical engineers to prepare 
diagrams showing both the magnitude and 
direction of power flows on the circuits of 
electric-power systems. 

The 1942 edition of the “American 
Standard Definitions of Electrical Terms” 
includes the following definitions: 

A-c transmission is the transfer of electric energy by 
alternating current from its source to one or more 
main receiving stations for subsequent distribution. 

Radial feeder is a feeder supplying electric energy 
to a substation or feeding point which receives 
energy by no other means. (The normal flow of 
energy in such a feeder is in one direction only.) 

Interconnection tie is a feeder interconnecting two 
electric supply systems. (The normal flow of 
energy in such a feeder may be in either direction.) 

Power is the time rate of transferring or transform¬ 
ing energy. 

Wattmeter is an instrument for measuring electric 
power. 

The above definitions indicate clearly that 
the Sectional Committee on Definitions of 
Electrical Terms under the sponsorship of 
the AIEE, "representing some 33 organi¬ 
zations, including national engineering, 
scientific and professional societies, trade 
associations, government departments, and 
miscellaneous groups,” recognizes that 

1. Electric energy is transferred by electric cur¬ 
rents from its source to points of consumption. 

2. At any instant electric energy is transferred in 
a single ascertainable direction. 

3. The time rate of such transfers can be measured 
by means of wattmeters. 

Whether or not the afore-mentioned de¬ 
finitions are considered by the "trained 
mathematician” to be naive, they do, never¬ 
theless, in the words of their authors, "ex¬ 
press for each, term the meaning which is 
generally associated with it in electrical¬ 
engineering work in this country.” It can¬ 
not be truthfully said that the authors of 
these definitions are "lay engineers.” 
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The ascertainment of the magnitude and 
direction of energy flow on a circuit of a 
power system by means of appropriate in¬ 
struments thus constitutes the unique de¬ 
termination of energy flow for that particu¬ 
lar circuit. Ip many cases this information 
is sufficient to enable the engineer to make 
the unique determination of the energy flows 
from the various generating stations to the 
various loads on the system. In other cases, 
however, a knowledge of the magnitude and 
direction of energy flow in each circuit of a 
network may not suffice to enable the engi¬ 
neer to establish uniquely a continuity of 
individual flows from one circuit to another 
from a particular source to some specified 
point on the system. To illustrate, assume 
that each of several transmission circuits 
delivers energy from a separate source to one 
end of a substation bus; also, that several 
feeder circuits connected at the other end of 
the bus transmit energy to a number of 
distribution points. From which particular 
source or sources is each distribution center 
supplied? This question is a particularly 
sterile one to the engineer; yet it has been 
propounded to a number of engineers in 
legal proceedings involving the transmission 
of electric energy in interstate commerce. 
It appears that a solution to this question 
appropriate to jurisdictional problems in¬ 
volving the transmission of electric energy 
in interstate commerce will ultimately be 
forthcoming from administrative bodies and 
from courts. Thenceforth the engineer can 
guide himself accordingly in treating with 
problems of this type. 


W. A. Lewis (Cornell University, Ithaca, 
N. Y.): I agree with Doctor Slepian in his 
derivation and his conclusions, as presented 
in this paper. However, from the stand¬ 
point of a reader whose background, in com¬ 
parison with Doctor Slepian’s, is somewhat 
more that of an engineer, and considerably 
less that of a physicist, I would express his 
conclusions in a different form. Doctor 
Slepian states that the VI postulate, as 
defined in the paper, is not generally valid 
when applied to any arbitrarily chosen 
volume in space, unless the additional term 
derived by him is included. I would prefer, 
to say that the VI postulate, without the 
correction term, is valid when applied to a 
properly chosen volume, the properly chosen 
volume being one for which, at every point 
of the bounding surface, either the Ei com¬ 
ponent of the electric intensity, as defined 
by Doctor Slepian, or the magnetic in¬ 
tensity H, is zero or perpendicular to the 
surface. With this restriction, the contribu¬ 
tion to the energy-flow normal to the surface 
provided by the correction term of Doctor 
Slepian becomes zero, so that the integral 
obtained by. the uncorrected VI postulate 
gives the entire energy flow through the 
bounding surface and therefore is com¬ 
pletely valid as applied to this surface. This 
is true for the following reasons. If Ei or 
H is zero, the correction term becomes zero. 
If either Ei or H is perpendicular to the 
bounding surface, the energy flow, propor¬ 
tional to the vector product of E% and H, 
xnust be perpendicular to both Ei and H 
and will therefore be tangent to the plane 
of the bounding surface. If the energy flow 
at the surface is zero, or if the direction of 
the energy flow is tangent to the bounding 
surface, the integral over the surface be- 
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comes zero, and the total correction term is 
therefore zero. 

If this concept is applied to the examples 
cited by Doctor Slepian, it will be found that 
the volumes selected in the examples con¬ 
form to the restrictions just given, when¬ 
ever the unmodified VI postulate is valid, 
and do not conform whenever Doctor 
Slepian finds it to be invalid. The electrical 
engineer, in treating energy flow, generally 
obtains correct results because the bounding 
surface conforms to the restrictions imposed 
even though the engineer may not have been 
entirely conscious of that fact in planning 
the connections of his meters. 

With these facts in mind we may say that 
Doctor Slepian has shown how the VI 
postulate may be corrected whenever the 
volume over which we wish to apply it does 
not conform to the stated restrictions. 

The idea that the bounding surface in¬ 
volved in a problem must be specially chosen 
is not confined to the uncorrected VI postu¬ 
late. For example, the Maxwell scalar 
potential given by equation (1) of the paper 
is obtained by integrating over all spaces, as 
stated by Doctor Slepian. As a matter of 
fact, the integral may be correctly obtained 
if it is extended only over all charges which 
are sufficiently close to the point in question 
or sufficiently large to provide a contribu¬ 
tion to the potential integral. Any surface 
so selected that it includes all pertinent 
charges will enclose a suitable specially 
selected volume over which the integration 
may be carried out. 

One additional caution must be exercised 
in the practical application of the VI postu¬ 
late, in the unmodified form. Since V (of 
the VI) is actually V m the Maxwell scalar 
potential, referred to a single common ref¬ 
erence, care must be exercised to insure 
that the potential used, and impressed on 
the wattmeter potential coils, actually 
corresponds to V m . As V m at any point is 
obtained by taking the line integral of Ei 
from the arbitrary potential reference point 
to the point in question, care must be used 
to select the reference point so that £2 makes 
no contribution to the potential, or that it 
makes the same contribution to the poten¬ 
tial at every point of the bounding surface 
whore the current density is not zero, so that 
its effect will cancel when the complete 
integral is formed. The last follows because 
the total current flow normal to the surface 
of any closed volume is zero. 

If the bounding surface is so selected that 
Ei is zero or perpendicular to the surface at 
every point, the point of reference potential 
may be any point in the surface, and the 
paths of integration from the reference point 
to points where the several conductors cross 
the bounding surface may follow any path 
lying in the surface. Further care must be 
exercised, however, if some portion of the 
bounding surface has been selected perpen¬ 
dicular to if instead of E%, since E% may then 
have a component tangent to the surface 
which .might then contribute to the V m 
integral if the path! of integration passes 
through such a portion of the surface. 

Myron Zucker (The Detroit Edison Com¬ 
pany, Detroit, Mich.): This paper is im¬ 
portant in its implications as to power- 
system interconnections, including questions 
pf where the power generated in one station 
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is consumed either through conductive 
transfers or by wireless methods. 

It is unfortunate that the conventional 
analysis of this problem is treated so con¬ 
descendingly in the paper. While it is true 
that the "Vi” postulate is tenable only 
under certain boundary conditions, these 
conditions are perfectly reasonable and are 
understood by the engineer in solving his 
problems. They are the same type of 
restrictions that must be set up in any 
scientific analysis and are similar to some of 
the assumptions that the author has had 
tacitly to make in his more general deduc- 
. ions. 

The impression of the argument is also 
not improved by the neglect of resistance 
loss in the second example, when it pro¬ 
vided the entire “sink” for energy in the case 
of discharging the sphere. Everybody 
knows that resistance loss accounts for an 
appreciable portion of the energy in the 
case of flow along wires, and it would seem 
as easy—and much more convincing—to 
admit that this occurs but to point out that 
it could not begin to satisfy the energy 
input under the conditions laid down by the 
author. To the layman (speaking from the 
mathematician’s heights) who would have 
occasion to follow the analysis, the case 
would be much stronger for this modifica¬ 
tion. 

At any rate, the paper shows definitely 
that there is more to the story of energy 
flow than simply adding together a few 
wattmeter readings. 


Joseph Slepian: I wish to thank the three 
discussers from Washington for their re¬ 
marks, which so well bring out and empha¬ 
size the major points of my paper: namely, 
that there are infinitely many, equally valid, 
energy-flow postulates and that the particu¬ 
lar one frequently used by power engi¬ 
neers gives correct results as usually applied, 
for usual engineering purposes on power 
systems, but needs a correcting term to have 
the universal validity of the other widely 
used postulate, namely, the Poynting 
vector, and the many other valid postulates 
which may be and have been devised. 

As Mr. Bennett brings out, electrical 
quantities are observed, defined, and even 
measured by the effects which are asso¬ 
ciated with them. In the case of electric- 
energy flow, these effects are the appearance 
of electric energy at generating points and 
the disappearance of electric energy at 
consumption points. All energy-flow postu¬ 
lates which are valid associate properly 
with and may be said to produce these ob¬ 
served effects. In this sense, all the various 
valid energy flows are equally well observed. 

In his third paragraph, Mr. Bennett 
presents the interesting family of valid 
energy-flow postulates given by P$ = 
(V+a)I, where a is an arbitrary constant. 
The convention as to the zero of potential 
most generally accepted by power engineers 
is to take the earth as having zero potential. 
With this convention, the VI postulate 
makes the energy flow in any conductor 
proportional to its voltage relative to earth, 
If one conductor of a normally ungrounded 
three-phase system is grounded, the energy 
flow in that conductor according to the VI 
postulate is zero, and the reading of a watt¬ 
meter with potential coil connected to that 
i line and ground is also zero. With a bal¬ 
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anced load, the wattmeters in the other two 
lines show different readings, and one may 
even read in the opposite direction to the 
other. Nevertheless, the engineer will add 
up these readings, knowing that they will 
serve properly for the usual proper purposes 
for which valid energy-flow postulates are 
applied by power engineers. 

Now Mr. Bennett points out that we may 
equally well take the neutral point of the 
system as the zero of potential. This will 
shift all potentials of the system by a con¬ 
stant a. AU wattmeters will now give 
different readings and indicate different 
postulated energy flows in the individual 
lines. Nevertheless, as Mr. Bennett says, 
these different energy flows lead to the same 
results for usual proper purposes. This is 
because Pj = (F+a)7 is a valid energy- 
flow postulate. As Mr. Bennett says so well 
in his fourth paragraph, the engineer is 
indifferent as to the detailed individual 
energy flows asserted by the particular 
postulate he uses, so long as it meets his 
needs in "his use and control of electric 
energy.” 

I am very glad that Mr. Bennett referred 
to the Federal Power Commission hearings 
at which I served as an expert witness. The 
transcripts of these hearings make very 
interesting reading and may be obtained 
from Elecreporter, Inc., Washington, D. C. 
My own testimony in IT- 5,563 runs from 
page 1,458 to 1;669 and from page 2,264 
to 3,890. In IT-5,565 my testimony runs 
from page 2,102 to 2,242. 

At the hearing (in IT-5,563), serving as 
expert witnesses and expressing opinions 
essentially similar to my own, in so far as 
they were permitted by the extraordinary 
rulings of the examiner, were R, S. Shank- 
land, head of the physics department at the 
Case School of Applied Science; W. A. 
Lewis, head of the electrical engineering 
department at Cornell University; R. W. 
Sorensen, head of the electrical engineering 
department at California Institute of Tech¬ 
nology, and past president of this Institute; 
V. Karapetoff, emeritus professor of electrical 
engineering at Cornell University. Also 
ready to testify, but not permitted by ruling 
of the examiner, was J. Stratton, professor 
of physics at Massachusetts Institute of 
Technology. 

These hearings were carried on professedly 
following the procedure of a law court. The 
aim and purpose of the cross-examining 
attorneys was not the discovery and elu¬ 
cidation of the truth but quite definitely and 
solely the winning of their side of the case. 
Hence the questions put were designed as 
far as possible to elicit replies which might 
sound bizarre and strange to technically 
less expert people. Apparently the best of 
such replies which Mr. Bennett could find 
are given in his seventh paragraph. These 
quotations from my testimony are correct 
and are my well-considered opinion now. 
However, to understand them properly, 
they should be read in the context of the 
hearings at which they were given and 
particularly in relation to the questions to 
which they were answers. Space does not 
permit me to supply this context here, and 
the reader is referred to the available tran¬ 
scripts of the hearings. 

The Federal Power Commission’s opinion, 
given ih the eighth paragraph of Mr. Ben¬ 
nett’s discussion, shows a complete mis¬ 
understanding of my testimony at Hartford, 
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Conn., and misquotes it by the omission of 
a very important qualifying word. 

Also, in this eighth paragraph, Mr. Ben¬ 
nett implies that the legal right of a utility 
to collect money for electric energy used by 
its customers somehow depended on the 
validity or invalidity of particular energy- 
flow postulates, presumably because some 
energy-flow postulate might show this 
energy as not deriving from some generator 
belonging to the utility. This is absurd. 
I say that my news dealer supplies me with 
my newspaper and pay him for it without 
thereby implying that he himself publishes 
it or creates it. In the same way I say that 
my light company supplies me with electric 
energy and pay my monthly bill, without 
implying or needing to be shown that the 
energy I consume does actually and recog¬ 
nizably come from some particular generator 
owned by my light company. That is a 
matter of indifference to me and, I think, 
has been made sufficiently clear in the last 
example of my paper. 

In Mr. Bennett’s last paragraph he im¬ 
plies that the potential V which I used is 
not the potential used by electrical engi¬ 
neers. This is not true. The potential V 
is the reading which a voltmeter would give 
if connected from a point in the line to the 
ground directly below. VI is the reading 
which an instantaneous wattmeter would 
give, if connected into and to the line at any 
point. The example given is one in which 
the assumption that electric energy flows 
only in conductors and is given by watt¬ 
meter readings there fails. The correcting 
term, which I have described in my paper 
and which gives a zero contribution in usual 
applications of electrical engineers, cannot 
be neglected in this example. 

Roland and Jessel, who like Mr. Bennett 
are Federal Power Commission employees, 
try to distinguish between “postulated” and 
“measured” energy flows on a power system. 
By the “measured” energy flow in a line, I 
presume they mean the reading of a watt¬ 
meter connected to and into the line in 
question. 

Now a wattmeter is an instrument with 
two pairs of terminals connecting respec¬ 
tively to two coils and so designed that its 
moving element is deflected by an amount 
which is a function of the average value of 
the product of the voltage applied to the 
one pair of terminals and the current flowing 
into the one and out the other ctf the other 
pair of terminals. If the first pair of ter¬ 
minals is connected, one to the line and the 
other to ground, and, if the second pair of 
terminals is connected in series relation into 
the line, then the wattmeter will read the 
average value of the product of the voltage 
of the line and the current in the line. 
About this there is no question. The watt¬ 
meter will read and thus measure the aver¬ 
age value of VI for the line. But now when 
we assert that this average value of VI 
measured by the wattmeter is an electric- 
energy flow in the line, we make a postulate, 
which can only be justified, and that not 
uniquely, by showing that it does fulfill 
the only observable requirements,* proper-' 
ties, or effects of a valid energy-flow postu¬ 
late, namely that it does carry away from 
sources the proper amount of energy and 
bring to loads the proper amount of energy. 

Now, subject to the correction developed 
in my paper, the VI postulate is a valid one, 
and wattmeters, properly connected to read 
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VI, do measure energy flow according to the 
VI postulate. But Mr. Bennett has pointed 
out that wattmeters may also be connected 
to read (7+a)/, where —a is the potential 
of the neutral of a three-phase system to 
ground. Asserting the existence of an 
energy flow in lines given by (7+a)J is 
also a valid energy-flow postulate (again 
subject to the correction of my paper), anH 
hence we may say that wattmeters so con¬ 
nected measure the energy flow according 
to the ( V+a)I energy-flow postulate. 

In general, for any energy-flow postulate 
we may devise an instrument for measuring 
the quantities entering into the postulate, 
making the appropriate calculations with 
them, and exhibiting the result. Such an 
instrument may be said to measure the 
energy flow according to that energy-flow 
postulate. In general, for an arbitrary 
energy-flow postulate, the instrument will 
be much more complicated than the watt¬ 
meter. This, however, does not affect the 
principles involved in the question. The 
distinction which Roland and Jessel at¬ 
tempt to make between postulated and 
measured energy flows is without meaning. 

In the last sentences of their discussion, 
Roland and Jessel reveal their understand¬ 
ing of the lack of physical meaning which 
is to be attached to questions to which 
different but equally valid • energy-flow 
postulates give different answers. After 
describing a not particularly complicated 
system of several generators and several 
loads connected together, they ask, “From 
which particular source or sources is each 
distribution center supplied?” They anwer, 
“This question is a particularly sterile one 
to the engineer.” Of course it is sterile. 
There is no one answer. Various energy- 
flow postulates, all equally valid, will give 
different mutually contradicting answers. 
They suggest that the answer will be forth¬ 
coming from administrative bodies and 
from courts. It is our duty as members 
of the engineering profession to ensure as 
far as possible that these bodies and courts 
will be technically well advised. 


A New Multiple High-Speed 
Air Circuit Breaker for 
Mercu ry-A rc-Recti fier 
Anode Circuits and Its 
Relation to the Arc- 
Back Problem 


Discussion and author's closure of paper 
42-139 by J. W. Seaman and L. W. Morton, 
presented at the AIEE summer convention, 
Chicago, III., June 22-26, 1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, 
November section, pages 788-96. 


Otto Jensen (I-T-E Circuit Breaker Com¬ 
pany, Philadelphia, Pa.): The authors 
have made a very thorough study of and 
have described in minute detail the con¬ 
ditions which exist in rectifier installations 
during backfires. Their conclusions re¬ 
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garding the advantages obtained by using 
anode circuit-breaker protection are clear 
and obvious. The initial effort to build 
anode circuit breakers for rectifier protection 
has developed to such an extent that there 
are now, installed and in successful service, 
188 large rectifier units protected by I-T-E 
breakers; 148 more units are being in¬ 
stalled, and 175 additional breakers are in 
production. We then have a total of 511 
units of anode circuit breakers protecting 
rectifiers made by all of the three manu¬ 
facturers. This means that there are 1,128 
poles in operation, 888 poles being installed, 
and 1,050 poles now in production, a total of 
3,066 poles. With these figures in mind we 
must realize that the anode-breaker protec¬ 
tion scheme is not new. 

We note in Figure 4 of the paper that the 
customary high-voltage oil circuit breakers 
for the protection of the rectifier trans¬ 
former are still advocated, and, from para¬ 
graph 3, in the conclusion, that the main¬ 
tenance of the a-c power circuit breaker is 
reduced, because the circuit breaker is no 
longer required to do any work. 

Our opinion maybe a little biased, but 
we do not see any reason for installing a 
piece of electric equipment which has no 
duty to perform, particularly in times like 
these when our manufacturing facilities 
could certainly be better utilized if they were 
devoted to the manufacture of necessary 
equipment. We can however, understand 
the fact that, if an oil circuit breaker has no 
duty to perform, it is not a too undesirable 
piece of equipment. 

We note from Figure 10 of the paper that 
the initial rate of rise of anode circuit 1 is 
approximately 6,300,000 amperes per sec¬ 
ond, and the initial rate of rise for anode 5 is 
9,000,000 amperes per second. We assume 
that the steeper rate of rise for anode 5 is 
due to the d-c saturation of the transformer 
core caused by backfiring current of anode 1. 

We do not understand the quarter-cycle 
delay in the reversal of the cathode current. 
If this is a typical condition, it further em¬ 
phasizes the undesirability of cathode 
switching, because there is evidently a 
quarter-cycle delay before the cathode 
breaker would “know” that a backfire had 
occurred, and consequently the opening of 
the cathode breaker has been unnecessarily 
delayed. 

Evidently, any number of backfires could 
have occurred up to the time that the 
medium-speed cathode breaker opened the 
circuit, and evidently the successive back¬ 
fires are increasingly severe. We therefore, 
raise the question: Would it not be highly 
desirable to use a high-speed rather than a 
medium-speed cathode breaker in order to 
cut down the time interval in which sympa¬ 
thetic backfires could occur? 

We notice the statement that the artificial 
backfires are more severe than the natural 
backfires because of the limiting effect of 
the arc drop in the rectifier element. This 
statement does not seem to be substantiated 
by the oscillographic record in Figure 10 
of the paper, because the natural backfire in 
anode 5 is more severe than the artificial 
backfire in anode 1 both as to the amount 
of current and the elapsed time. 

Great stress has been laid upon the design 
feature of the circuit breaker which prevents 
it from opening on any amount of forward 
current. We see no particular advantage in 
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Figure 1. Backfire 
on rectifier 37 -B 
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this. We believe a safer installation would 
have resulted had the breaker been de¬ 
liberately designed so that it would not open 
up under the amount of forward current 
supplied by the anodes in the companion 
tank during backfire but would open up 
under forward anode current produced by 
the healthy anodes in case of a direct short 
circuit pf one rectifier. 

I-T-E oscillograph 7699 might better 
illustrate this point. A backfire was made 
on rectifier 37-5, and rectifier 37-A is the 
only other source which could feed the fault. 
Under this condition, the forward current 
which can be furnished by any other rectifier 
on the bus becomes the greatest obtainable 
from any one rectifier anode. Rectifier 
37 -A anode breaker did not trip, and this 
rectifier, therefore, continued to feed the 
d-c bus. If a short circuit had been applied 
to the bus, we know from a-c tests of our 
breaker that it would have tripped if any 
of the anodes had contributed more than 
30,000 amperes to the fault, thereby fur¬ 
nishing high-speed short-dircuit protection. 

We cannot agree with the statement on 
the basic requirements that the breaker 
would be fully acceptable if it limited the 
fault current in one half-cycle. We feel 
that a quarter-cycle circuit breaker is more 
desirable than a half-cycle circuit breaker 
and that a tenth-cycle circuit breaker is 
certainly more desirable than a quarter- 
cycle breaker. Our oscillogram 11, pub¬ 
lished in AIEE paper 42-38 entitled "A 
Fast Circuit Breaker,” 1 shows the com¬ 
parison between a half-cycle breaker and a 
quarter-cycle breaker. 

Inaslnuch as all the rectifier and circuit- 
breaker manufacturers now agree that the 
anode-breaker protection scheme is the 
most desirable, and since this scheme is 
based on ultrahigh speed operation, why 
isn’t it good engineering to use the fastest 
circuit breaker known in the art? 

REFERENCE! 

1. A Fast Circuit Breaker, D. I. Bohn, Otto 
Jensen. AIEE Transactions, volume 61, 1942, 
March section, pages 165-8. 

H. Winograd (Allis-Chalmers Manufactur¬ 
ing Company, Milwaukee, Wis.) : The 
authors have presented a lucid exposition 
on the arc-back problem in rectifiers and the 
requirements for protection. Additional 
comments on this subject will be made here. 

The arc-back tendency of a rectifier is 
related to the current and voltage rating 
and circuit constants by two basic factors: 

l..j The residual ionization in the vicinity of the 
anode at the conclusion of its firing period; 
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2. The magnitude of the negative voltage appear¬ 
ing between the anode and cathode at that instant. 
This may be termed the recovery voltage (see 
Figure 2 of this discussion). 

At the completion of the firing period, the 
residual ions are drawn toward the anode 
surface by the negative voltage gradient, 
causing the flow of a small “inverse” cur¬ 
rent. The magnitude of this current de¬ 
pends on the density of ionization and the 
value of the recovery voltage. If the in¬ 
verse current density at any point on the 
anode surface becomes sufficiently high, a 
cathode spot and arc discharge may be initi¬ 
ated. This is one of the generally accepted 
theories on the causes of arc-backs. Arc- 
backs resulting from this cause would be 
most likely to occur at the end of the firing 
period of the anode. Investigation made 
in one rectifier installation indicated that 
most arc-backs do occur at that part of the 
cycle. The random nature of such arc- 
backs is probably related to the distribution 
of the forward current at the surface of the 
anode, which would affect the density of 
residual ionization. 

It is obvious that the higher the load 
current and operating voltage, the greater 
would be the inverse current of a rectifier 
and its tendency to arc-backs. 

This might also offer an explanation of 
the effect of circuit constants such as the 
transformer and a-c system reactances on 
the tendency to arc-backs, mentioned by 
the authors. The commutating reactance 
determines the length of the commutating 
period for the anodes. The higher the com¬ 
mutating reactance, the larger- is the com¬ 
mutating period, and the more gradual is 
the decay of the anode current. This pro¬ 
vides more, time for deionization, and the 
density of residual ionization is thereby re¬ 
duced. On the other hand, the longer com¬ 
mutation period results in a higher recovery 
voltage at the end of the firing period. The 
two effects are opposite in their relation to 
arc-backs. The net effect would probably 
depend on the speed of deionization while 
the current is declining, that is, on the design 
of the rectifier. 

It is well known that, the more the firing 
of the anodes is retarded, by grid or firing 
control in order to reduce the d-c voltage 
of a rectifier, the greater is the tendency to 
arc-backs. This also can be explained on 
the basis of residual ionization and recovery 
voltage, 

The greater the retardation of the firing 
period, the higher is the recovery voltage, 
and the shorter the commutating period, 
which would increase the residual ionization. 
The inverse current would therefore be in¬ 
creased by both factors. 
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Another point of interest in connection 
with arc-backs, not mentioned by the 
authors, is the effect of the point in the 
cycle at which an arc-back occurs on the 
rate of rise of the current to the faulty anode 
and the value of current reached in one- 
half cycle. The highest value is obtained 
if the arc-back starts at the completion of 
the forward firing period. It becomes pro¬ 
gressively smaller as the arc-back point is 
moved back along the reverse voltage wave. 
Beyond a certain point, depending on the 
circuit constants, the current would drop to 
zero, and the anode could fire in the forward 
direction. Arc-backs occurring during 
that part of the cycle might extinguish 
themselves without tripping the breaker. 
These are called "silent” arc-backs. 

It would be of interest to add a historical 
note relating to the introduction and de¬ 
velopment of the high-speed anode breakers. 
Credit for this development in the protection 
of rectifiers is due to D. I. Bohn, electrical 
engineer of the Aluminum Company of 
America. In 1938, the first rectifiers used 
in this country for production of al uminum 
were put in operation at the Alcoa and 
Massena plants of the Aluminum Company. 
These had the conventional protective 
system—a-c breakers on the primary side of 
the transformers and high-speed cathode 
breakers. 

In 1939, when the Aluminum Company 
decided to order rectifier equipment for 
another pot line at Alcoa, Mr. Bohn (being 
unfettered by tradition) proposed using 
anode breakers, in order to eliminate oil 
circuit breakers for the individual rectifier 
units. As engineer representing the manu¬ 
facturer of the rectifiers, the writer readily 
agreed, since the advantages of the protec¬ 
tion of the rectifier equipment were obvious. 

As there was no high-speed breaker of this 
type available, Mr. Bohn proceeded to 
develop one himself. The writer had the 
pleasure of assisting him on the tests of this 
breaker. The I-T-E Circuit Breaker Com¬ 
pany co-operated in this development. The 
rectifier equipment with the anode breakers 
was placed in operation in the spring of 1940. 

This installation included other features 
relating to the design of transformers, pro¬ 
tection, switching, layout, and cooling, 
which set the pattern for many subsequent 
rectifier installations in the electrochemical 
industries, as described in some of the other 
papers presented at the summer convention 
of the AIEE. 

This is a tribute to the good judgment 
and foresight of an engineer in an important 
industry, and it again points to the benefits 
derived from dose co-operation and ex¬ 
change of ideas between engineers of oper¬ 
ating and manufacturing companies. 
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Figure 6 (below). Grid-controlled mercury-arc 
rectifiers rated 2,750 kw, 600 volts, direct 
current each, in electrolytic metal reduction 
plant 


Anode breakers and anode- reactors in 
• background 
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A —Current 
B —End 

C—Duration of short circuit 
D—Start 

E —Voltage before short circuit 
F— Start of short circuit 
G —Current zero 

H—Voltage calibration 112 volts 
/—Voltage zero 

J— Primary-current calibration 5,000 amperes 
K— Current in transformer primary winding 
L —Voltage after short circuit 
M —Current during short circuit 
N —End of short circuit 
O—Current calibration 15,000 amperes 


One anode short-circuited to cathode 
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Figure 3. Short-circuit test on l-T-E six-pole 
type-Ll air breaker together with 0-46 
rectifier 625 volts, 1,360 amperes, 850 kw 

O. K. Marti (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis.): The authors 
of this paper deserve a great deal of credit 
for having submitted an excellent outline 
and valuable data illustrating the arc-back 
phenomenon, as well as interesting design 
material on a new anode breaker. During 

Figure 5. 850-kw 625-volt automatic rectifier 
unit 


WATER 
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Figure 4 (above). 
Test of anode air 
breaker l-T-E type LL 


the last few years considerable attention has 
been given to improving means for anode 
.switching in order to minimize the effect of 
backfires. During the last winter conven¬ 
tion of the AIEE a paper was presented by 
D. I. Bohn and Otto Jensen referring to the 
development of "A Fast Circuit Breaker,” 
which has been used successfully in con¬ 
nection with many rectifiers. 

It is felt that the following notes con¬ 
cerning the earlier pioneering history of 
anode-breaker development may also be of 
interest to many engineers. 







































Figure 7. Two di- 
rectair-cooled multi¬ 
anode rectifiers, each 
rated 300 lew, 600 
volts direct current 
with common six- 
pole anode breaker 


In 1931, we were asked to prepare data in 
connection with the modernization of an 
electric-railway system, using mercury- 
arc rectifiers of medium capacity. During 
the early stage of this investigation it was 
found that the cost of the a-c switching 
equipment was quite out of line compared 
to the cost of the total equipment, because of 
the high voltage of the power circuit from 
which the rectifiers would have to be fed. 
The study showed that a very economical 
and satisfactory installation fully protecting 
the rectifiers could be obtained by using six 
single-p'ole d-c breakers for the anode leads 
and replacing the relatively costly a-c line 
breakers. 

To determine the feasibility of such a 
scheme, the necessary equipment was set 
up in the factory in order to test a six-pole 
breaker made up from standard d-c breaker 
elements. The testing equipment consisted 
of a 3,700-kva rectifier transformer with 
interphase transformers, a six-anode recti¬ 
fier, a short-circuiting device, and a load 
rheostat, and so forth (see Figure 3). Dur¬ 
ing these tests the six-pole breaker was first 
closed and the rectifier brought up to a load 
of about 350 kw on a water rheostat. Then 
several short circuits were applied, first 
between one anode and cathode and second 
between cathode and the transformer neu¬ 
tral. In all of these tests the breaker inter¬ 
rupted in less than six cycles (see Figure 4), 
and the contacts showed practically no 
signs of pitting or burning so that the 
breakers could be shipped without changing 
the contacts. One of the installations 
equipped with such anode breakers and 
without an a-c line breaker is shown in 
Figure 5. Excellent service was obtained, 
and, considering that this breaker was not 
designed for such an application, the results 
were very encouraging. 

It was not until 1939 that an occasion 
arose to use this scheme in a large plant. 
However, for this application, a specially 
designed anode breaker was employed. 

Figure 0 shows the first installation of 
these anode breakers, described by Bohn 
and Jensen, in a plant with a number of 
rectifiers connected in parallel. The 
breakers in this installation are called on to 
interrupt not only the regular backfire 
current, but also the current component fed 
from the rectifiers connected in parallel. 
In the above case the installation consisted 
of 12 4,500-ampere units. 

Figure 7 shows one of two recently in- 
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stalled substations of a 600-kw air-cooled 
rectifier unit which has as its Only protection 
a six-pole anode breaker. This application 
of anode switching has also given excellent 
service fpr over a year. 


J. W. Seaman and L. W. Morton: The 
authors are pleased to note the unanimity 
of agreement, that advantages obtained by 
using high-speed anode switching are clear 
and obvious. It was especially the purpose 
of part I, "Analysis of the Arc-Back Prob¬ 
lem” to make a record of the reasons for • 
these advantages. As Mr. Jensen states, 
high-speed anode-breaker protection is not 
new, but it is, however, the latest method 
for protection from arc-back, and, in the 
authors’ opinion, superior to several other 
methods. 

Use of anode switching to protect from 
arc-back is by no means a substitute for 
adequate a-c power-circuit-breaker pro¬ 
tection of the rectifier transformer from 
internal faults or short circuits. Inciden¬ 
tally, the authors did not specify oil circuit 
breakers, preferring to use the broader 
description, "a-c power circuit breaker,” 
Wide engineering acceptance is given to 
the practice of protecting any transformer 
of substantial rating (and many rectifier 
transformers are as large as 7,000 kva), by 
means of its own a-c power circuit breaker. 
Such a power breaker does have a duty to 
perform, and that is to protect its associated 
transformer from extensive damage caused 
by internal faults and to assure continuity 
of production by clearing such faults from 
the system instantly. It is quite conceiv¬ 
able that with less than adequate a-c power- 
circuit-breaker protection faults other than 
arc-back might produce damage to appara¬ 
tus and loss of war production, far out of 
.proportion to any that could be made by 
omitting a-c switchgear. 

It is likely that transformer saturation 
did contribute to the higher rate of rise for 
the anode involved in the natural arc-back 
in Figure 10 of the paper* In addition, the 
inductance of the short-circuiting cable in 
circuit 1 may have had some effect. A 
further contributing cause may have been 
the exact time that the short-circuiting 
breaker contacts happened to close. It is 
believed that the contacts dosed slightly 
after the end of conduction in circuit 1, 
during the test illustrated by Figure 10. 
A slight difference in time, even though 
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not detectable on the oscillogram, may re¬ 
duce the rate of rise and the ultimate short- 
circuit current. Other oscillograms in the 
same series of tests show higher current in 
circuit 1 than in other anodes involved in 
natural arc-back, and it is suspected that 
the main reason was that the short-circuit 
contacts closed earlier. 

The statement that artificial arc-backs are 
more severe than natural ones and therefore 
.err on the safe side, should be qualified by 
adding that the reactance and resistance in 
the short-circuiting cables must be kept to a 
minimum, and the comparison should be 
made using tests when the short-circuiting 
contacts closed before the end of forward 
conduction. 

The authors have noted the quarter- 
cycle delay in reversal in cathode current 
in tests illustrated by Figure 10 and in other 
tests also. No convincing explanation has 
been prepared. The delays were probably 
caused by some obscure inductive effect. 

It is true that any number of arc-backs, 
even up to all six anodes in the rectifier, 
could have occurred before the cathode 
breaker opened. It is also true that a high¬ 
speed cathode breaker rather than medium- 
speed breaker offers the maximum in pro¬ 
tection from sympathetic arc-backs. How¬ 
ever, actual experience proves that this is 
unnecessary. Seldom, with high-speed 
anode switching, do anodes in the other 
wye become involved in the arc-back. Fur¬ 
thermore, as is shown in Figure 10, the 
maximum reverse current from other recti¬ 
fiers on the same bus is periodically reduced 
by the opening of the anode-breaker 
switches whose anodes are in arc-back. 
Finally, this limited reverse current is usu¬ 
ally supplied and shared by all the other 
rectifiers so that the duty imposed on any 
one rectifier is far lower than its momentary 
overload capacity. 

The feature of this breaker which prevents 
it from opening on any amount of forward 
current makes the breaker applicable to a 
wider variety of installations. Referring to 
Figure 2 of the paper, it can be seen that 
forward current contributed by anodes 4 
and 6, reached values dangerously near such 
a low forward tripping current as 31,000 
amperes. There will be many applications 
when it is desirable to trip only the one 
anode which arcs back and not the cathode 
breaker at all. Such provision preserves 
continuity of service by allowing the recti¬ 
fier to remain in service on the remaining 
healthy anodes. This breaker also, as was 
pointed out, is designed to permit reclosing 
any open pole or poles, without interruption 
of service. This consideration alone justi¬ 
fies the "no trip on forward current” 
feature. Protection from short circuit on 
the rectifier is afforded by a discriminating 
overcurrent tripping mechanism in the 
medium-speed cathode breaker. 

The authors agree that the faster the 
interruption) the better the breaker for arc- 
back protection up to the point where volt¬ 
age surges are created. It has been ob¬ 
served that faster arc extinction than that 
employed in this breaker does give rise to 
such surges. Attention is called to the fact 
that no surges were observed during tests 
on the breaker described. Any improve¬ 
ment in speed of mechanically starting con¬ 
tact separation is safe and desirable, but 
this is not true of arc extinction. 

Dr. Marti’s discussion presents inter- 
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esting and valuable historical notes bearing 
on the subject. It furnishes a good ex¬ 
ample of the efforts engineers have mgde to 
solve satisfactorily the arc-back problem in 
the past and shows an appreciation of the 
advantages of anode breakers. Many such 
instances could be related by the various 
groups who have been working with power 
rectifiers. 

Mr. Winograd’s comments constitute 
valuable additional data regarding mecha¬ 
nism of arc-back to that presented in the 
paper. The point raised about the effect 
of the time in the cycle at which arc-back 
occurs, influencing the rate of rise and ulti¬ 
mate value of arc-back current, is particu¬ 
larly timely. This effect was noted in con¬ 
nection with the whole series of tests con¬ 
ducted on the anode breaker and is of suffi¬ 
cient importance to emphasize. 

Mr. Winograd is another who suggests 
that the anode breaker is a substitute for 
adequate a-c switchgear. Such a tendency 
seems dangerous to the authors, as it over¬ 
looks other sound and sufficient reasons for 
not omitting rectifier-transformer protec¬ 
tion. The many advantages of high-speed 
anode switching for arc-back protection 
alone, set forth m the paper, surely in 
theniselves justify the use of the breaker, 
and it is not necessary to resort to doubtful 
omissions to balance the scales. 


Ignitor Excitation Circuits and 
Misfire Indication Circuits 


Discussion and author's closure of paper 42- 
105 by A. H. Mittag and A. Schmidt, Jr., pre¬ 
sented at the AIEE summer convention, Chi¬ 
cago, III., June 22-26, 1942, and published 
in AIEE TRANSACTIONS, 1942, August 
section, pages 574-7. 

O. K. Marti (Allis-Chalmers Manufacturing 
Company, Wilwaukee, Wis.): This paper 
illustrates in a very interesting way what 
can be accomplished by approaching a prob¬ 
lem step by step in a systematic procedure. 
It is therefore of value not only in its par¬ 
ticular field but in a general way as well. 

In a paper, "Excitron Mercury-Arc 
Rectifiers," presented at the winter con¬ 
vention of the AIEE in 1940, 1 1 called atten¬ 
tion to some of the shortcomings of the in¬ 
termittent ignitor excitation scheme and 
discussed the continuous ignition-excitation 
system used in connection with the Allis- 
Chalmers single-anode Excitron rectifier. 
This paper was not very kindly received, 
especially the remarks regarding misfiring. 

The paper under discussion, now, however 
gives an outline of some interesting work 
directed mainly toward overcoming the 
very disturbing phenomena to which I drew 
attention in 1940 and to developing means 
for recording these distrubances. Since 
my paper was presented, we have seen the 
introduction of a holding and relieving anode 
in addition to the ignitor in the ignitron 
rectifier, as well as a rather complicated cir¬ 
cuit, in order to obtain faultless operation 
with reduced power consumption. This is 
the case in spite of the fact that the authors 
have greatly contributed to the simplifica¬ 
tion and successful operation of the ignitor 
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excitation system. On the other hand, in 
connection with the Excitron rectifier 
using continuous ignition excitation, it was 
possible during the last two years to sim¬ 
plify the circuit somewhat, as well as the 
rectifier tank, since for most services satis¬ 
factory operation is being obtained with 
one auxiliary anode used as an ignition and 
excitation electrode. The circuit of this new 
scheme is simpler than the one presented 
two years ago, and the phenomenon of 
misfiring does not have to be contended 
with. In this system, if the excitation 
should fail, it will be automatically restored. 
Since the auxiliary anode is removed fr om 
the mercury, any change in mercury level 
or metallization of the ignition-excitation 
anode does not have any detrimental effect 
in connection with the function of the ig¬ 
nition-excitation system. 

From the paper of J. H. Cox and G. F. 
Jones, “Ignitron Rectifiers in Industry," 8 
it can be seen that in connection with the 
ignitor rectifier a grid is located next to the 
anode for shielding. Such a grid is also 
used with the Excitron rectifier for phase 
voltage control, employing the well-known 
method commonly used in connection with 
multiple-anode tank rectifiers. Therefore, 
in order to regulate the output voltage, 
the ignition-excitation does not have to be 
disturbed as in the ignitron rectifier, which 
may lead to further misfiring, especially if 
the firing is delayed beyond the first half 
of the positive cycle. 
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J. H. Cox (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The authors indicate that the ignition 
impulse desired for ignitron excitation 
should be as steep as possible. This is true 
only within limits and may hold for mag¬ 
netic impulse circuits since it is impossible 
to attain really steep impulses with such cir¬ 
cuits. It may be undesirable to use im¬ 
pulses as steep as can be produced with 
thyratron-capadtor drcuits. There is con¬ 
siderable evidence which indicates that, if 
the impulses are too steep, more instanta¬ 
neous energy is applied to the ignitor than 
necessary, and difficulties may be encoun¬ 
tered. On the other hand, if an ignitor be¬ 
comes contaminated with surface impuri¬ 
ties, it may be desirable to use a more 
sloping impulse which will apply more 
heating energy to the ignitor and increase 
its temperature. Therefore, the most de¬ 
sirable impulse shape is one which provides 
a balance between a slope which applies the 
correct amount of average energy and, a 
steepness whichavoids variability in the time 
of ignition and a resulting unbalance be¬ 
tween anode currents. We have found that 
such impulses are produced by those satu¬ 
rating reactor drcuits which have spedal 
iron, such as Hypernik or Hypersil, in the 
saturating reactor and no additional react¬ 
ance to further increase the length of the 
wavefront. 

The authors mention a relieving anode to 
take the arc current which follows the cre- 
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ation of the cathode spot and thus relieve 
the ignitor of this current. Actually, the 
ignitor will be relieved in any event, be¬ 
cause after the appearance of the cathode 
spot any follow current will pass between 
the ignitor holder or rod, and the mercury 
and the ignitor will be shunted. There¬ 
fore, it is only necessary that the holder 
have suffident area to conduct for follow 
current provided by the exdtation drcuit. 
With the practical construction used in 
large pumped-type ignitrons, this holder 
area is ample for any circuit that has been 
used. In the smaller sealed-off ignitron 
. construction the holder area and the lead- 
in conductor are both much smaller and 
would be overloaded with the more power¬ 
ful circuits. However, the smaller tubes 
require less ignition power, and the lower 
energy circuits are entirely adequate. 

The autotransformer, which the authors 
show for the purpose of directing the suc¬ 
cessive impulses of opposite polarity to 
opposing ignitors and thus enable one cir¬ 
cuit to service two ignitrons, performs the 
same function as the Rectox arrangement 
shown in Figure 4 of the paper “Exdtation 
Circuits for Ignitron Rectifiers” presented 
at the summer convention of 1941. 1 The 
transformer connection imposes full volt¬ 
age across the series Rectox, increasing its 
size, whereas a paralld Rectox imposes 
only its forward voltage drop across the 
series Rectox. There is probably little to 
choose between the two methods. 

I question the statement that misleading 
results are obtained from the determination 
of circuit output characteristics by replac¬ 
ing the ignitor with a resistance load. The 
curve obtained by a variable resistance 
load should give an accurate determination 
of the maximum capadty. It frequently 
occurs that a drcuit will operate stably with 
resistance load and have unstable charac¬ 
teristics when loaded with ignitors. This 
characteristic, of course, will show up in 
tests which include ignitors, but a circuit 
which is stable with ignitors can be cali¬ 
brated by the substitution of a variable 
resistor. Also, in our recent production, - 
exdtation equipment adjusted at the fac¬ 
tory by the use of a resistor required no 
further adjustments in the fidd. 

In connection with misfires, there is 
some question whether the complication 
imposed by misfire indicators is justified. 
There is a great deal of operating experience 
which indicates that no serious consequences 
result from a failure of an anode to pick up, 
either intermittently or continuously, for 
dther a variable type of load such as is en¬ 
countered in railways or with steady loads 
as encountered in electrochemical service. 

In the design of anode balance coils it is en- 
tirdy feasible to provide open-end imped¬ 
ance which avoids the overloading of an 
anode when the anode with which it is 
paired goes out of service. Actually, if an 
anode goes out of service it is indicated by 
several things, such as a lower voltage, 
lower current when paralleled with other 
units, noise in the anode balance coil when 
these are used, or fluctuating ammeter 
reading if the ammeter happens to be a 
fairly sensitive type. As the authors have 
indicated, it is a relatively simple matter to 
find the particular anode which is missing 
when it is known that a misfire exists in an 
assembly. Of course, in an automatic 
station some type of misfire indicator might 

1061 



be desirable to give indication at some dis¬ 
tant point, and the authors have listed 
various satisfactory circuits that may be 
used. 
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A. H. Mittag and A. Schmidt, Jr.: The re¬ 
lieving anode performs the following func¬ 
tions: 

1. Reduction of duty on dry-plate rectifier in 
series with ignitor. 

2. Reduction of duty on ignitor in circuits with 
high total energy. 

3. Stabilization of low energy circuits where aging 
of dry plate rectifier may change the circuit resist¬ 
ance and resulting performance. 

It is our experience that a correct picture 
of maximum energy for ignitor firing is 
best obtained by use of the circuit shown in 
Figure 6 of the paper. In particular, the 
increase in firing energy in a “twin” circuit, 
shown in Figure 7, is not evident with a 
resistance-testing circuit. If the excitation 
circuit has considerable excess capacity, a 
testing method with a large margin of error 
may indicate acceptable operation. 

The need for misfire indication equipment 
is not always present. Such equipment 
would seem desirable in certain applica¬ 
tions, particularly in automatic stations and 
in certain industrial applications, particu¬ 
larly nonattended stations. 


A 600 -Volt Enclosed 
Limiter (or Network Use 


Discussion of paper 42-99 by P. O. Langguth, 
H. L. Rawlins, and J. M. Wallace, presented 
at the AIEE summer convention, Chicago, III., 
June 22-26,1942, July section, pages 536-8. 


Charles P. West (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Limiters comprise an essential feature 
of secondary distribution and industrial- 
network systems and provide the best- 
known means of selecting faults in the loop 
cables. Their time characteristics and fus¬ 
ing points, when properly co-ordinated with 
the cables, give isolation of a faulty con¬ 
ductor, without power interruption or dis¬ 
connection of any sound part of the system. 
The authors have clearly covered the de¬ 
sign and development of the extension of 
limiters from 260-volt to 600-volt service. 
Their places in the circuits, with the break¬ 
ers and other devices, have been shown on 
the diagram (Figure 10 of the paper). 
Their physical association with other equip¬ 
ment should also be carefully considered, to 
obtain the maximum advantages of the 
device. When the limiters have cleared 
the defective cable, a new conductor must 
be. installed. A well-planned system in¬ 
cludes structures designed to safely allow 
replacement of this conductor with the 
remainder of the apparatus in operation. 



Figure 1 


Figure 1 of this discussion shows part of 
the front of a low-voltage metal-enclosed 
switchgear structure designed for applica¬ 
tion to an industrial network, sections of 
which provide compartments for the loop- 
isolating switches (nonautomatic air break¬ 
ers, in this case) and limiters. The limiters 
are normally bolted to the three-phase 
busses carried across the unit, and a work¬ 
man is shown unbolting a limiter from the 
lower-phase bar. Phase isolation is pro¬ 
vided so that the limiter can be removed 
safely while alive, if necessary. 

Figure 2 of this discussion shows the rear 
of this compartment, with the three con¬ 
ductors of one loop cable in place and the 
limiters for the second cable. The lower 
right limiter has the insulating cover re¬ 
moved. The workman is holding a limiter 
and cover showing how they fit together. 
When such a structure is in operation, a 
faulty limiter and cable can be disconnected 
from the bus and drawn into the rear com- 



Figure 2 


■partment. It will then reach into the clear 
space behind the gear, and the cable can be 
pulled out of the conduit. The new cable 
is pulled in and its limiter attached and 
connected to the bus in a similar manner. 

Thus, proper housing and mounting of 
limiters provides means for replacing faulted 
cables in the shortest time with no loss of 
power to the remaining parts of the system. 
The use of compartments in the switchgear 
provides isolation for the various devices, 
gives a co-ordinated design, permits ship¬ 
ment of structures completely assembled, 
and makes possible all the advantages avail¬ 
able in standardized groupings. 


Electric Equipment (or 
Large Electrochemical 
Installations 


Discussion of paper 42-138 by T. R. Rhea and 
H. H. Zielinski, presented at the AIEE sum¬ 
mer convention, Chicago, III., June 22-26, 
1942, and at the AIEE Pacific Coast conven¬ 
tion, Vancouver, B. C., Canada, September 
9-11,1942, and published in AIEE TRANS-. 
ACTIONS, 1942, October section, pages 
733-41. the following discussion was pre¬ 
sented at the 1942 summer convention. 


W. E. Gutzwiller (Allis-Chalmers Manufac¬ 
turing Company, Milwaukee, Wis.): This 
paper is a very timely one and covers thor¬ 
oughly all phases of rectifier application to 
modern electrolytic plants. 

It is apparent from the statistical figures 
in the paper that the national defense pro¬ 
gram and the war have been responsible for 
an unprecedented demand for power rectifiers 
in the electrochemical industry. This de¬ 
mand raised, in the short span of approxi¬ 
mately three years, the total capacity of 
rectifiers installed and on order in the United 
States from approximately 900,000 to nearly 
3,000,000 kw. 

Such an enormous increase in production, 
on short notice and of a rather intricate 
piece of equipment, could be met only be¬ 
cause some farsighted electrochemical com¬ 
panies had early recognized the advantages 
of rectifiers for electrolytic processes and 
had made some trial installations. The 
manufacturers of rectifiers were thus able 
to gain valuable experience and, when the 
defense program got under way, were well 
acquainted with the peculiar requirements 
of electrolytic processes which the authors 
justly state are usually of a secret nature. 

The first rectifier application to an 
electrolytic zinc refinery was made in 1929 
in a Canadian plant. Rectifiers were used 
for the first time in an American chlorine 
plant, in 1934, where, since then, they have 
had a revolutionizing effect on cell circuit 
layouts, having been responsible for an in¬ 
crease in operating voltage from 260 to 
600 and 760 volts. The year 1938 saw 
the first use of rectifiers in an American 
aluminum plant. Step by step the rectifier 
conquered all the electrolytic processes 
where electric power is an important item 
in the production cost. Each of these 
processes in the order mentioned presented 
new problems of rectifier application. 
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Because of the large amount of power 
required for operation of modern aluminum- 

™fiS 1011 ,?^^ 45 ' 000 to 55 ’ 000 ^peres 
at 650 volts) high-speed grid blocking and 

high-power high-speed rectifier switchgear 
had to be developed to protect the equip¬ 
ment against destructive fault currents 

It is only appropriate to give the Alu¬ 
minum Company of America credit for 
having not only encouraged the manufac¬ 
turers but actually initiated and taken an 
active part in the development of a high¬ 
speed anode breaker which is now being 
adopted generally by all rectifier manu¬ 
facturers and operators for high-power 
rectifier installations. 

It is interesting to note that all rectifier 
pioneering in the electrolytic field, as 
mentioned before, was carried out with the 
continuously excited multianode rectifier, 
which is still being purchased by many users 
on the strength of its good operating rec¬ 
ords. However, the single-anode, inter¬ 
mittently excited ignitron type, as well as 
the continuously excited Excitron type, 
are being chosen for many high-power in¬ 
stallations of medium d-c voltages because 
of their higher efficiency and greater operat¬ 
ing flexibility. 

The authors state that continuous use 
of grid control should be limited to four or 
five per cent because of the low power 
factor and greater tendency to arc back. 
The main reason for the increase in arc- 
backs, which should be of interest to oper¬ 
ators, is as follows: The more grid or igni¬ 
ter control is applied, the more is the firing 
or pickup ’ point of an anode delayed; 
likewise, is the drop-off point at the end of 
the firing period delayed and shifted toward 
the negative half of the voltage wave. The 
result is that with increased firing delay 
the voltage between anode and cathode at 
the end of the firing period rises faster to 
a negative value, thus reducing the deioniz¬ 
ing time of the electronic valve and in¬ 
creasing the reverse current to the anode 
caused by the residual ionization. Ev^es s 
reverse current at the end of the firing 
period causes electron emission at the anode, 
a common cause for arc-backs. The effect 
of grid control on arc-backs at reduced load 
is less pronounced because of the reduced 
ionization prevailing under this condition. 
Grid control may thus be used for starting 
duty on electrolytic cells. 

Referring to the matter of high-speed 
d-c switchgear, in chlorine plants, where, 
as a rule, one or two rectifiers are paralleled 
with a total bus load of 7,000 to 8,000 
amperes, semihigh-speed cathode breakers 
with grid or igniter blocking have been 
found satisfactory. Likewise, installations 
with anode breakers and a maximum of 
8,000 amperes per bus, are now being made 
where the semihigh-speed cathode breakers 
are eliminated and d-c relays tripping the 
anode breakers on overload are being sub¬ 
stituted. 

The authors describe how a cell or pot 
line is energized and de-energized by the 
use of igniter control. In case of rectifiers 
with continuous excitation, a pot line is 
started up by first applying blocking volt¬ 
age to all grids, then establishing excita¬ 
tion and closing anode and cathode break¬ 
ers of all units supplying the pot line. The 
load is then picked up by releasing simul¬ 
taneously all the grids through a master 
contactor. A pot line is de-energized in 


the same manner as described in the paper, 
that is, by simply tripping all cathode 
breakers from a common trip switch. 

The paper deals exclusively with the 
intermittently excited, ignitron-type recti¬ 
fier. The application data given in the 
paper naturally also hold good for the 
continuously excited single-anode rectifier, 
which, like its predecessor, the multianode 
rectifier, maintains an auxiliary arc as 
long as the unit is on the line. 


Interim Report on Guides for 
Overloading Transformers 
and Voltage Regulators 


P**f“ ssion *nd author’s closure of paper 42- 
156 by the AIEE transformer subcommittee of 
the committee on electrical machinery, pre¬ 
sented at the AIEE summer convention, Chi- 

a me l! ''J Un * 22_26 ' 1942 / and at the 
AlcE Pacific Coast convention, Vancouver, 

B. C., Canada, September 9-11, 1942, and 
published in AIEE TRANSACTIONS, 1942, 
September section, pages 692-4. This discus¬ 
sion was presented at the Pacific Coast con¬ 
vention . 


J. E. Clem (General Electric Company, 
Schenectady, N. Y.): The war emergency 
has focused attention upon the problem of 
overloading electric equipment as an aid to 
winning the war. The interest in this prob¬ 
lem is based upon either a desire for im¬ 
mediate increased power output or upon the 
hope of saving critical war materials. 

Whenever overloading of equipment is 
necessary to meet a rising war load require¬ 
ment, such overloading should be done, pro¬ 
vided that the added load does not cause the 
equipment to fail within the period of its 
vital war need. If the desire is to save 
critical war materials, a great deal may be 
accomplished by the use of new and modern 
system layouts, by a more accurate pre¬ 
determination of the required load, and by 
the adoption of new and modern practices. 

The output rating of transformers is 
based ujJon a definite temperature rise under 
specified testing conditions. The tempera¬ 
ture rise upon which the rating is based has 
been selected from consideration of the maxi¬ 
mum temperature at which the insulation 
of the transformer may be continuously 
operated and still achieve a reasonable life 
expectancy, together with the anticipated' 
ambient temperature in which the equip¬ 
ment may operate. 

The maximum continuous temperature 
for a reasonable life expectancy has been, 
taken as 95 degrees centigrade; the tem¬ 
perature rise has been set at 55 degrees 
centigrade with a hot-spot allowance of 
ten degrees centigrade above the average 
temperature rise or a hot-spot temperature 
rise of 65 degrees centigrade. ‘Then the 
condition that normal life expectancy be 
based on continuous operation at 95 degrees 
centigrade, together with the condition 
that the output be based on a hot-spot tem¬ 
perature rise of 65 degrees centigrade (aver¬ 
age temperature rise of 55 degrees centi¬ 
grade plus ten degrees centigrade allowance 
for hottest spot), establishes a continuous 
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temperature of 30 degrees centigrade as the 
reference ambient for normal life expect¬ 
ancy. Estimates for the effect of varying 
ambient temperatures upon the life ex¬ 
pectancy should, therefore, be made using 
30 degrees centigrade as the reference am¬ 
bient at which normal life may be expected. 

It is pertinent to review the basis upon 
which the estimate of the effect of overload 
on the life of transformers is made . The 
useful life of class-A insulations, such as is 
used in transformers, is dependent upon the 
temperature to which the insulation is sub¬ 
jected. However, it should be fully real¬ 
ized that laboratory tests upon which esti¬ 
mates of the life of transformers are based 
are tests of a mechanical nature. In these 
tests, the loss in tensile strength after ex¬ 
posure to a definite temperature for a 
de fini te time is determined under very care¬ 
fully controlled laboratory testing tech¬ 
nique. There is a broad spread in results of 
such tests from different sources. The cor¬ 
relation between the life expectancy of 
transformer insulations as indicated by 
laboratory tests and the actual life of a 
transformer is largely a matter of specula¬ 
tion. Therefore, all estimates of the effect 
of overload upon the life of transformers 
must be tempered by sound judgment based 
upon operating experience. 


H. K. Sels (Public Service Electric and Gas 
Company, Newark, N. J.): In New Jersey 
we have been following the procedure of 
operating transformers according to tem¬ 
perature for some time, but we have been 
puzzled with the practical means of in¬ 
structing operators of average intelligence 
to handle such a technical question. In 
this connection, I am impressed with the 
data and curves presented in the interim 
report. In practice, short-time overloads 
cannot be used as such, because when the 
emergency arises no one knows how long it 
will last, nor whether a high overload should 
be carried for a short time, or some load 
dropped and a smaller overload carried for 
a longer time. This is particularly true 
when maintenance men are off duty and 
are difficult to get on duty to cut spares 
into service. Therefore, I should like to 
suggest to the transformer subcommittee 
that these technical data be put into shape 
to be used directly by operating personnel. 

We have been experimenting with the 
possibility of expressing overload rating as a 
relationship between top-oil temperature, 
time, and load, so that the operator, by 
reading the top-oil temperature at the titno 
of the emergency, will know from a curve 
the overload which can be carried. Then, 
as the top-oil temperature rises, the over¬ 
load must be reduced until finally the over¬ 
load is almost back to normal with the maxi¬ 
mum permissible hot spot. 

Another question which has perplexed us 
is: "When is a transformer forced air 
cooled?” Of course, we appreciate the 
fact that each manufacturer likes to in s t al l 
his particular air-blast equipment in his own 
make of transformers. However, we find 
that ordinary blowers or fans separated 
from the transformer are quite effective. 
Transformers are installed initially without 
fans, and then fans are added later. After 
an additional transformer is installed, jane 
are not needed for a period and can be used 
elsewhere. Therefore, the program alter- 
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Figure 1. Maximum permissible load in per 
cent and primary amperes versus months of 
year (if not limited by voltage regulation) 

A 37V 2 -kva 2,400/120-240-volt single¬ 
phase overhead distribution transformer. 
Based on 50 per cent initial load followed by 
a two-hour peak period. Curve represents 
points at which the carrying charges on the 
investment and loss in life plus core and-copper 
losses of a 37V2-kva transformer equal the 
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carrying charges on investment, loss in life, 
and installation cost plus core and copper 
losses of a 50-kva transformer plus carrying 
charges on the removal cost of a 37Vs-kva 
transformer. Carrying charges are 14 per 
cent per year. Core and copper losses 
amount to two mils per kilowatt-hour. Loss 
in life is based on study by L. C. Nichols 1 


nates between fans and additional trans¬ 
formers, as the load grows, so that mobile 
fan installations constitute the most ac¬ 
ceptable fan cooling. 


Corbett McLean (Northwestern Electric 
Company, Portland, Qreg.): The interim 
report, by the transformer subcommittee, on 
overloading of transformers and regulators 
is a pertinent one in these times of emer¬ 
gency when every ounce of copper and steel 
should be loaded to the fullest capacity. 

For some time, we have been using curves 
on permissible transformer loading for our 
Overhead 2,400-volt distribution trans¬ 
formers. A combination curve, is shown in 
Figure 2, and' an individual curve for a 
37Vrkva transformer is illustrated in 
Figure 1. 

These curves give the maximum per¬ 
missible economic loading for ambient tem¬ 
peratures during each month in the year 
and represent* points at which carrying 
charges on investment, loss in life, and total 
transformer losses are equivalent to the 
carrying charges for the same items for the 
next larger size transformer plus the re¬ 
moval cost on the old transformer. They 
are based on a 50 per cent initial load 
followed by a two-hour peak period. Natu¬ 
rally, ambient temperatures, load curves, 
carrying charges, installation and removal 
costs, costs of power, and so forth, will vary 


considerably with other companies, and 
some will vary for any given company. 
However, the curves provide some reason¬ 
able and simple method of rapidly deter¬ 
mining the point at which a transformer 
should be replaced. 

During the present emergency we believe 
that these curves should be materially ex¬ 
ceeded with the realization that life ex¬ 
pectancy will be greatly reduced. 

Our past experience has led us to permit a 
greater loading for induction voltage regu¬ 
lators than for distribution transformers. 
The carrying capacity of current trans¬ 
formers, cable, disconnecting switches, and 
so forth has generally been the limiting 
factor on primary feeders. 

We have used water spray for some time 
on 5,000- and 2,000-kva single-phase 
66,000/11,000-volt transformers to provide 
for overload capacity and have found the 
main drawback to be the frequent painting 
required on case and tubes. 

We appreciate the value of this paper on 
transformer and regulator loading. It is 
most opportune and provides a standard 
which can easily be applied by all in the 
operating field. 
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1. Effect of Overloads on Transformer Life, 
L. C. Nichols. AIEE Transactions, volume 53, 
1934, December section, pages 1616-21. 


C. T. Hurd (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis.): No one will 
deny that the present war emergency is 
going to make it necessary, in many cases, 
to operate transformers at an overload, but 
what will probably be overlooked is the 
premature aging of the transformer insula¬ 
tion from operation at these oyerloads. 

The data brought out in the interim re¬ 
port showing allowable overloads are, I 


Figure 2. Maximum permissible load in per 
cent and primary amperes versus months of 
year (if not limited by regulation) 

2,400/120-240-volt single-phase overhead 
distribution transformers. To find if 2.1 pri¬ 
mary amperes on three-kilovolt-ampere trans¬ 
formers exceed maximum permissible loading 
in the middle of March, project a line from 2.1 
on scale 2 through three kilovolt-amperes on 
curve B which indicates a 169 per cent load 
on scale 1. From the latter point project a 
line horizontally toward curve A to the 
period of the month (shown below curve A ) 
In which test was made. The horizontal line 
from 169 per cent terminates below curve A, 
showing that maximum permissible loading has 
not been reached. To determine the limit 
of loading, project a line vertically upward 
from the middle of March to curve A, which 
shows 183.5 per cent or 2.3 amperes 


understand, based on the supposition that 
these emergency overloads will not be re¬ 
current in nature. The basis for the report 
is therefore the assumption that trans¬ 
formers will be necessarily overloaded, but 
that means for relieving these overloads or 
for eliminating the necessity for such over¬ 
loads will be promptly taken. 

The term, “reasonable loss of life,” is, 
according to my understanding, intended 
by the committee to mean a loss of life not 
to exceed one per cent, and, obviously, if 
an overload condition is recurrent with a 
loss of life of one per cent every time it 
occurs, the full life of the transformer in¬ 
sulation could be readily expended in serv¬ 
ing the Overload, unless prompt relief is 
provided, ' 

Since it has been common operating 
practice ih the past to operate power trans- 
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formers at loads below their name-plate 
rating, and, since depreciation rates have 
been predicated on past operating experi¬ 
ence, it could be easily overlooked that the 
cost of supplying any load, which results in 
overloading of power transformers serving 
it, will be considerably higher than normal, 
since the overload will result in an acceler¬ 
ated depreciation rate or, in other words, 
in a shortened transformer life. In addi¬ 
tion, of course, other increased costs must 
be met, including the cost of supplying 
increased losses to the overloaded trans¬ 
former, the effect of increased regulation of 
the overloaded transformer, and other 
factors of this nature. 

Insulation in transformers does age and 
tends to become brittle at any operating 
temperature. When transformers are oper¬ 
ated below their name-plate ratings with 
usual ambient conditions, insulation de¬ 
teriorates at a very slow rate so that the 
life of the transformer is very long. Any 
•overloads, even within the limits suggested 
by this report, simply mean that the life of 
the transformers affected will not be as 
great as it would have been with past nor¬ 
mal operation, and, while it is entirely 
possible that no noticeable increase in the 
failure rate will occur during the emergency, 
this increased failure rate will probably have 
to be met later. 

Transformer insulation ages by becoming 
brittle, and brittleness produced by trans¬ 
former overload carried during the present 
emergency will persist throughout the 
entire life of the transformer. The creation 
of brittleness in transformer insulation 
obviously lessens the mechanical life of the 
transformer insulation, and movement of 
the transformer windings from any cause 
will be more apt to result in failure than 
would be the case if the transformer insula¬ 
tion were in normal condition. Under 
present conditions, overloads are doubly 
serious because of the rising system load 
factors. Overloads which follow light load 
conditions naturally will not result in so 
much loss of life as will prevail in most in¬ 
stances how, since most systems are oper¬ 
ating under greatly increased normal load¬ 
ing. Even without the overloads, trans¬ 
former copper and oil temperatures will 
follow a higher average value; consequently 
any overload which can be carried will of 
necessity be of shorter duration if serious 
loss of life is to be avoided. 

It is particularly interesting to note in 
passing that the curves presented in this 
report coincide rather closely with data 
presented in one of the earliest papers ever 
written on the effect of overload on trans¬ 
former insulation, namely, that by the late 
L. G. Nichols, entitled “Effect of Overload 
on Transformer Life” 1 and presented before 
the Institute’s winter convention early in 
1935. Much work has been done on trans¬ 
former insulation since that date, but the 
figures on insulation loss of life used by Mr. 
Nichols are well supported by this paper. 

As previously stated, it will be impossible 
to avoid all power-transformer overloads, 
but the cost of such overloads from such 
factors as loss of life, increased losses, and 
so forth, will ultimately have to be met. 

Reference 

1. Effect of Overloads on Transformer Life, 
.L. C. Nichols. AIEE Transactions, volume 53, 
1934, December section, pages 1816-21. 
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M. S. Oldacre: We believe that the state¬ 
ments in the third and fourth paragraphs of 
Mr. Cfem’s discussion should be considered 
as his own interpretation of the American 
Standard C- 57, “Standards for Trans¬ 
formers,” in regard to normal ambient tem¬ 
perature, hottest-spot temperature, and 
life of insulation. This portion of his dis¬ 
cussion has no bearing on the interim re¬ 
port, since the temperatures discussed do 
not appear in that report. Also we believe 
that Mr. Clem’s interpretation of Ameri can 
Standard C -67 is not that generally ac¬ 
cepted by the committees which prepared 
the standards and the interim report. 


Ignitron Rectifiers in Industry 


Discussion and author's closure of paper 42- 
118 by J. H. Cox and G. F. Jones, presented 
at the AIEE summer convention, Chicago, III., 
June 22-26, 1942, and at the AIEE Pacific 
Coast convention, Vancouver, B. C., Canada, 
September 9-11, 1942, and published in 
AIEE TRANSACTIONS, 1942, October 
section, pages 713-18. The following 
discussion was presented at the 1942 Pacific 
Coast convention. 


J. H. Steede (British Columbia Electric 
Railway Company, Ltd;, Vancouver, B. C., 
Canada): The expansion of the electro¬ 
chemical industry has provided an enor¬ 
mous field of application for the mercury- 
arc rectifier, as the authors of this paper 
have pointed out. It is exceedingly inter¬ 
esting to note the tendency toward single¬ 
anode tanks in the general field of rectifier 
design on this continent. This design ap¬ 
pears to be a definite improvement over 
the multianode metal-tank type for all 
classes of application, because of the more 
exact control of the ignition point, the ex¬ 
tinguishing of the arc during the time that 
reverse potential is applied to the anode, 
which reduces the likelihood of back-fire, 
and the lower internal voltage drop which 
results from the shorter arc path. 

Two characteristics of the multianode 
metal-tank rectifier are still retained, how¬ 
ever, namely, the necessity for water cooling 
with possible attendant corrosion problems, 
and the need for occasional pumping to 
maintain vacuum. Both of these features 
add considerably to the amount of auxiliary 
equipment required with metal-tank recti¬ 
fier installations. 

The British Columbia Electric Railway 
Company has had a limited experience with 
rectifiers for traction purposes since 1929, 
when a 1,000-kw 12-anode metal-tank unit 
was placed in service. Operating experience 
with this unit was disappointing. In 1936 a 
new tank assembly was provided, which, 
with dose control of the cooling-water tem¬ 
perature, has given satisfactory service since 
that tune. ; , 

Three more recent installations have been 
of the glass-bulb multianode type; consisting 
of two two-bulb units and one four-bulb unit, 
the rating of each bulb being 166 kw at 550 
volts. Some data relative to these installa¬ 
tions may be of interest. 

One of the two-bulb installations has been 
in practically continuous service since De- 
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cember 1936, with only two or three short 
outages, caused by a-c power failure. 

A similar installation made in 1937 has* 
almost as good a service record, although 
this unit was put out of action on one oc¬ 
casion as a result of a lightning stroke on the 
trolley in the immediate vicinity of the sub¬ 
station which presumably caused the recti¬ 
fier to backfire, blowing eleven of the twelve 
anode fuses with which this unit is equipped. 
These fuses were replaced and the unit re¬ 
turned to service without further servicing. 

The four-bulb unit, which was in stalled in 
1938, apart from occasional cleaning, has 
been out of service only for short periods 
during temporaryfailure of a-c power supply. 

All of these units are in unattended sub¬ 
stations, and the maintenance costs have 
been extremely low. One man’s time for 
approximately two days per month has been 
ample for maintenance purposes, and of that 
time only approximately one-half day per 
month is actually spent inspecting and serv¬ 
icing the equipment. 


Lysle W. Morton (General Electric Com¬ 
pany, Schenectady, N. Y.): This paper, 
entitled "Ignitron Rectifiers in Industry,” 
covers in a very satisfactory manner con¬ 
ventional large power installations. In 
general, most of the installations which 
have been recently made conform to the 
rules of application described in the paper. 

However, there is one feature described, 
namely, water cooling by means of copper 
tubes soldered on the walls of the tanks, 
which is often accomplished otherwise. 

Early experience with water-cooled mer¬ 
cury-arc rectifiers indicated that the direct 
use of most raw untreated tap waters caused 
corrosion of the steel vacuum chambers. 
Manufacturers and users immediately set 
about to search for a solution for that prob¬ 
lem. Early in the 30’s two satisfactory an¬ 
swers were found: 

•1. The use of noncorrosive metal surfaces in con¬ 
tact with the cooling water, such as copper or stain¬ 
less steel. One of these the authors describe. 

2. The use of sodium chromate or dichromate as a 
rust inhibitor. 

The second method is also widely and suc¬ 
cessfully employed. A water-to-water, or 
water-to-air heat-exchanger system must be 
used, because it is necessary to recirculate 
the treated cooling water. The recirculating 
coolant is treated by adding either enough 
sodium dichromate to provide a 0.5 per cent 
solution or enough sodium chromate to 
make a 0.1 per cent solution. 

Inspection of water-cooled surfaces of 
rectifiers which have been in contact at hi gh 
temperature with treated waters for many 
years proves that it is a most successful rust 
inhibitor and a satisfactory application. 

Still another advantage accrues from the 
use of sodium dichromate. Tests made on 
evacuated steel chambers,' particularly if 
the temperature is elevated slightly,, indi¬ 
cate hydrogen ion penetration of the steel 
envelope from either the surrounding air or 
from ordinary water if the chamber is water- 
jacketed. It was found, however, that the 
addition of sodium dichromate tp the water 
eliminates this penetration and prevents 
contamination of the vacuum. 

Using a solution of sodium chromate or 
dichromate as the recirculating coolant and 
employing the simple principle of an ordi- 
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nary steel water jacket around the vacuum 
changer secures the following advantages: 

“< A greater part of the vacuum-chamber area 
contacts the cooling solution, which means better 
heat transfer and less chance of ion penetration 
from the air. 

2. A severely restricted material is saved. 

3. The recirculating coolant does not pick up 
products of corrosion, such as even untreated dis¬ 
tilled water may, from the various odd ends of the 
cooling system. This is true, because even though 
copper may be used on the rectifier and the heat- 
exchanger surfaces, it is usually impractical to 
make the surge tanks, tube headers, and reservoirs 
of other materials than steel or iron. 

4. There is no chance of deterioration of the rec¬ 
tifier equipment or blocking of cooling passages as 
a result of corrosion or products of corrosion. 

It is sometimes desirable to ground the 
water-to-water heat exchangers to eliminate 
the inconvenience to personnel of having the 
heat-exchanger surfaces at various poten¬ 
tials above ground. This can be done both 
with the soldered-on copper tubing employ¬ 
ing distilled water, or by using 0.1 per cent 
sodium-chromate solution, as the leakage 
currents are satisfactorily limi ted. How¬ 
ever, if it is not too inconvenient, it is better 
to insulate the heat exchanger from ground 
and allow it to operate at rectifier potential. 
This has the advantage of keeping the leak¬ 
age currents back to ground in the cooler 
and more highly resistant part of the water 
circuit where they can be minimized. 


H. K. Sels (Public Service Gas and Electric 
Company, Newark, N. J.): Cox and Jones 
have dealt rather briefly with the problem of 
telephone interference. There are many 
other factors involved besides those men¬ 
tioned, such as the susceptibility and con¬ 
figuration of the communication or signal 
system and the present influences and elec¬ 
trical characteristics of the power system. 
This problem cannot be dismissed lightly 
considering the inductive co-ordination 
measures usually present in every system 
where some additional influence such as rec¬ 
tifier harmonics may produce trouble. 

The suggestion of the authors that 36- 
phase operation gives satisfactory operation 
in most cases raises two questions: 

I. Speaking in general terms for average condi¬ 
tions, what proportion of system load can rectifier 
load become before trouble will be experienced? 

2, Have there been any cases where more than -36- 
phase operation has been required? 

This is a question involving several par¬ 
ties; namely, the utility, their customer, com¬ 
munication or signal interests, and equip¬ 
ment manufacturers. From a utility stand¬ 
point, it is expected that the customer and 
the manufacturer of his equipment will be re¬ 
sponsible for continuing good relations with 
communication and signal companies. 

J. H. Cox: Mr. Steede has discussed glass- 
bulb mercury-arc rectifiers and has pre¬ 
sented a case where they have proved satis¬ 
factory. However, it must be admitted 
that these large glass bulbs are inherently 
fragile wherever installed and are suitable 
at all only for relatively low-power installa¬ 
tions. For large installations , such as are 
common in the electrochemical industry the 
glass bulb has two very serious limitations: 

1. The current per anode is low, and the number of 
main and secondary wires would be prohibitive. 
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2. On large busses high-speed switching is neces¬ 
sary to avoid destruction of apparatus, and the cost 
of high-speed switching would be prohibitive for 
even the largest glass-bulb rectifiers. 

Mr. Morton has discussed the use of or¬ 
dinary steel water jackets on the rectifier, 
together with sodium-dichromate treatment 
of the recirculating water. It is true that 
this system is also quite satisfactory. I 
question the statement that there is hydro¬ 
gen-ion penetration through the steel where 
exposed to air. Such penetration would de¬ 
pend upon some corrosion taking place, and, 
obviously, an exposed portion of the tank 
would be finished to prevent such corrosion. 
The only functions of cooling are to dissi¬ 
pate the losses and to maintain a mercury 
vapor pressure which provides satisfactory 
rectifier performance. Since this perform¬ 
ance actually is highly satisfactory with 
soldered-on copper cooling coils; there can 
be little argument about the effectiveness 
with which such a system cools the tank 
walls. Furthermore, where copper is used on 
the rectifier the extent of corrosion that 
takes place is purely nominal in a recirculat¬ 
ing system where oxygen is excluded, even 
on the portions of the circulating system 
that must still be made of iron. It will be 
agreed generally that the grounding of a 
piece of apparatus is always desirable, and 
the sodium-dichromate treatment of the 
recirculating water certainly increases the 
difficulty of grounding the heat exchanger. 

• Mr. Sels discusses the question of har¬ 
monics generated by large rectifier installa¬ 
tions and asks what proportion of system 
load can rectifier loads become before trouble 
will be experienced; There are several in¬ 
stallations where the rectifier load consti¬ 
tutes practically the entire generating out¬ 
put. In at least one case this local system, 
involving over 100,000 kw, is connected to a 
public-utility transmission system, and no 
difficulty has been experienced. In the 
Bonneville territory the rectifier load is be¬ 
coming a very important percentage of the 
total. Although no serious difficulty has 
been encountered, the sheer magnitude of 
the powers involved in this location has 
caused at least one user to decide to increase 
the number of phases to 108 at those stations 
where this is possible. 

Three-Winding Transformer 
Ring-Bus Characteristics 

Discussion and authors' closure of. paper 
42-153 by G. W. Bills and C. A. Mac Arthur, 
presented at the AIEE Pacific Coast conven¬ 
tion, Vancouver, B. G, Canada, September 
9-11,1942, and published in AIEE TRANS¬ 
ACTIONS, 1942, December section, pages 
848-9. 


A. H. Frampton (The Hydro-Electric Power 
Commission of Ontario, Toronto, Ont., 
Canada): The type of switching diagram 
proposed by the author is one which, in 
slightly different form, has been proposed 
for several major developments in eastern 
Canada. The selection of a proper diagram 
in such cases is often difficult, and it has 
been found helpful to draw up the following 
specification for an ideal diagram against 
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which alternative proposals may be com¬ 
pared, and their relative merits weighed. 
Probably no one diagram will ever meet all 
of these requirements, but at least the exer¬ 
cising of personal judgment may be limited 
to the weight accorded each item in the 
specification. 

1. The switching diagram should be sufficiently 
flexible to permit the available capacity being sub¬ 
divided into as many components as there may be 
independent groups of load to be supplied, while 
retaining; 

(a). Convenient and flexible control of real and 
reactive power flow in each load subdivision. 

(&). The ability to isolate any piece of equipment, 
in event of disturbance or for purposes of routine 
maintenance, without affecting .other equipment 
which should remain in service. 

At the same time the highest practical efficiency of 
operation should be effected in the combined plant, 
whether measured in terms of utilization of river 
flow or fuel consumption. 

2. The clearance of any disturbance in any one 
load subdivision should not affect the continuity 
of service in other load subdivisions. 

3. The loss of one transmission circuit in any 
one load subdivision should not isolate from the 
load generating capacity in excess of the operating 
reserve capacity in that load subdivision. 

4. The operating duty imposed upon both new 
and existing circuit-breaker equipment should not 
exceed the safe capacity of such equipment. 

5. The diagram should be simple, preferably sym¬ 
metrical and of a repetitive form, so that the 
switching connections in each of the load sub¬ 
divisions mil resemble each other and also the 
combined station diagram. Undue complexity 
that would hamper the operating staff, particularly 
under emergency conditions, should be avoided. 

6. The over-all cost should compare favorably 
with alternative proposals. 

As the diagram shown in Figure 2 of the 
paper is presumably not advanced as a 
practical proposal, but only as representing 
any form of diagram resulting in bussed 
connections at the sending and receiving 
ends, no comments are offered beyond the 
fact that a saving in low-voltage bus cop¬ 
per, and some reduction in short-circuit 
values would result from the use of con¬ 
ventional double low-voltage windings in 
the step-up transformation. However, if 
the diagram proposed in Figure 1 of the 
paper is judged on the basis of the above 
specification, it will be noted that it will 
rank high only if it is granted that the sta¬ 
tion will always supply only one load group. 
In that , case, all but two of the conditions 
will be satisfactorily met, the exceptions 
being that all breakers are inaccessible for 
maintenance work without the associated 
equipment being taken out of service, and 
the over-all cost is likely to be high. 

In the latter connection, the author refers 
to the additional cost of the increased step- 
up transformer capacity as being partially 
offset by the elimination of high-voltage 
breakers. Actually, if it is granted that in 
Figure 2 double lowrvoltage windings could 
have been shown, then the author's diagram 
requires at least double-capacity breakers 
and connections in the low-voltage trans¬ 
former circuits, with a further consequent 
increase in cost. Approximate estimates 
would appear to indicate that the total in¬ 
creased cost could be offset only if the 
transmission voltage were considerably 
higher than 230 kv, thus effecting a very 
substantial saving in high-voltage switching. 
In the optimum case, it is possible that the 
author’s proposal might result in the saving 
of one complete transmission circuit. 

On the other hand, if it is required that 
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the station illustrated be subdivided into 
two load groups, or say a nine-unit station 
into three groups, it will be noted that it 
will be extremely difficult to satisfy the 
requirements of condition 1 in the preceding 
specification, even though additional con¬ 
nections are added to form further loops in 
the low-voltage circuits. If these connec¬ 
tions are added, then the diagram becomes 
quite complicated, conflicting with condition 
5. It is considered therefore that this form 
of diagram would find application only in 
single-load group generating stations or 
their equivalent. 


H. N. Muller, Jr. (Westinghouse Electric 
and Manufacturing Company, East Pitts¬ 
burgh, Pa.): The authors have described 
the results of an a-c network-calculator 
study performed to investigate the merits of 
a particular generator bussing scheme. This 
ring-bus arrangement was studied over 15 
years ago at the time the Boulder Canyon 
project was under consideration, but results 
of such studies have never been presented 
in the technical literature. The investiga¬ 
tion performed by the authors shows that 
application of this bussing arrangement re¬ 
sults in increased transient power limits and 
decreased short-circuit currents, both of 
these attributes being of prime significance 
on certain systems. 

The authors chose for study a ring-bus 
system composed of four groups of two gen¬ 
erators connected through three-winding 
transformers to four high-voltage lines. All 
these lines terminate on one load bus. 
Since each generator is specified to have a 
capacity of 55,000 kva, this means that the 
total output of the assumed station, 440,000 
kva, is transmitted to one load center. 
This is not improbable, but the more usual 
case would be for these transmission lines 
to carry the station output to two or more 
load centers. In the introduction to this pa¬ 
per, power concentrations of over 1,000,000 
kw are directly referred to, and in de¬ 
velopments approaching this size it would 
be extremely unlikely .to have the entire 
output delivered to one load bus. As a mat¬ 
ter of interest, the authors name Boulder 
Dam, Grand Coulee, and the proposed St. 
Lawrence project as exemplifying large 
power concentrations where the b ussing 
scheme studied might be of advantage. 
Note that none of these projects named do, 
or probably would, deliver their total out¬ 
put to one load center. 

The question then naturally arises as to 
whether the smaller ideal system chosen for 
study by Bills and MacArthur can be used 
to reach conclusions that can be extrapo¬ 
lated to apply to the larger and more 
general layouts. With this point in mind 
the discusser has performed additional 
studies of a more general nature, concerning 
the results of which brief comments are 
offered. 

If a larger generating source is assumed 
than that chosen by the authors, and if the 
transmission lines emanating from this 
source are of varying length and deliver 
load to two or more independent load 
centers, the three-winding transformer ring- 
bus scheme becomes less ideal. Significantly 
higher transient-power limits and lower 
short-circuit currents still prevail, but other 
operating limitations can appear. If one 
independent load center is drawing heavy 
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load, while the load supplied over other 
hnes to another receiver is fight, unbalanced 
division of the reactive kilovolt-ampere bur¬ 
den between generators will result, and 
one or more generators may exceed their 
maximum field limitations while other units 
operate with light field current. To allevi¬ 
ate this difficulty it would be necessary to 
sacrifice bus voltage regulation. If it is 
desired to control the voltage of the trans¬ 
mission fines feeding one load center inde¬ 
pendently of those fines feeding another re¬ 
ceiver, the proposed ring-bus arrangement 
appears inflexible compared to certain 
more conventional schemes. 

The above points, are not mentioned with 
an intent to condemn but are raised to 
show that the bussing scheme in- question 
requires careful study before its use is recom¬ 
mended for a particular installation. Very 
broad conclusions cannot be drawn from 
study of one system. On systems embody¬ 
ing the comparative simplicity of the one 
studied by the authors, this transformer 
nng-bus arrangement appears to offer 
valuable advantages without introducing 
any difficult problems of operation. It 
deserves serious consideration on projects 
whose complexity is limited by size but of 
necessity must be carefully analyzed on large 
projects, since the operating problems and 
limitations which can result may over¬ 
balance the inherent advantages. 


Gk W. Bills and C. A. MacArthur: It is 
granted that the three-winding ring-bus 
arrangement is not a cure-all, but no known 
system will satisfy all the requirements 
specified by Mr. Frampton. To bus as 
much as 1,000,000 kva of generators at a 
station is not only risky in that the entire 
station may be lost during a disturbance, 
but problems involving the control of real 
and reactive power flow may arise when dif¬ 
ferent load groups exist. For this reason 
we consider only single-load systems al¬ 
though more extensive systems have been 
investigated and found feasible. 

Mr. Frampton stated that only the use of 
transmission voltages higher than 230 kv 
would offset the increased cost of larger 
transformer capacity. We would like to 
point out that it is permissible to invest 
more in the three-winding transformer ring- 
bus system than in the sandard system be¬ 
cause of the increase in firm power it is 
possible to transmit. However, an eco¬ 
nomic study was beyond the intended scope 
of this paper. 

From transient-stability and short-circuit 
considerations, however, the three-winding 
transformer ring-bus system has been shown 
to have very definite advantages. 

It is extremely interesting to know that 
Mr. Muller investigated the ring-bus ar¬ 
rangement years ago and arrived at the 
same conclusions as the authors concerning 
the stability and short-circuit considera¬ 
tions. 

We would like to point out that the out¬ 
put of six 82,500-kva generators at Boulder 
Dam sends power to a common bus at Los 
Angeles; that in the proposed St. Lawrence 
project as much as 500,000 kw may go to 
Rotterdam, N. Y.; and in the Bonneville 
Power Administration transmission system 
similar blocks of power will be transmitted 
to concentrated load centers such as at 
Seattle, Spokane, and Vancouver, Wash. 
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Any scheme which busses all the genera¬ 
tors will be inflexible when it becomes neces¬ 
sary to regulate different receiving-end bus 
voltages by changing the sending-end 
potential. However, most modem hydro¬ 
electric projects resort to the use of syn¬ 
chronous condensers and transformers hav¬ 
ing tap changing under load for purposes of 
regulation so that this is not a serious problem. 

Mr. Muller’s point that this ring-bus 
arrangement must be carefully analyzed for 
a particular system is well taken. We did 
not intend to imply this bussing arrange¬ 
ment was suitable for all large systems but 
had hoped to show it might be very suitable 
for certain projects. 

A Practical Discussion of 
Problems in Transformer 

Differential Protection 

« 

Discussion and author's closure of paper 
42-146 by P. W. Shill, presented at the 
AIEE Pacific Coast convention, Vancouver, 
B. C., Canada, September 9-11, 1942, and 
published in AIEE TRANSACTIONS, 1942, 
December section, pages 854-8. 

John Teasdale (British Columbia Electric 
Railway Company Limited, Vancouver, 
B. C., Canada): There are two paragraphs 
near the beginning of this paper which, in 
generalizing on current-differential schemes, 
seem to suggest that various measures 
used to secure good balance on differential 
circuits no longer have the same value as 
formerly. This view is scarcely in ac¬ 
cordance with the facts. 

As experience is extended, and as larger 
units come into service, the trend is rather 
in the direction of still greater care in the 
application of current-differential protection 
and instances to the contrary imply the 
acceptance of a lower standard of engineer¬ 
ing. 

Accuracy in reproducing the primary con¬ 
ditions in the secondary circuits at all timpg 
is still the ideal sought after and is ap¬ 
proached as nearly as possible on important 
installations. When all that is possible has 
been done in this direction, then considera¬ 
tion is given to dealing with inaccuracies 
that cannot be avoided, so that they do not 
affect relay operation adversely. 

A high-setting instantaneous relay com¬ 
bined with a low-setting timed relay, as 
referred to in this paper, is one method of 
evading trouble on account of these causes, 
but it should not be regarded as modifying 
the need for a good balance in the secondary 
circuits. Otherwise, to be entirely safe, it 
will require settings that involve ma terial 
sacrifice in speed or sensitivity. , For thi> 
reason, its value on installations of any 
importance, without any additio nal pro¬ 
tection, is likely to be inferior to ordinary 
differential protection using restraint on 
through faults, and these relays cost little 
more and are probably no more difficult to 
obtain in wartime. 


E. G. Ratz (Canadian Westinghouse Com¬ 
pany, Ltd., Hamilton, Ont., Canada): 
Induction-type relays having very inverse 
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characteristics, with fairly sensitive current 
settings and a high-speed instantaneous 
trip device included, are difficult to improve 
upon for transformer differential protection. 

The maximum through-fault current can 
usually be determined from the reactance of 
the transformer bank, and the difference 
currents in relays can be reduced to a mini¬ 
mum on through faults by exact matching 
of the current-transformer ratios. We 
have found this to be a very desirable pro¬ 
cedure in order to make such difference cur¬ 
rents a minimum and thus reduce this 
limitation to the permissible sensitivity 
setting. If proper care is taken, difference 
currents on through faults will certainly be 
small, and, even if they do exceed the cur¬ 
rent setting of the relay-induction element, 
faulty tripping will almost certainly be 
avoided because of the difference currents 
being such as to cause the relay to operate 
on the inverse and longer timed portion of 
its curve. 

Difference currents on through faults are 
also minimized by keeping the burden on 
the main current transformers at a mini¬ 
mum, and this makes the omission of auxil¬ 
iary balancing transformers desirable, as 
such transformers usually have a relatively 
high burden. 

The current setting of 15 amperes and 15 
cycles suggested for magnetizing inrush 
seems high. Even if the maximum inrush 
current considerably exceeds the current 
setting, this current falls very quickly, and 
a very inverse characteristic will prevent 
faulty operation. Further, relay elements of 
the induction type are less susceptible to 
difference currents with d-c components 
than plunger-type relays. 

With respect to the author’s objection to 
the use of suppressor devices to prevent 
operation on magnetizing inrush, it is sug¬ 
gested that a relay of the ratio differential, 
or any other type, can have restraint added 
with a momentary comp ensating magnetic 
characteristic in proportion to the rise in 
voltage. This restraining action would be 
the maximum at the moment the trans¬ 
former bank is energized and would die out 
at approximately the same rate as the mag¬ 
netizing inrush, thus providing restraint 
only when required and approximately in 
proportion to the requirements at various 
moments during the magnetizing inrush 
period. If the transformer bank were 
picked up with a fault, the fault-current 
torque would exceed the restraining coil 
torque within a cycle or two, providing the 
required operation without undue delay. 

We have used impedance relays, with the 
current coils connected in the differential 
circuit, and the voltage coils energized from 
the main circuit and set to operate in¬ 
stantly at a differential current of ap¬ 
proximately three times full load current, 
at full voltage. In case of bad faults, the 
voltage drops, thus reducing the differential 
current required to trip, in proportion to the 
drop in voltage. This relay is more sensitive 
on faults than a straight instantaneous over¬ 
current relay and is particularly effective 
and fast if the transformer bank is large 
compared to the connected system, for 
example, if the fault current delivered to the 
transformer bank is unusually low because 
of reduction of connected capacity, 

We feel that it is highly desirable to pro¬ 
vide devices to limit the sensitivity momen¬ 
tarily to meet inherent conditions such as 
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magnetizing inrush, and through-fault cur¬ 
rents, if necessary, rather than to reduce 
the sensitivity of the equipment under all 
conditions. 


L. L. Fountain (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The subject paper calls attention to 
some very important considerations in the 
differential relaying of transformer banks. 
The admonishments in regard to washing 
out zero-sequence currents, where the trans¬ 
former bank is grounded, and the methods 
used in calculating ratio of current.trans¬ 
formers are adequate. 

I feel, however, that not enough em¬ 
phasis has been placed on the calculations 
necessary to obtain the transient values 
mentioned under the heading "Relays.” 
In order to arrive at the assumed values 
given for maximum differential current 
caused by through- and magnetizing-current 
transients, a rather complicated set of cal¬ 
culations must be made, requiring a knowl- 
edge.of the current transformer’s saturation 
characteristics, time constants of the sys¬ 
tem, and relay characteristics when ener¬ 
gized by transients containing a large d-c 
component. Probably Mr. Shill considered 
that the practical nature of his paper did 
not permit delving too much into these cal¬ 
culations. Mention of them, however, 
would prevent any false notion that the 
values he gives are readily available on the 
majority of applications. 

The percentage differential relay with 
restraint windings is certainly to be pre¬ 
ferred over and above the simple over¬ 
current relay. This type of relay permits 
the use of current transformers that are not 
evenly matched so far as saturation char¬ 
acteristics are concerned. Also the com¬ 
plicated calculations necessary in the 
application of the simple overcurrent relay 
can generally be omitted when the per¬ 
centage differential relay is used, since its 
restraint characteristic allows a larger 
differential current to flow without false 
operation. 

The percentage differential relay used in 
transformer protection is of the same con¬ 
struction as the induction time-delay over¬ 
current relay recommended in this paper. 
Because of its popularity and the similarity 
of its parts to those used in the induction 
overcurrent relay, it can be obtained from 
the relay manufacturers as readily as any 
other relay. 

The discussion of magnetizing-current 
inrush trip suppressors seems to deal only 
with those types that depend on time delay 
or shunting the relay operating coil to pre¬ 
vent false operation. There is available a 
type of trip suppressor that has none of 
these undesirable characteristics but de¬ 
pends on system voltage indication as a 
monitoring means to prevent false relay 
operation. A breaker closing to energize a 
transformer bank normally applies full 
voltage across the windings. If these 
voltages are normal, then the trip sup¬ 
pressor prevents the differential relay from, 
Operating on the magnetizing-current in¬ 
rush. Should the transformer be faulted, 
then one or more of the three-phase volt¬ 
ages will be below normal, and the trip 
suppressor will allow the differential relay 
to function in a normal manner without 
time delay or decrease in its sensitivity'* 
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S. Minneci (General Electric Company, 
Pittsfield, Mass.): In his discussion of the 
problems in transformer differential pro¬ 
tection Mr. Shill describes a practical solu¬ 
tion for the protection of power transformers 
with fixed ratios. Transformers equipped 
with load ratio control have their ratios 
changed by taps in any of their windings. 
A variable-ratio transformer will therefore 
allow an unbalance of 10 to 20 per cent in 
the secondary currents of differentially 
connected current transformers, in its leads. 
Since the unbalanced current thus pro¬ 
duced does not increase greatly as a per¬ 
centage of the through current, percentage 
differential relays in which the operating 
current is a certain percentage of the 
through current are usually employed to 
obtain a sensitive setting at low currents 
without danger of tripping the transformer 
breaker on through faults. This problem 
was the subject of an article written by 
J. W. Dodge and published in the May 
1929 issue of the General Electric Review. 

Another consideration in the problem of 
differential relay protection is the effect on 
the duration of inrush currents when trans¬ 
formers are paralleled. Studies made by 
C. D. Hayward, relay engineering depart¬ 
ment, General Electric Company show that 
inrush currents appear in both the trans¬ 
former which is to be energized and the 
transformer already in service and that the 
inrush currents may persist at nearly full¬ 
load current magnitude for a period of 66 
cycles after the second transformer is con¬ 
nected in parallel. Factors affecting the 
inrush currents and a means for adequate 
protection under these conditions are de¬ 
scribed in a paper prepared by Doctor 
Hayward. 1 

Reference 

1. Prolonged Inrush Currents With Parallel 
Transformers Affect Differential Relaying. 
C. D. Hayward. AIEE Transactions, volume 80, 
1941, pages 1096-1101. 


P. W. Shill: While, the paper was intended 
originally to deal with the subject of the 
present exigencies and the limitations in 
the selection of relays and other equipment 
which have been imposed on protection 
engineers by our governmental regulations, 
the discussion has tended more to the con¬ 
sideration of ideal conditions and designs. 

The exact matching of current trans¬ 
formers to suit the inherent ratio of the 
power transformers presupposes that there 
be a series of taps on one set of current 
transformers to match the taps on the power 
transformers for the ratio-adjusting or tap- 
changing switchgear. While it may be 
quite easy to make changes iq the cases of 
off-load ratio adjustments, it would be 
1 necessary to provide tap-changing switch- 
gear for the current transformers in the case 
of automatic tap changing on load. This 
is hardly feasible economically; neither is it 
necessary, because small permanent differ-, 
ential currents can be taken care of easily. 
Slight differences in current-transformer 
ratios are no more serious in the cases of 
transformer banks with fixed ratios than 
they are iq the cases of those with auto¬ 
matically variable ratios. 

It is true that auxiliary current trans¬ 
formers usually have rather high burdens; 
in fact, most of them have burdens which 
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are considerably higher than they need to be. 
The errors they may intoduce are most 
serious in the cases of through-fault cur¬ 
rents. In these cases the burdens of auxil¬ 
iary current transformers are shared by two 
of the sets of power current transformers in 
the differential system. While the portions 
o the total burden of the auxiliary current 
transformers which are carried by each set 
of power current transformers may still be 
high enough to impair the ratios of the 
latter, both sets will be subject to the same 
conditions so that any differential between 
their secondary currents under these con- 
mtions will be relatively small. The chief 
objection to auxiliary current transformers 
is that they may provide additional d-c 
transients under fault conditions. The 
relays must be arranged to pass these 
transients. t ^ le case °f faults in the 
differentially protected zone, the auxiliary 
current transformers, by upsetting the ratio 
of one set of power current transformers, 
tend to make the protection more sensitive. 

The calculations of expected transients 
were considered to be outside the scope of 
this paper, and they have been dealt with 
very well by other authors at different times. 
It should be noted that the figures given in 
the paper cannot be considered as typical 
by any means. Each case must be care- 
fully considered on the conditions to be met, 
if there be any uneasiness of mind about 
transient conditions to be expected, or 
experience proves that such transient cur¬ 
rents do reach troublesome values in any 
particular case. The case reported verbally 
at the convention meeting of a transformer 
bank having a charging current inrush of 
five times normal full-load current and 
requiring 2.5 seconds (150 cycles) to decay, 
shows what can be expected in extreme 
cases. 

There is no argument that restrained 
relays which drop their restraint under 
fault conditions in the protected zone are 
very desirable and should be used if possible. 
From the writer’s experience, current-ratio 
differential relays requiring as high as a 
50 per cent unbalance to operate are not so 
satisfactory for passing transient currents 
as are ordinary overcurrent relays. 

With regard to the availablility of relays, 
the writer has just received three ordinary 
induction-type overcurrent relays with in¬ 
stantaneous attachments for which the 
order was placed over 11 months ago. Of 
course, the standard explanation is “priori¬ 
ties.” This may be sufficient and quite 
satisfactory for the devotees of this new 
quasi religion, but it does not help the man 
with a job to do, who has to meet dates when 
apparatuses are required to be put into serv¬ 
ice. How long it would take to get any 
special types of relays is anybody’s guess 
these days. 

Anyone who has had experience in practi¬ 
cal engineering design knows that in almost 
all cases, in all branches of engineering, pin¬ 
point accuracy seldom is finally attainable 
or necessary. After one has made the cal¬ 
culations for one’s ideal design, one must 
immediately look around for the equipment 
and materials which most closely meet the 
ideal requirements. Equipment and ma¬ 
terials usually have to be selected from 
standard sizes and available stocks and 
adapted for one’s purposes. Special equip¬ 
ment is, usually, relatively quite expensive 
and is not often justified by engineering 
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considerations. If one accepts the prin¬ 
ciple that lack of pin-point accuracy is proof 
of a low standard of engineering, then there 
is and has been very little high-standard 
engineering done in any branch of the 
profession. In the writer's opinion, high- 
standard engineering consists of: 

Determining the ideal arrangement and condi¬ 
tions that are desirable. 

2, Determining the tolerances that are permissible. 

3. Selecting, the equipment and materials which 
are most available and economical for the purpose. 

Pin-point accuracy is no more necessary in 
a properly designed current-differential 
protection than in any other piece of en¬ 
gineering. 

Method for A-C Network 
Analysis Using Resist¬ 
ance Networks 

Discussion and author's closure of paper 42« 
149 by Waldo E. Enns, presented at the AIEE 
Pacific Coast convention, Vancouver, B. C., 
Canada, September 9-11, 1942, and pub¬ 
lished in AIEE TRANSACTIONS, 1942, De¬ 
cember section, pages 875-80. 


Mabel M. Rockwell (Lockheed Aircraft 
Corporation, Burbank, Calif.): The author 
of this paper deserves commendation for his 
ingenious application of the circuit theory to 
the solution of the always difficult network 
problem using the d-c board. This de¬ 
velopment should be of considerable prac¬ 
tical value to utility companies, since most 
of them have d-c boards available for short- 
circuit studies, but comparatively few have 
a-c boards, and under present conditions 
the likelihood of obtaining such is un¬ 
doubtedly remote. 

In operating a power system practical 
questions of load distribution, substation 
location, and so forth, occur even more fre¬ 
quently than relay problems and in the past 
have often had to be solved by very approx¬ 
imate or laborious methods. While Mr. 
Enns* method is, of course,, more laborious 
than the simple solution of using an a-c 
board, in the absence of the latter it presents 
a powerful and useful tool for solving many 
urgent problems with the equipment on 
hand. 


V. B. Wilfley (Westinghouse Electric and 
Manufacturing Company, Seattle, Wash.): 
The author of this paper should be com¬ 
mended very highly for his development of 
the method he has described. 

Heretofore, it has been considered neces¬ 
sary to use the a-c calculating board for the 
making of complicated system load studies. 
However, there are few such boards avail¬ 
able, and the means of making use of the 
standard variable resistance d-c board, as 
described by Mr. Enns, is of decided im¬ 
portance. 

In these times, the very best possible use 
of all system facilities is necessary, and load 
division studies are essential for best system 
operation. Practically every utility owns a 
d-c board, and a description has been given 
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as to how it may be used, to obtain valuable 
information. 

In the past, the use of d-c boards has, 
generally, been confined to short-circuit 
studies. Even for this type of study, the 
results were subject to some error, because 
either the resistance had to be considered as 
negligible or, if impedance values were used, 
those in one circuit had to be assumed to 
be inphase with those of other circuits. The 
method covered by the paper will be much 
more accurate for all types of studies, as the 
resistance and reactance are used in their 
correct relationship to each other. 

A review of the paper indicates that a 
certain amount of paper calculation work is 
necessary, but these calculations seem quite 
straightforward and involve only simple 
slide-rule mathematics. Also, such studies 
are not made frequently of a general rule. 

In the first part of the paper, reference is 
made to a design of d-c board which will be 
particularly well suited for use with this 
method. It would be appreciated if Mr. 
Enns would give a little additional informa¬ 
tion about its general features and how it 
differs from the standard d-c board. I as¬ 
sume that it will make use of four circuits 
connected in series parallel to save time in 
obtaining readings. 

Charles A. Mac Arthur (Bonneville Power 
Administration, Portland, Oreg.): One diffi¬ 
culty with Mr. Enns’ proposal is the neces¬ 
sity for estimating voltages at points re¬ 
moved from the reference bus. The initial 
estimate should be relatively close in order 
to avoid the necessity for a second solution 
with the four network combinations (real 
and reactive current with resistance and 
reactance networks). For networks which 
are radically changed from any previously 
studied, this may be*very difficult. 

A short cut to obtain this initial result is 
possible by using the real component of 
current with the resistance network and the 
reactive component of current with the 
reactance network. These two combine to 
give nearly the correct magnitude of voltage 
drop to remote busses. The bus voltages 
thus obtained may be used as described by 
Mr. Enns in section 3 of the “Application of 
Method to Network Problems.” 

The use of resistance networks for a-c 
network analysis is a valuable tool for com¬ 
panies which cannot justify an a-c-calcula¬ 
ting board. 

W. W. Parker (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Mr. Enns’ paper is very interesting 
in describing an ingenious method of over¬ 
coming the inherent limitations of a d-c cal¬ 
culator board in the study of a-c networks. 
By successive solutions of four equations 
with four separate setups, the real and re¬ 
active power flow and bus voltages can be 
obtained. 

As indicated in the paper, wherever a-c 
network calculators are available, they will 
always be used in preference to this method, 
as obviously the direct replica approach 
gives accurate solutions much more’quickly 
and easily. For other than short-circuit or 
the simpler regulation problems, that is, for 
transient-stability and loafi-control inter¬ 
connection problems, the application of the 
method discussed in the paper would be 
decidedly limited. 
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Ia the last few years, as outlined in the 
recent paper, entitled "The Modern A-C 
Network Calculator” 1 which was presented 
at the 1941 Pacific Coast convention, the 
number of a-c network calculators has 
greatly increased. The latter two, men¬ 
tioned at that time as being under construc¬ 
tion, have since been installed and are now 
in practically continuous operation. 

Many of the a-c network calculators are 
available for use by engineers other, than 
the owners, so that it is now possible for a-c 
calculator analysis of any of the major 
problems of the design and operating 
engineer. 

Reference 

1. The Modern A-C Network Calculator, 
W. W. Parker. AIEE Transactions, volume 
60, 1941, November section, pages 977-82. 


Waldo E. Enns: The discussions presented 
indicate the acceptance of the method out¬ 
lined in the paper as a practical tool for 
making load distribution and voltage studies 
with a d-c calculating board. This favorable 
opinion is appreciated, coming as it does 
from engineers close to the subject of a-c 
network analysis. 

One point brought out in the discussion 
is that the use of this method applied to 
existing d-c boards is more laborious than 
the a-c calculator. This point must be ad¬ 
mitted; however, where an a-c calculator 
is not close at hand, in many cases load 
studies can be solved more economically on 
an existing d-c board. 

Although it was beyond the scope of the 
present paper, the writer hopes to describe 
soon a resistance board designed especially 
for this new method which greatly simplifies 
its use. 


A New Single-Pole Service 
Restorer 


Discussion and author’s closure of paper 
42-147 by E. E. Tugby, presented at the 
AIEE Pacific Coast convention, Vancouver, 
B. C., Canada, September 9-11, 1942, and 
published in AIEE TRANSACTIONS, 1942, 
December section, pages 889-92. 


G. F. Lincks (General Electric Company 
Pittsfidd, Mass.): Mr. Tugby has de¬ 
scribed a very interesting devdopment in 
restorers or redosers. One of the features 
of the restorer is the adjustability of time- 
current characteristics in the fidd, so as to 
trip at 150, 200, or 250 per cent of the 
rating within a variable time range of from 
about 2.5 to 9 seconds. While apparently 
desirable, there are some practical applica¬ 
tion problems which make the value of 
this feature somewhat questionable. 

It is unlikdy that many operators, even 
if they could, would consider throwing short 
circuits on their distribution systems in 
order to make the fidd adjustment Mr. 
Tugby states was necessary improperly co¬ 
ordinating the system described and shown 
in Figure 5 of the paper. In making system 
co-ordination studies for overcurrent pro¬ 
tection, it is customary to demand a very 

1070 


high degree of reliability and accuracy in 
both the published time-current character¬ 
istics and the product. . This permits mak¬ 
ing a completdy co-ordinated system setup 
on paper with the expectancy of securing 100 
per cent successful operation when installed. 
For example, a number of utilities with more 
than four years operating experience on 
seetionalized systems protected by single 
dement and reclosing fuse cutouts report 
that they have yet to experience one false 
operation. 

To make use of the adjustment feature of 
the restorer described for making a co¬ 
ordinated system setup on paper, it would 
be necessary to have a series of time-current 
curves such as is provided for relays. The 
time-dday adjustment of each restorer 
would have to be accuratdy calibrated for 
a number of intervening settings between 
the minimum and maximum so as to meet 
curves published for each one. Such a 
procedure naturally would involve some 
variables in commercial manufacture which 
would have to be knqwn so they could be 
taken into consideration in making co¬ 
ordination studies. It would be of value if 
Mr. Tugby could give some data on just how 
much this variation would be. A compari¬ 
son of the curves of Figure 2 of the paper 
when replotted on log-log co-ordinate paper 
shows a difference in shape between the 
maximum and minimum time delay. This 
would indicate the need for individual curves 
for each adjustment. 

In setting up a co-ordinated system it is 
customary to start with the protective de¬ 
vice farthest out on the system. The eco¬ 
nomic justification for the use of restorers 
or reclosers would be premised on services 
feeding appliance loads, such as ranges, and 
so forth, requiring at least 60-ampere serv¬ 
ice entrance fusing. As pointed out in the 
AIEE paper "Trends in Distribution Over¬ 
current Protection,” 1 in order for 60-ampere 
250-volt fuses to operate ahead of the fuse 
on the primary circuit of the distribution 
transformer, the primary fuse link must be 
rated at least three amperes at 7.5 kv, five 
amperes at five kv, and 15 amperes at 2.5 
kv. A majority of the restorers will be used 
with a minimum three-ampere fuse rating 
on 7.2/12.5-kv grounded-wye circuits. 
Thus, for example, proper sequence of opera¬ 
tion with the 60-ampere service entrance 
and five-ampere primary fuses will require 
setting three-ampere restorers to trip at 
250 per cent of the rating and with the 
maximum time delay. Progressive heating 
during the two subsequent closures cannot 
be depended upon to cause a higher rated 
fuse link to melt before lockout, since the 
seven seconds reclosing time of the restorers 
would permit too much cooling of this link. 
Some^advantage might be gained from the 
adjustable feature if the restorers closer to 
the source of supply could be made to oper¬ 
ate more slowly than the setting of the 
three-ampere restorer. But if the restorer 
at the extreme end is set at or close to the 
maximum tripping current and time delay, 
the desired number of restorers to be con¬ 
nected in series may restrict the permissible 
lower setting of the restorers closer to the 
source of supply. 

The preceding illustration uses the three- 
ampere restorer as an example. However, 
other factors such as a "minimum fusing 
practice of five or eight amperes" at the 
transformer primary winding would pre¬ 
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elude the use of a three-ampere restorer. 
Instead, a six-ampere restorer would be 
required with minimum 200 per cent and 
250 per cent current pickup for five- and 
eight-ampere fuses respectively and with, 
the maximum time delay. Transformers, 
with internal fuses, especially the earlier 
product, might necessitate adjusting even 
20- or 25-ampere restorers for maximum 
current and time-delay settings. Service 
experience has proved repeatedly that long¬ 
time outages amounting to as high as 12 or 
more hours may be anticipated if the trans¬ 
former fuses and line-sectionalizing equip¬ 
ment are not co-ordinated properly. 

In addition, economic considerations may 
dictate the use of single-element fuse cut¬ 
outs at the branches. At many such in¬ 
stallations fuse links will be employed which 
are rated higher than those just considered 
for transformer protection, thereby affecting 
the settings of higher-rated transformers. 
The AIEE papers, "Relative Value of 
Different Types of Overcurrent Protection 
for Distribution Circuits" 2 and "Relative 
Expense for Service Restoration With 
Different Types of Overcurrent Protection 
for Distribution Circuits”,* as presented at 
the 1942 winter and summer conventions, 
respectively indicate that in the general case 
single-element fuses provide the major 
portion of the improvement in service con¬ 
tinuity that is obtainable by branch pro¬ 
tection. Very little additional improvement 
can be secured by the use of either reclosing 
fuses or automatic-resetting reclosers or 
restorers. The savings in restoration ex¬ 
pense were not proportional to the difference 
in initial cost of reclosing equipment over 
the low-cost single element fuses. This pro¬ 
portion would be further out of line if the 
adjustment feature added anything to the 
cost of the restorer. 

It would appear, therefore, that the im¬ 
practicability of making settings in the fidd 
and the application problems involved in co¬ 
ordination with fuses located farther out on 
the line definitely limit the advantage of the 
adjustability of the restorers’ time-current 
characteristics. 

If Mr. Tugby has any suggestions which 
will assist in making greater use of the ad¬ 
justment feature of the restorer, they will be 
of value to those making system-co-ordina¬ 
tion studies for overcurrent protection. 
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E. E. Tugby: Mr. Lincks apparently mis¬ 
interpreted some passages of the paper 
when he assumes that it would be necessary 
to "throw short circuits on a distribution 
system" to determine restorer adjustments. 
It is customary to make system short- 
circuit studies before attempting any kind 
of co-ordination work, and the computed 
values are used directly for restorer settings. 
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On a test setup with five restorers in cas¬ 
cade, all operated 100 per cent correct after 
having been adjusted by lever setting. 

Interpolation should be sufficiently accu¬ 
rate, if three time-current curves are avail¬ 
able: namely, maximum, intermediate, and 
minimum time delay, with calibrated iden¬ 
tification of the related points on the time 
scale. 

Selective tripping is assured if time-delay 
settings between adjacent restorers of the 
same rating are 45 cycles or more apart. 
On 30-cycle settings occasional interference 
was observed because of manufacturing 
variations. 

The assumption made by Mr. Lincks that 
installation of service restorers is only 
justifiable in certain highly loaded feeders 
does not stand up under practical scrutiny. 
The cost of replacing blown fuses is high no 
matter what the fuse rating. 

Any computation of the economic justi¬ 
fication of restorer installation on the basis 
of feeder size or length or on the basis of 
service improvement alone, without con¬ 
sideration of maintenance savings, must 
lead to erroneous results. 

No one system condition can be labeled 
standard, and each requires special study, 
as any operating man knows only too well. 
That certain system setups exist which do 
not justify restorer installations is not dis¬ 
puted. In the majority of cases, however, 
their installation improves not only service 
continuity but also reduces maintenance 
costs, thereby justifying their application 
even if a moderate revision of fusing prac¬ 
tice should be necessary in isolated cases. 


History of A-C Wave Form, 
Its Determination and 
Standardization 


Discussion and author's closure of paper 
42-152 by Frederick Bedell, presented at 
the AIEE Pacific Coast convention, Van¬ 
couver, B. C., Canada, September 9-11, 
1942, and published in AIEE TRANSAC¬ 
TIONS, 1942, December section, pages 
864-8. 


P. W. Shill (British Columbia Electric 
Railway Company Limited, Vancouver, ' 
B. C., Canada): Figure 1 of this discussion 
is a copy of an old oscillogram which is in 
the writer’s possession. It was taken in 
the year 1908 at the City and Guilds of 
London Technical College, Finsbury, Lon¬ 
don, England, by Doctor Silvanus P. 
Thompson while demonstrating to his class 
the phase-angle shift of the current with 
respect to the voltage of a circuit under con¬ 
ditions of bad power factor. 

Strangely enough Doctor Thompson was 
the author referred to by the author of this 
paper in reference 4. 

The oscillogram, as can be seen by a close 
examination of Figure 1, was made oh an 
"Ondographe Hospitalier.” To the best 
of the writer’s knowledge Hospitalier 
brought out this instrument in 1898. 
Quite probably it was the "electric curve 
tracer” which is referred to in the author’s 
reference 17, to which is assigned also the 
date 1898. 


For the benefit of those not familiar with 
the instrument, a brief description follows: 
The chart shown in Figure 1 was fastened 
around a brass drum. This drum was driven 
at a constant slow speed by a synchronous 
motor. The motor also drove a gear train 
which moved a contact around at another 
constant slow speed. A second contact was 
attached to the synchronous motor shaft. 
It can be seen readily that the two contacts 
would close the instrument circuit instan¬ 
taneously, once for each revolution of the 
motor shaft, but never twice in succession at 
the same point on the a-c wave. This 

Figure 1. Oscillo¬ 
gram taken in Lon¬ 
don in 1908 on 
Ondographe Hos¬ 
pitalier. 


apparatuses with magnetic cores as pro¬ 
ducers of harmonics. The current wave 
was taken from a current passing through 
an almost pure reactance, as can be seen 
by the phase angle shift. A comparison 
of the harmonics appearing in the voltage 
wave and the current wave would indicate 
that when the harmonics of a voltage im¬ 
pressed on a circuit exceed a certain mag¬ 
nitude with respect to the fundamental 
wave, apparatuses with" magnetic cores act 
as chokes or filters for harmonics in the 
current. 

Such wave forms if put out by generators 



caused a pen, quite similar to the ones we 
have now on graphic instruments, to move 
backward and forward across the chart 
following the successive impulses received 
from the current through the advancing 
contacts. The wave traces have the same 
type of radial distortion with which we are 
quite familiar today on some types of 
graphic instruments; so that the chart 
was printed with one set of co-ordinate 
lines drawn radially, as can be seen. 

This instrument represents an intermedi- 
ate stage in harmonic analysis, coming as 
it does between the point-by-point plotting 
method and the modern reflecting and cath¬ 
ode-ray oscillographs. It was in reality a 
direct mechanical means of obtaining 
quickly a trace of the wave form by an auto¬ 
matic point by point record. 

In Figure 1 the wave with the very pro¬ 
nounced harmonics is the voltage wave. 
The almost pure sine wave is the current 
wave. Time moves from right to left on the 
chart. These waves were produced from 
the power supplied to the school by the 
electricity-supply company operating in 
that area. 

By comparing this voltage wave with one 
produced by any modern generator, one 
can readily appreciate the improvement 
that has been made in generator design, and, 
therefore, what we owe to the science of 
harmonic analysis in this field. The year 
in which the generator which supplied these 
waves was built is not known to the writer, 
beyond the fact that it was at some time 
in the eighteen nineties. 

Further, an examination of the general 
shape of the voltage wave explains why the 
controversy raged over the so-called "sine- 
wave assumption.’.’ Possibly, when con¬ 
sidering the machines in use in the early 
days, the opponents of the assumption were 
right. However, one would hardly care to 
take such a stand today when considering 
our modern machines. It will also be 
noticed that if the current wave be cor¬ 
rected for radial distortion it has a more 
sloping front and a steeper back than a pure 
sine wave. 

Today we are in the habit of considering 


today would certainly cause untold trouble 
on communication circuits. It so happens 
that the gentleman who for a time was 
chief engineer of the telephone company 
operating in the area which was served by 
this system was the father of the writer of 
this discussion. Many a time the father has 
told his son of the terrible troubles he had 
with electric-power interference on his 
system, especially in the days when he was 
still struggling to try to operate single 
metallic ground-return telephone circuits. 

The writer fully appreciates the great 
service rendered by the author of the 
paper to all those seriously interested in the 
subject of a-c wave form by producing this 
paper and can only hope that others, with 
equal knowledge and background in then- 
respective branches of electrical-engineering 
science as the author has in his, will render 
the profession equal services by preparing 
papers of comparable scope and quality. 
As he says in his concluding sentence, the 
author has not attempted to tell us the 
whole story. He has, however, given us 
references which must prove to be invalu¬ 
able. Those published from 30 to 50 years 
ago might otherwise have been in danger of 
dropping out of sight altogether. 


Charles F. Scott (Yale University, New 
Haven, Conn.): To the significant history 
which Dr. Bedell recounts he himself has 
been a notable contributor, as is attested 
by the 12 references to his own work in the 
bibliography. To the story of the 1890 
period I am able to add a few items relating 
to the Telluride power transmission and to- 
the determination of wave form; Some of 
my own work and also that of Lamme and 
of Mershon are involved. 

The wave form of the early commercial 
alternator with surface winding on a drum 
armature approximated the sine wave. 
The first Westinghouse toothed armature 
(one T-shaped tooth per field pole) pro¬ 
duced a wave which caused less trans¬ 
former-iron loss than that of the smooth 
armature. I undertook to measure the new 
wave form—the first such measurement at 
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the Westinghouse factory. I used the 
contact method but discarded the ordi¬ 
narily used condenser and ballistic gal¬ 
vanometer and made direct readings by a 
Cardew (hot-wire) voltmeter. The instru¬ 
ment required normally about a quarter of 
an ampere for a fair deflection; it took enor¬ 
mously more when there was one contact 
per revolution of a 12-inch disk, as evidenced 
by a long soft arc. But the resulting curve 
was very definite; there was a flat zero for 
about five per cent of the half cycle and a 
double peaked maximum with a depressed 
V between the peaks, and the sides were 
fairly straight lines. The shape of the curve 
was responsive to the configuration of poles 
and teeth; thus, as the width of the tooth 
was greater than the pole, all of the field flux 
passed into the tooth through a slight angle, 
and the unchanging flux resulted in a pro¬ 
longed “flat” zero in the curve. Lamme at 
once commented that he could change the 
wave form by reshaping the tooth. 

One day Mr. Schmid said to me, “There 
are two new machines; test them and see 
what they will do.” Then began my real 
education on synchronous operation; I 
varied motor field current from normal to 
zero and then did the same with the gener¬ 
ator, observing effects on line voltage and 
current. I loaded the motor (about 40 
horsepower) and made other tests. A few 
months later, about September 1,1890, Mr. 
Schmid said that a 100-horsepower transmis¬ 
sion had been sold to L. L. Nunn at Tellur- 
ide, and we would use two alternators like 
those made for the transmission from Willa¬ 
mette Falls to Portland, Oreg. My job was 
to specify the equipment to accompany the 
two alternators. And without precedent I 
proceeded to devise a method and apparatus 
for motor starting and loading, the method 
of excitation of generator and motor, also 
to decide upon switches and indicating 
instruments and prepare instructions for 
operating a new type of plant. < The only 
justification for some of the complication 
involved is that it worked. Dr. Bedell 
quotas P. N. Nunn as saying that the gen¬ 
erator and motor were “identical to assure 
identity of wave form.” Possibly, but I 
never heard of it until Mr. Nunn’s explana¬ 
tion 40 years later. The Willamette- 
Portland and the Telluride transmissions 
were described by me in the Institute’s first 
paper on Long-Distance Transmission for 
Light and Power. 1 

R. D. Mershon graduated from Ohio 
State University in 1890. I attended the 
commencement, and he told me of his 
method of measuring wave form. A few 
months later he developed it at the West¬ 
inghouse works. He placed in series with a 
contact a telephone receiver which re¬ 
sponded with vigorous clicks. He intro¬ 
duced a d-c electromotive force which he 
adjusted until the click was suppressed. 
The d-c voltage required to just equal the 
contact voltage was read on a voltmeter. 
A new brush setting was then made, and 
the corresponding electromotive force at 
this point in the alternating wave again read 
on the voltmeter. This simple and satis¬ 
factory method was soon superseded by the 
oscillograph. Mershon described it in the 
Electrical World (1892, page 425). 

Lamme calculated the wave form of the 
initial Niagara 5,000-horsepower generator 
and then measured it in a very origmal way. 
These he describes in a 12-page paper on 
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“Early Work on First 5,000-Horsepower 
Alternators,” prepared in 1920 at request of 
E. D. Adams and published in his “Niagara 
Power.” 3 Under “New Method of De¬ 
sign” Lamme relates that I had prepared 
and showed him an iron filings picture of the 
magnetic field between the armature and 
field poles of the machine, made with the 
aid of a full-sized template. He continues 
"I believed I could plot the flux conditions 
by calculation. . . . The plotted field form 
corresponded to the electromotive force 
wave for one armature conductor.... The 
wave of other conductors (was the same 
but) displaced by an amount corresponding 
to the displacement of the armature con¬ 
ductors thetaselves .... I combined them 
to get the electromotive force wave of the 
machine. 

“When the machine was set up for test, 
I arranged to wind a small wire cable 
around the external cylindrical field frame 
(about 12 feet in diameter), one end of this 
cable being attached to a small windlass, 
which was to be turned at a slow uniform 
rate to rotate the machine very slowly. The 
field was magnetized, and a d-c voltmeter was 
connected across the terminals of the arma¬ 
ture winding with a view to taking direct 
readings at uniform intervals of time during 
the rotation. If the rotation were slow 
enough, the voltmeter needle would indi¬ 
cate in succession all the points in the elec¬ 
tromotive force wave .... The measured 
wave coincided almost exactly with the 
predetermined calculation. 

"Taking this as a basis, I worked on the 
method of design during my evenings for the 

next two or three years- This developed 

method is the basis of the company's cal¬ 
culation system of today.” 

Dr. Bedell makes brief reference to Wil¬ 
liam Stanley’s pioneer work on the trans¬ 
former. This is more fully described by 
Chesney and Scott as part of the Great 
Barrington demonstration. 3 
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F. Bedell: We are indebted to Mr. Shill 
for bringing out several interesting points 
in his discussion. He has emphasized the 
troubles encountered on early telephone 
lines because of electric-power interference 
and has given us a good description of the 
Hospitalier Ondographe. The curves he has 
shown well illustrate the great irregularities 
that existed in the wave forms of early ma¬ 
chines, to which attention has been calledin 
the paper. Furthermore, his curves are 
evidence of the perfection attained in the 
delineation of wave forms by means of 
point-to-point curve tracers, which were 
highly developed and serviceable in their 
day but were soon outmoded on account of 
the inconvenience, as well as limited fre¬ 
quency range, of synchronous apparatus. 

Irregularities even greater than those 
shown in these curves were frequently, found 
in early machines. The increase in size of 
macfa|nes, with better design and standardi¬ 
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zation, has given us wave forms on power 
systems with remarkably small deviation, 
from a true sine wave, conforming closely 
to our increasingly rigid standardization 
rules. One would hardly like to take a. 
stand against the so-called sine assumption 
today, as Mr. Shill points out. 

In the sine-wave assumption, however, it 
should be kept in mind that it is not as¬ 
sumed necessarily that current and elec¬ 
tromotive forces are sine waves. It is as¬ 
sumed that they may be replaced by equiva¬ 
lent sine waves having the same rms values, 
displaced in phase so as to have the same 
power factor. The vector and circle dia¬ 
grams based on this assumption have 
proved their usefulness for fifty years, even 
with wave forms departing widely from a 
sine wave. The proof of the pudding is in 
the eating. 

It was early found that certain vector 
methods (as used, for example, in the once 
important three-voltmeter and three-am¬ 
meter methods for measuring power) were 
absolutely independent of wave form. It 
was further found that other methods with 
which we are all familiar, for example, the 
determination of performance character¬ 
istics by circle diagrams, gave results with 
engineering accuracy often better in fact 
than could be obtained by any other method, 
even though theoretically not free from error. 

Such uses of vector and circle diagrams, 
employed in practically all our engineering 
projects, are too familiar to need elabora¬ 
tion, but let us take a particular example. 
In the predetermination of the regulation 
of a transformer from open-circuit and short- 
circuit tests, derived by vector methods 
based on the sine-wave assumption, the 
regulation is determined more accurately than 
it can be directly measured by commercial 
instruments. And this, too, in spite of the 
fact that the primary current of a trans¬ 
former on open circuit is distorted necessarily, 
as we well know, by the effects of hysteresis! 

An explanation of the fact that irregulari¬ 
ties in wave form introduce such small error 
in vector diagrams based on the sine as¬ 
sumption may be found in the fact that, if 
fundamental quantities be represented by 
vectors in a plane, vectors representing 
harmonics would necessarily be at right 
angles thereto. This follows from the fact 
that no harmonic can have an inphase or 
power component with respect to the funda¬ 
mental, for currents and voltages of differ¬ 
ent frequencies represent no power. Har¬ 
monics, compared with the fundamentals, 
are always small and, as the vectors by 
which they are represented are at right 
angles to the fundamental plane, their ef¬ 
fect is still smaller and merely gives a slight 
distortion or warping to the plane-vector 
diagram by an amount too small to have 
significance. Studies in this direction will 
be found in reference 12 of the paper. The 
author has found the representation of alter¬ 
nating quantities by vectors in more than two 
dimensions useful in some special cases but 
not generally applicable without difficulty. 

Although, as seen above, the validity of 
the sine-wave assumption and the useful¬ 
ness of vector and circle diagrams based 
thereon do not depend upon having perfect 
or nearly perfect a-c wave forms, our efforts 
in standardization toward this end will be 
continued for engineering reasons, such as 
the effects upon insulation and communi¬ 
cation, as discussed in the paper. 
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Some Air-Blast Circuit- 
Breaker Installations 
in Canada 
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at thl AIEF p" i nd r ‘ ^° 0re ' 

at the AIEE Pacific Coast Convention, Van¬ 
couver, B. C., Canada, September 9-11,1942 
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1942, December section, pages 859-63. 

E. W. Knapp (Shawinigan Water and Power 
Company Montreal, Q ue ., Canada): It is 
today a well-established fact that automatic 
circuit breakers with high-speed and high 
ruptunng-capacity characteristics are re¬ 
quired for electric-power systems. The de¬ 
velopment of air-blast circuit breakers of¬ 
fers considerable promise of adequately 
meeting these requirements in the future 
During the past few years the Shawinigan 
Water and Power Company has assisted in 
this development in Canada by utilizing 
their power system for primary tests during 
the development period. These tests 
brought out certain-defects and limitations 
and, as a result, improvements have been 
effected. However, it is expected that this 
equipment will be subject to the usual “grow¬ 
ing pains’* but will improve with “time and 
experience.” Operating experience to date 
has also revealed a number of weaknesses 
and, in general, the necessary remedial 
measures have been taken, particularly in 
those cases where the cause of failure has 
been established definitely. Normal operat¬ 
ing speeds are quite fast, and this feature 
should prove of considerable value, particu¬ 
larly on power-system networks where tran¬ 
sient stability or power-arc damage present 
problems. It should be noted, however 
that although the 69-kv design has been 
tested to 100 per cent of rated rupturing ca¬ 
pacity, the 220-kv design has not been fully 
tested above 40 per cent of rated rupturing 
capacity. 

Automatic reclosing of power circuits, 
following transient faults, is playing an 
important role in power-service improve¬ 
ments. It is quite probable that in the near 
future, this feature will be considered as an 
integral part of any system plan, along with 
relay protections and control. This feature 
may also be supplemented in special cases 
with single-phase switching. The air-blast 
circuit-breaker would appear to be ideally 
suited to this method of operation, caused 
by inherently high operating speeds. The 
authors have attempted to explain briefly 
a means of adapting the circuit breaker un¬ 
der consideration to automatic reclosing, 
but I do not fully understand the explana¬ 
tion, It is assumed that “extremely fast re¬ 
closing” means 0.35 second or less total 
time. In this particular design it is not pos¬ 
sible to reclose the interrupter contacts 
while maintaining a high pressure in the 
arcing chamber. This tends to increase the 
possibility of restrike across the interrupter 
contacts, unless the isolator switch is at 
least partially open before the air blast is 
stopped. The necessity of operating the 
isolating switch might result in considerable 
delay in the automatic reclosing operation, 
unless the control arrangement is revised. 
Further explanation of the scheme, together 
with operating times should prove of interest. 

1942, Vol. 61 


L. B. Chubbuck: For discussion, see item 
elsewhere on this page. 


H. W. Haberl and R. A. Moore: The au¬ 
thors of this paper gratefully acknowledge 
the interest shown by power-company engi¬ 
neers and especially those who have pre¬ 
sented written discussions. A number of 
interesting points have been brought out by 
the discussers which we believe should be 
claimed As most of the discussion is along 
parallel lines, our closing remarks will be di¬ 
rected toward the discussion as a whole. 

„ Ce fta^ tests reported are referred to as 
Wtiutoc tests.” They are obviously not 
synthetic tests. Synthetic means artificial. 
The word “synthetic” has been applied to 
the method used by large manufacturing 
companies to test circuit breakers beyond 
the short-circuit capacity of the available 
generating system. In the tests reported by 
the authors, the kilovoltamperes interrup¬ 
ted by the breaker were, in every case, iden¬ 
tically the same kilovolt-amperes which 
flowed into the fault from the line and gener- 
a system. In other words, the system 
was carrying a load of several hundred 
thousmid kilowatts, just before, during, and 
just after the short circuit interrupted by 
the breaker, the conditions being the same 
as when a breaker clears a fault in service, 
there was obviously nothing “synthetic” 
about such tests. 

Perhaps the intention was merely to ques- 
tion how much more interrupting capacity 
the 230-kv breaker has in excess of 1,000,- 
000 leva interrupted in the tests at 230 kv. 
The author’s paper reports' other tests on 
the single element of the 230-kv breaker in¬ 
terrupting over 6,000 amperes at about 60 
kv (phase-to-phase across a 60-kv line car¬ 
rying full load), such interruption being 
somewhat over 300,000 kva on the single 
dement. The 230-kv breaker has six of 
these elements in series per pole, making 18 
elements in the three-pole breaker Multi¬ 
plying 300,000 by 18 gives 5,400,000 kva 
The authors consider these tests to prove 
adequately that the 230-kv breaker has an 
interrupting capacity in excess of its rating 
of 2,500,000 kva. 

Pistons and cylinders are mentioned by 
the discussers as possible sources of, trouble 
in air-blast breakers. Pistons and cylinders 
operated by compressed air were applied to 
brakes on railway trains many years ago 
(by the Westinghouse company). Air 
brakes are very dependable. 

One discusser refers to the noise of air- 
blast breakers and is concerned about its ef¬ 
fect on the nerves of operators. A 230-kv 
air-blast breaker opening a short circuit 
makes a noise about like the exhaust of a 
standard steam locomotive starting a heavy 
train, which does not appear to bother'the 
crew working within 40 feet of the blast. 
The operator in a station works at a control 
board usually 100 feet or more away from 
the breakers and within enclosing walls. He 
is not at all disturbed. 

The discussers refer tp high-speed reclos¬ 
ing in the high-voltage classes of breakers 
described. The 138-kv breaker will redose 
in 20 cycles and the 230-kv breaker in 25 
cycles. This timing can be decreased if a 
specific application warrants. However, 
the authors feel that if the breaker reclosing 
time was decreased to less than 15 cycles, 
additional delay in the form of control 


would need to be added, as the arc products 
on transmission-line faults are not blown 
away in less than that time, and on single¬ 
phase switching the arc on the de-energized! 
phase has been known to be maintained for 
an appreciable time by the induced voltage 
produced from the sound phases. 

To obtain successive shots in air-blast 
breakers it is only necessary to add storage 
capacity. Most types of the air-blast, 
breakers described have three operations 
stored in their individual tanks, and with 
the aid of storage capacity this number of 
operations can be increased at will. The 
moving parts of certain of these air-blast 
breakers in the extreme high-voltage class 
are very accessible, and contact inspection 
on the 230-kv air-blast breakers can be made 

Ton 1 / 11 2< ? minutes> Comparing this with a 
230-kv oil-breaker contact inspection time 
which takes hours, we believe the advan¬ 
tages are in favor of the air breaker. 

High-voltage air-blast breakers can be 
safely mounted indoors where a large quan¬ 
tity of stored inflammable material is a po¬ 
tential fire hazard; this indeed is an advan¬ 
tage for the air-blast breakers. 

The arcing time of the air-blast breaker is 
independent of the magnitude or phase 
angle of the currents involved. This is in¬ 
deed an advantage over the modern oil 
breaker where clearing times in the neigh¬ 
borhood of six cycles can be obtained where 
the current is of sufficient magnitude to have 
the deionization or the explosion principle 
applied. However, on small currents of low 
power factor such as the charging current of 
transmission lines the air-blast-breaker arc¬ 
ing time is the same as with the heavy cur¬ 
rents. The modern oil breaker under charg¬ 
ing current conditions has been known to 
fail to interrupt where the magnitude of the 
current is less than the amount required for 
the explosion or deionization principle to 
apply. 


Design and Operation of 
High-Voltage Axial Air- 
Blast Circuit Breakers 

Discussion and author’s closure of paper 
42-155 by Armin K. Leuthold, presented 
at the AIEE Pacific Coast convention, Van¬ 
couver, B. C., Canada, September 9-11,1942, 
and published in AIEE TRANSACTIONS, 
1942, December section, pages 869-75. 
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L. B. Chubbuck (Canadian Westinghouse 
Company, Ltd., Hamilton, Ont., Canada): 
As the organization with which the writer 
is connected manufactures both air-blast 
and oil breakers, the writer feels free to 
offer a few comments on both types. 

Low-voltage air-blast breakers are defi¬ 
nitely free of oil hazard, though the high- 
voltage breakers usually include oil-im¬ 
mersed current transformers in large fragile 
porcelains. 

While failures have occurred in the past 
with oil circuit breakers, modem oil breakers 
fully tested and used within their rating 
have an excellent record under heavy every¬ 
day service. Their arc-rupturing devices 
are very effective, and all interruption 
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occurs quietly within heavy grounded metal 
tanks. Modem high-voltage and low- 
voltage oil breakers are very compact, a 
15-kv, 1,000,000-kva metal-clad structure 
running a little over 36 inch centers. 

Air-blast breakers have also had their 
failures. This type of breaker has short 
arcing time, though any longer time extend¬ 
ing until the series disconnecting switch 
. opens would be serious. The over-all open¬ 
ing time (the important feature) averages 
a little less than for commercial oil breakers 
but can be met by high-speed oil breakers. 

The opening of an air-blast breaker is 
accompanied by considerable noise and 
flame, rather nerve-racking to an adjacent 
operator. 

Because of limited air supply, an air 
breaker may be safely operated only two or 
three times successively. The operating 
high-pressure piping, valves, relays, and 
cylinders are rather an involved precision 
equipment and require high-grade main¬ 
tenance, particularly for outdoor service. 
Some of these moving parts are rather 
inaccessible, enclosed in high porcelains. 
At Arvida the 154-kv breakers are mounted 
indoor. 

We note that, because of lack of suitable 
high-power laboratories, the authors can 
provide only “synthetic” test proof of their 
larger ratings, based on a few system tests. 
We do not consider such data conclusive. 
During the development of our air-blast 
breakers, thousands of tests were made on 
all parts, and complete poles, to full rating, 
and overvoltage, in a laboratory of ample 
capacity. 

In conclusion, the authors have given us 
two very interesting and instructive papers 
covering the development of this new equip¬ 
ment in Canada. 


A. K. Leuthold: High-voltage air-blast 
circuit breakers can be equipped either 
with, or without, oil-immersed current 
transformers, but even in the former case, 
which is often preferred from the economical 
standpoint, the oil hazard, compared to an 
oil circuit breaker, is very small, because 
no arc interruption has to be carried out 
under oil. 

The low-voltage air-blast breakers are 
also very compact in design. For example: 
seven-kilovolt breakers require a space from 
center to center of approximately 34 inches 
and 13-kv breakers of approximately 42 
inches. 

Neither with our outdoor nor our indoor 
type of air-blaSt circuit breakers can flames 
be noticed at the breaker exhaust openings. 
The noise from an air-blast breaker erected 
outdoors is not objectionably loud, while 
the noise from a breaker erected indoors is 
similar to that of a modem high-speed 
d-c breaker when interrupting a heavy 
short circuit. 

Breakers equipped with automatic re¬ 
closing devices can open, reclose, and open 
a second time in less than 20 cycles without 
requiring refilling from the main air-storage 
tank. After two breaker opening opera¬ 
tions, automatic refilling takes place from 
the main storage tank in approximately 
four to six seconds, and further switching 
operations can then be carried out. 

Experience has shown that the various 
pistons, applied for the fully automatic 
operation of the breaker, operate very satis¬ 
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factorily, even under very low temperature. 
On outdoor breakers, this piston assembly 
is carefully protected against snow and 
rain and, if desired, can be kept above 
freezing point by means of small heaters 
similar to those applied on the motor-control 
pedestals of outdoor oil circuit breakers. 

The arcing chambers of high-voltage 
breakers are designed with inspection open¬ 
ings or other devices, which enable the 
movable arcing contacts to be inspected, or 
even replaced if necessary, in a few minutes. 
At Arvida; the 150-kv air-blast circuit 
breakers are installed indoors, because they 
had to replace two oil circuit breakers pre¬ 
viously erected in the same building where 
two 75,000-kva transformer banks are 
located. This customer preferred to elimi¬ 
nate the oil hazard by applying two air 1 
blast circuit breakers in place of the pre¬ 
vious oil circuit breakers. 

The high-voltage air-blast circuit breakers 
equipped with potential-controlled multiple 
arc breaks, are tested in our large breaker 
test plant by breaking the partial inter¬ 
rupting capacity with one arc break only, 
which enables one to judge what the per¬ 
formance of this breaker will be under full¬ 
rated interrupting capacity. A definite 
conclusion can be drawn from these tests 
because the voltage distribution between 
the individual arc breaks is equal on ac¬ 
count of the potential control of the arc 
breaks, which is achieved by means of small 
capacities. 

Through a series of developments, the 
manufacturer has achieved a very high per¬ 
formance from the high-voltage air-blast 
circuit breakers which, besides the short 
interrupting time, enables automatic single- 
or three-phase high-speed reclosure to be 
carried out. 

This insight into the latest breaker de¬ 
velopments, including testing and operating 
experiences, should induce and encourage 
power companies to collect experience on 
their own networks by applying this new 
type of circuit breaker in order to gain 
valuable operating data for further im¬ 
provement in the protection and stability 
of their high-voltage transmission lines and 
power-distribution systems. 

Design, Manufacture, and 
Installation of 120-Kv Oil- 
Filled Cables in Canada 

Discussion and authors' closure of paper 42- 
148 by D. M. Farnham and O. W. Titus, pre¬ 
sented at the AIEE Pacific Coast convention, 
Vancouver, B. C., Canada, September 9-11, 
1942, and published in AIEE TRANSAC¬ 
TIONS, 1942, December section, pages 881- 
8 . 


A. H. Frampton (The Hydro-Electric Power 
Commission of Ontario, Toronto, Ont., 
Canada): Under the heading “System,” 
section 2, the authors state that cable con¬ 
nections were used between the step-down 
transformer terminals and the station bus 
“as providing a substantial saving in steel 
structure, greater compactness, and better 
appearance, and much less exposed high- 
voltage circuit.” In the apparently restricted 
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space available at the site of station B, 
the value of the second and fourth points 
may be granted. However, it is difficult to 
accept the inference that the saving of the 
cost of the additional structures required to 
accommodate open connections to the trans¬ 
formers had a controlling influence in the 
decision to use cable at this point. The ac¬ 
ceptance of this inference is made more diffi¬ 
cult by the assumptions that may be drawn 
from the statements under “System,” sec¬ 
tion 3, that the line route had to be short¬ 
ened to approximately one third, and the 
acquisition of expensive right of way avoided 
in order to justify the main cable section as 
against the alternative overhead construc¬ 
tion. 

It would be interesting if the authors 
could expand on these points. Perhaps they 
would be prepared to suggest a rule-of- 
thumb figure as representing the approxi¬ 
mate value of right-of-way saving necessary 
to justify the adoption of cable constuction. 

From Figure 2 of the paper it is presumed 
that this cable system operates in parallel 
with 60-kv overhead circuits. From the dis¬ 
cussion, it is inferred that varying amounts 
of power are required to be transmitted be¬ 
tween stations A and C, in order to maintain 
the most efficient loading on certain generat¬ 
ing sources. As these parallel paths would 
obviously have different impedance char¬ 
acteristics, it would appear that the main¬ 
tenance of a proper subdivision of load be¬ 
tween the parallel paths would occasion diffi¬ 
culties. It would be of interest to know 
whether any special operating or other pro¬ 
cedures have been established in this con¬ 
nection. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): The authors are 
to be complimented for the thoroughness of 
their past investigations of . design and in¬ 
stallation details and of their present inves¬ 
tigations of operating matters. If, as in this 
case, engineers devote some time and efforts 
to the study of all details, problems relating 
to oil-filled cable systems become simple. 

Records of duct temperatures, and so 
forth, as they are planned, should be of con¬ 
siderable value in obtaining the maximum 
allowable load rating for the cable in the ac¬ 
tual installation. As load ratings are most 
important, it would be of interest to have 
more detailed information given on the 
methods being used by the authors and on 
any special points relating to loading. 

According to Table I of the paper, 70 de¬ 
grees centigrade is considered the maximum 
allowable copper temperature in accordance 
with the Association of Edison Illuminating 
Companies specifications. As indicated in 
my recent AIEE paper on "Load Ratings of 
Cable—II,” 1 such cable could be operated 
safely at higher temperatures. If this is at¬ 
tempted, one, of course, must watch out for 
limitations, such as reservoir capacity or in¬ 
duced sheath potentials. 

The Canadian-developed reservoirs shown 
in Figure 6 of the paper are of interest. The 
arrangement may be less expensive than 
those used in the United States. What ma¬ 
terial is used for the cell walls? 

The design of the conductor with flat 
strands reduces considerably the free oil 
space between conductor and paper as com¬ 
pared with conductor with ordinary round 
strands. Have any test data or calculations 
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Figure 1. Typical daily load curve for 120-kv 
cable 

Sheath currents not flowing. 20 degrees 
centigrade 

been made on the relation of the maximum 
stresses for these two types of conductors? 

The average coefficients of friction of 0.25 
to 0.30 for pulling cable into the ducts are 
less than usually obtained. We have found 
higher values in pulling cables into precast- 
concrete round ducts, using a heavy grease 
on the cable. While the grease is not a very 
good lubricant, as demonstrated by our 
tests, it is used mainly to retard or prevent 


This was in some measure due to the shape 
of the premises which made it desirable, even 
necessary, to place the high-voltage outdoor 
structure along the south side of the prop¬ 
erty from east to west, using the entire 
width. It was, therefore, necessary to place 
the four transformer banks in a row running 
from east to west and north of the high-volt¬ 
age structure. The steelwork required to 
feed these transformers by overhead con¬ 
struction, plus the cost of the overhead con¬ 
struction, was estimated to be higher than 
the cost of the oil-filled cables. Part of this 
advantage may have resulted from a reason¬ 
able cable-installation cost, since other oil- 


Figure 2. Typical daily load curve for 120-kv 
cable 

Sheath currents flowing. Tg^ 10 degrees 
centigrade 

As underground costs vary differently 
from those for overhead with difference in 
load and raw-material costs, we would not 
care to set up even an approxinial e rulc-of- 
thumb figure such as Mr. Framplon sug¬ 
gests, particularly at times such as t hese. 

Mr. Frampton’s question as to how the 
present 60-kv ring system is made to carry 
its shar e of load when its impedance is so 


corrosion of the sheath. It seems to me that 
the main considerations in determiningmaxi- 
mum allowable pulling strains are possible 
harmful effects on the conductor, on the rest 
of the material inside the sheath, and on the 
outer surface of the sheath. 

In general, the methods and carefulness 
used on the whole project described in the 
paper were apparently of such a nature as to 
permit high allowable loading and still ob¬ 
tain a satisfactory operating record over a 
period of decades. 

Reference 

1. Load Ratings op Cable —II, Herman Hal- 
perin. AIEE Transactions, volume 61, 1942, 
pages 930-42. 


Table I. Maximum Allowable Current (Amperes) 


Allowable 

Copper 

Cable Tempera- 

(Thousands ture Cables Sheatb Currents 

of (Degrees in —-— 

Circular Centi- Duct Not 

Mils) grade) Bank Flowing Flowing 


Ground Temperature 
(Degrees Centigrade) 


300.. 
300.. 

300.. 
300. . 
300. . 
660. . 

660.. 
660.. 
660.. 



....3.... 


. X..... 


....6.... 

....X... 


.70.... 

_6- 

. 

.X. 


....0.... 

....X... 

. .. 

.70.... 

....3.... 

....X... 

. 

.80.... 

....3.... 

,...x... 

. 

.70.... 

....3.... 

, , . .. 

. X . 

.80.... 

....3.... 

. . • • * 

. X . 


...382.403. 

...412.434. 

...348.308. 

...372.393. 

...380.398. 

...628.668. 

...570.602. 

...635.670. 

...693.724. 


.422.442 

.450.470 

.387.405 

.413.432 

.415.481 

.585.012 

.027.052 

.703.730 

.764.783 


D. M. Famham and O. W. Titus: Mr. filled cables and equipment were being in- much greater than that of the cable is well 

Frampton feels that the saving of steel alone stalled at the time in the immediate vicinity. taken. 

would not be a controlling factor in the use Appearance and "dead-front” characters- This difficulty was very cheaply and ef- 

of cable from the station bus to the trans- tics might also be appraised as contributing fectively overcome by splitting the high- 

former. All projects, of course, contain a -factors if that were necessary. voltage bus at station C and connecting the 

number of elements of cost. The sum total Our opinion is that for short runs, as en- cable to one pair of overhead lines and the 
of all elements is the determinant. In this countered in this case, the problem is worth ring to the other pair. These pairs of lines 

instance steel was one substantial element. investigating thoroughly before a decision is were paralleled approximately 1)0 m iles away. 

reached to use either the overhead or under- 

Figure 3 ground method. Figure 4 
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The combined impedances were such that 
the load divided correctly to take full advan¬ 
tage of both tie circuits. 

The authors are grateful for Mr. Hal- 
perin’s kind remarks. The Canadian reser¬ 
voirs employed plain steel diaphragms, prin¬ 
cipally because of wartime difficulty in se¬ 
curing stainless steel within the time permis¬ 
sible. 

No tests or calculations were made on the 
maximum dielectric stresses for the shaped 
conductors as compared with conventional 
stranding. 

During the development of the pulling 
eyes, tension tests were made on conductors, 
paper-wrapped but without the lead sheath. 
These tests determined both the effective¬ 
ness of the pulling eye and the maximum 
tension on the conductor permissible with¬ 
out permanent deformation. In the field, 
pulling tensions were kept below these val¬ 
ues in all cases. Any added strength caused 
by the lead sheath was regarded only as 
added factor of safety. 

In replying to the second paragraph of 
Mr. Halperin’s discussion, the listed calcu¬ 
lations are samples of those used in estab¬ 
lishing the loading schedule of the cables: 


For any period of the day 
Let 

lx 2 =avg (7*) 
and 

lx 2 = avg (7 2 ) for the remainder of the 24 
hours 

Then 

(lx* X X hours) +(iy X V hours) = 

0.6251 s X 24 

or 

rn (0.625 X7 2 X 24) —XIx 2 
Py --- 

24 x 

= 0.625X7 2 X- lx 2 

y y 

Take X as 18 hours and y as 6 hours then 

la- V(0.625X7 2 X4-37 lg 2 ) 

(a). Sheath currents flowing, T a = 20 degrees 
centigrade. r c = 70 degrees centigrade—7 
=528. 


Allowable peak‘load=/ at loss factor stated 

Loss factor (by design) = 62V 2 per cent = 
(I&vg) 2 R 

PR 

Daily basis 100 per cent loss= PXRX24 


62 V 2 per cent loss factor = 

avg(7 2 )XflX24 

7 2 Xi?X24 


0.625 


avg (7 2 ) 

or - J2 =0.625 
or avg (7*) = 0.6257 2 


(&). Sheath currents not flowing To=20 
degrees centigrade. T e =70 degrees centi¬ 
grade—7=635. 

(For allowable maximum loading see Table 
I of this discussion.) 

For (a) 7 a = V(0.625X 528 2 X4 -37 lg 2 ) = 
V3(232, 320-7 18 2 ). For ( b ) 7 # =V(0.625X 
635 2 X4 -37, g 2 ) = V3(336, 021 -7 lg 2 ). 

Curves in Figures 1,2,3, and 4 of this dis¬ 
cussion are made on the basis of these or 
similar calculations. 

This allows cable loadings to a maximum 
for 18 hours each day, and from these total 
amperes a load rating can be had for the suc¬ 


ceeding six hours, with a resultant loss factor 
of 62 l /s per cent (see typical loading curves 
herewith). 

This method of scheduling the loading has 
been used since the cables went into service, 
with careful attention being paid to tempera¬ 
tures and duct-mouth movements. The 
idle duct (that is a duct adjacent to a loaded 
duct) temperature at various locations has 
been recorded and shows a variation of from 
3874 degrees centigrade to 4 OV 2 degrees 
centigrade, which would indicate a fairly 
constant copper temperature. 

Duct-mouth movements have been re¬ 
corded both daily and weekly. The daily 
movements are in the nature of one eighth of 
an inch or less, while the weekly movement 
is in the order of three eighths of an inch. 
Outages or long periods of light loads in¬ 
crease these movements considerably. 

The flow of oil to and from reservoirs has 
been recorded, the daily or even weekly quan¬ 
tity has been approximately one gallon per 
phase per section, this of course is divided on 
the two ends. The seasonal variation has so 
far been only a transfer from cables to reser¬ 
voirs and has amounted to about 13 gallons 
per phase per section. This quantity would 
have to be corrected for the temperature 
change of the reservoir immersion oil 
amounting to 0.085 gallon per degree centi¬ 
grade. The temperature change has been 
45 degrees centigrade which is equivalent to 
3.8 gallons; thus the actual oil expelled be¬ 
cause of seasonal change has been about 
9 V 2 gallons per phase per section. 

Up to the present sufficient power has 
been handled by using a maximum copper 
temperature of 70 degrees centigrade. How¬ 
ever, if the need arose, there would be little 
hesitation in increasing this limit to 80 de¬ 
grees centigrade or even higher. We are 
now confident that oil demands would not 
be excessive for the present reservoirs even 
at extreme temperatures. 
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28. Trends in Power Control, C. C. Garrard. Electrical 
Review (London), volume 115, November 16, 1934, pages 673-4. 
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tions, S. M. Dougherty. Electric Journal, volume 25, May 
1928, pages 214-17. 
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56. Metal-Clad Switchgear, R. O. Waltham. Electric Light 
and Power, volume 9, January 1931, pages 35-7. English gear 
adapted to American operating conditions. 
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in Detroit, C. S. Lumley, G. L. Clayboum. Electrical World, 
volume 98, August 15,1931, pages 294-5. 
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velopments During the Last Seven Years, H. W. Clothier. 
Institution of Electrical Engineers Journal (London), volume 71, 


August 1932, pages 285-330; discussion, pages 330-73, also 
volume 73, July 1933, pages 88-91, and volume 75, November 
1934, pages 652-9. 
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1932, John Liston. General Electric Review, volume 36, January 

1933, pages 7-71. 
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84. 66-Kv Outdoor Metal-Clad Switchgear for Bank- 
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86. Developments in the Electrical Industry During 
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88. Metropolitan-Vickers Metal-Clad Switchgear _ In¬ 
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158, August 17,1934, pages 170-2; and "High-Voltage Metal-Clad 
Switchgear," Electric Railway Traction, supplement to Railway 
Gazette (London), volume 61, August 24, 1934, pages 320-1. 

92. Switchgear Developments op Interest to the Pulp 
and Paper Industry, G. M. Reed. Paper Trade Journal, 
volume 98, January 25,1934, pages 40-6. 

93. Switching at State Line Station, T. C. White, AIEE 
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94. D-C Circuit Breakers for Steel Mill Service, William 
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95. Developments in the Electrical Industry During 

1934, John Liston. General Electric Review, volume 38, January 
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96. Enclosed Circuit Breakers for Continuity of Service 
in the New Philadelphia Post Office, A. W. Lundstrom. 
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102. High Capacity Switchgear for Easy Maintenance, 
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Pasco. Electric Journal, volume 34, April 1937, page 144. 
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112. Modern Switchgear for Steel Mills, M. H. Hobbs. 
Electric Journal, volume 34, September 1937, pages 352-6. 

113. Switchgear Modernized for Plant Reliability, 
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118. Engineering Progress of 1937, H. W. Cope. Electric 
Journal, volume 35, January 1938, pages 3-40. “Metal-clad 
switchgear combines advantages of old and new," page 9. 

119. Features op Metal-Enclosed Switchgear for Steel- 
Mill Service, F. E. Fairman, Jr. General Electric Review, 
volume 41, September 1938, pages 406-12. 

120. Low-Voltage Distribution Equipment for Mines, 
Industrial and Chemical Plants (in German), Albert Stor- 
manns. Verein Deutscher Ingenieure Zeitschrift (Berlin), vol¬ 
ume 82, February 26, 1938, pages 245-50. 

121. Metal-Clad Switchgear — Modernization Tool, E. S. 
Cornell. Electric Light and Power, volume 16, June 1938, 
pages 80-1, 104. Economies in space and maintenance, safety 
and reliability. 

122. Metal-Clad Switchgear With Air Circuit Breakers, 
B. I. Hayford. Electric Journal, volume 35, September 1938, 
pages 346-8. 

123. Modern Switchgear Styles, E. H. Becke[r]t. National 
Engineer, volume 42, November 1938, pages 529-31; December 
1938, pages 590-1. 

124. New Distribution Substation Uses Metal-Clad 
Switchgear, O. J. Rotty. Electric Journal, volume 35, July 
1938, pages 261-4. 

125. New Metal-Clad British Switchgear. Electrical 
World, volume 109, January 1, 1938, pages 66, 68 (66, 68). 

126. Some Modern Trends in Switchgear Development, 
R, Paxton. General Electric Review , volume 41, November 
1938, pages 504-06. 

127. Switchgear Extensions at Halifax. Metropolitan 
Vickers Gazette (Manchester, England), volume 17, June 1938, 
pages 280-4. 

128. Vertical-Lift Switchgear Simplifies Small Power 
Stations, L. L. Mellers. Power Plant Engineering, volume 42, 
August 1938, pages 506-08. Metal-clad switchgear for low- 
capacity breakers in smaller power stations. 
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1939 

129. Advance in Industrial Switchgear, V. L. Cox. Mill 
and Factory, volume 25, December 1939, pages 66-70. 

130. Electrical Developments op 1938, Guy Bartlett. 
General Electric Review, volume 42, January 1939, pages 3-34. 

131. Modernization of Switchhouse Design, H. E. Strang, 
W. M. Hanna. AIEE Transactions, volume 58, 1939, Decem¬ 
ber section, pages 747—51. Refers briefly to metal-enclosed 
switch units. 

132. Modernization of Switchhouse Design, Consolid'ated 
Edison Company op New York, Inc., A. M. DeBellis. AIEE 
Transactions, volume 58,1939, December section, pages 752-60. 
Describes use of metal enclosures in station reconstruction. 

133. A Survey op Contemporary Practice in the Applica¬ 
tion op Factory-Built Substations, F. M. Starr. General 
Electric Review, volume 42, May 1939, pages 198-202; June 
1939, pages 248-54. 

1940 

134. Electrical Developments op 1939, Guy Barttett. Gen¬ 
eral Electric Review, volume 43, January 1940, pages 3-54. 
Switchgear, pages 11-14. 

135. “Magne Blast” Air Circuit Breaker for 5,000-Volt 
Service, E. W. Boehne, L. J. Linde. AIEE Transactions, 
volume 59, 1940, April section, pages 202-08. Includes a de¬ 
scription of the “magne blast” in metal-clad equipment. 

136. Maximum Availability Aim of Switchhouse Design— I, 
H. W. Eales, H. L. Hoeppner. Electrical World, volume 114, 
December 28, 1940, pages 40-3 (1928-31). 

137. Metal-Clad Switchgear. Electrical Review (London), 
volume 126, February 23, 1940, pages 213-14. 

138. Metal-Enclosed Switchgear—Application to Paper 
Mills, M. H. Hobbs. Paper Industry and Paper World, vol¬ 
ume 21, February 1940, pages 1161-3. 

139. Oilless Metal-Clad Switchgear. Electrical Times 
(London), volume 97, March 14, 1940, pages 219-20. 


Section H 


Air Switches 


1928 

1. Proper Location of Disconnecting Switches Insures 
Safety, W. Specht. Electrical World, volume 91, May 5, 1928, 
page 907. 

2. Economy op Factory-Assembled Disconnecting Switches, 
George F. Heidenreich. Electrical World, volume 92, November 
10, 1928, page 941. 

3. Suggested Line-Section Switch, J. A. Reynolds, Electrical 
World, volume 92, September 22,1928, page 570. 

4. Transformer Disconnecting Switches in Oil-Filled 
Potheads, Wellen H. Colburn. Electrical World, volume 91, 
April 28, 1928, pages 866-7. 

1929 


German), J. Waltjen. Springer, Berlin, 1929. Air-break 
switches, page 115. 

1930 

6. High-Voltage Low-Current Fuses and Switches, Roy 
Wilkins. AIEE Transactions, volume 49, 1930, pages 96-8. 

1931 

7. Characteristics of Motor-Operated Switches (in Ger¬ 
man), A. S. Vinzce. Elektrotechnik und Maschinenbau (Vienna), 
volume 49, March 15, 1931, pages 201-04. 

8. Disconnecting-Switch Contacts for High Short-Circuit 
Currents (in German), C. Cippitelli, O. Schwenk. Elektrotech- 
nische Zeitschrift (Berlin), volume 52, February 26, 1931, pages 
263-4. 

9. Disconnecting Switches for Indoor Service, S. Gers- 
mann. Electric Journal, volume 28, February 1931, pages 96-8. 

10. Elimination of Disconnecting-Switch Hazard, J. Au- 
chincloss. Power Plant Engineering, volume 35, September 15, 
1931, page 938. 

11. New AEG Star-Delta Switch (in German), W. Hopp. 
Verband Deutscher Elektrotechniker Fachberichte, 1931, pages 
155-7. 

12. Outdoor Sectionalizing Switch for 2,000 Amperes 
Direct Current at 3,000 Volts (in Italian). Bolletino Tec- 
nico, volume 4, June 1931, pages 1-4. A Magrini horn-gap 
switch. 

13. Pole-Top Switches Redesigned for All-Wood Con¬ 
struction, F. E. Andrews. Electrical World, volume. 97, Janu¬ 
ary 31, 1931, page 226. 

14. Rotating Bus-Bar Disconnectors in Outdoor Sub¬ 
stations (in French), H. W. Young and A. Alsaker. Interna¬ 
tional Conference on Large High-Voltage Electric Systems 
(CIGRE, Paris), Compte Rendu des Travaux, 1931, volume 1, 
pages 770-84. 

1932 

15. Automatic Air-Break Switch Reduces Outage Time, 
R. E. Greene. Electrical World, volume 100, October 15, 1932, 
pages 541-2. A pole-top switch designed by The Detroit Edison 
Company. 

16. Interlocking of Disconnect Switches and Oil Circuit 
Breakers, Los Angeles Gas and Electric Corporation, 
F. H. Streit. Electrical West, volume 68, May 15, 1932, pages 
329-31. 

17. Novel Air-Break Switch for 11,000-Volt Overhead 
Line. Electrician (London), volume 108, January 8, 1932, page 
48. A Metropolitan-Vickers development. 

18. IIecent Developments in Air-Break Switching Prac¬ 
tice, W.-J. Gilson. Electrical News and Engineering (Toronto), 
volume 41, November 15,1932, pages 34-7, 49. 

19. Rupturing Capacity of Air-Break Switches, W. H. 
Thompson. Metropolitan-Vickers Gazette (Manchester, Eng¬ 
land), volume 13, April 1932, pages 224-7. 

1933 

20. Compressed Air Operation for Electric Switchgear 
(in German), I. Sihler. Elektrotechnische Zeitschrift (Berlin), 
volume 54, December 21, 1933, pages 1237-9. 

21. Control and Instrument Switches, H. J. Crabbs. 
Electric Journal, volume 30, February 1933, pages 62-5. 

D-C Switchgear for Very Heavy Currents (in German), 


5. Design and Construction of Alternating-Current 
Switching Installations for Power Stations (book, in 22. 
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0. Burawoy. AEG Mitteilungen, November 1933, pages 237- 
9. Deals in part with isolating and disconnecting switches. 

23. Design of Current-Carrying Contacts in Modern 
Switchgear, R. Paxton, H. E. Strang. General Electric Review, 
volume 36, December 1933, pages 524-8. 

24. Elements of Switchgear Design (book), F. Kesselring. 
Pitman, New York, 1933. Air-break switches, page 114/. 

25. High-Voltage Star-Delta Switch, B. Lang. (In Ger¬ 
man) AEG Mitteilungen, May 1933, pages 97-100; (in English) 
AEG Progress, number 3,1933, pages 44-5. 

26. New Traction-Tapping Switch, W. Liithi. Brown 
Boveri Review (Baden), volume 20, May-June 1933, pages 94-6. 

27. Switch Contacts of Silver (in German), W. Hi5pp. 
Elektrotechnische Zeitschrift (Berlin), volume 54, March 2, 1933, 
pages 203-05. 

28. Switch Rating and Operation Frequency (in German), 
H. Franken. Elektrotechnische Zeitschrift (Berlin), volume 54, 
November 30, 1933, pages 1163-4. Deals with small switches— 
1 to 15 kw. 

1934 

29. Air-Break Sectionalizing Switches for Ring Primary, 
C. A. Matthews. Electrical World, volume 103, January 27, 
1934, pages 146-7. 

30. Automatic Switch for High Nominal Currents (in 
German), A. Miiller. Siemens Zeitschrift (Berlin), volume 14, 
March 1934, pages 73-6.. 

31. D-C Contactor (in German), R. Edler. Elektrotechnische 
Zeitschrift (Berlin), volume 55, March 29, 1934, pages 316-17. 
Describes the mechanism of a remote-controlled switch for cur¬ 
rents up to 8,000 amperes at 500 volts. 

32. Electromagnetic Auxiliary Switches (in German), 
H. Appel. Verband Deutscher Elektrotechniker Fachberichte 
(Berlin), 1934, pages 47-50. Description of various switches 
within maximum limits of 550 volts, 25 amperes. 

33. Feeder-Fault Transfer Switch, L. F. Woodruff, J. E. 
Mulligan. Electrical World, volume 103, March 31, 1934, pages 
464-5. 

34. Isolating Switches for Pole Mounting. Engineer 
(London), volume 157, May 4, 1934, pages 462-3; Engineering 
(London), volume 137, May 25,1934, page 611. 

35. New Gate-End Starter; Remote-Controlled Air- 
Break Flameproof Contactor Unit for Fiery Mines. 
Electrician (London), volume 113, July 13,1934, pages 72-3. 

36. Special Application of the Vent Principle in Oil- 
Free Power Switches (in German), L. Haag, O. Schwenk. 
Elektrotechnische Zeitschrift (Berlin), volume 55, March 1, 1934, 
pages 211-13. 

37. Star-Delta Rotary Switch (in German), R. Edler. 
Elektrotechnik und Maschinenbau (Vienna), volume 52, December 
2, 1934, pages 564-6. 


41. New Trigger Circuit for Closing a Switch, J. J. Ruiz. 
AIEE Transactions, volume 54, 1935 (December section), pages 
1405-07. 

42. Opening of Isolating Switches on Load (in French), 
H. Josse. Soci6t6 Fran?aise des Electriciens Bulletin (Malakoff, 
France), volume 6, November 1935, pages 1199-1212. 

43. Opening of Isolating Switches on Load (in French), 
E. Masson. Society Fransaise des Electriciens Bulletin (Malakoff, 
France), volume 5, November 1935, pages 1213-22. 

44. Packet Switches (in German), R. Edler. Archiv fuer 
Elektrotechnik (Berlin), volume 29, August 1,1935, pages 531-55. 

45. Star-Delta Starter Switches, S. Hopperwieser. Brown 
Boveri Review (Baden), volume 22, December 1935, pages 243-5. 
For motors up to 400 amperes, 500 volts. 

46. 287-Kv Three-Pole Motor-Operated Switches of 
Boulder Dam —Los Angeles 275-Kv Line, California, H. W. 
Young, E. S. Cornell. International Conference on Large 
High-Voltage Electric Systems (CIGRE, Paris), Compte Rendu 
des Travaux, 1935, volume 1, report 142,11 pages. 


1936 

47. Contractors and Cam Switches for Direct Current, 
P. Friebel. ASEA Journal (Vasteras, Sweden), volume 13, 
January 1936, pages 2-5. 

48. Electric Switches and Switch Mountings, B. B. Ramey. 
Product Engineering, volume 7, May 1936, pages 190-1; July 

1936, pages 274-5. For motor-driven tools. 

* 

49. Horsepower-Rated Switch Selection, H. B. Smith. 
Electrical Contracting, volume 36, September 1936, pages 10-12. 

50. Interlocking op High-Voltage Disconnecting Switches 
(in German), G. Meiner. AEG Mitteilungen, August 1936, 
pages 284-8 

51. Magnetic Extinguishing of Electric Arcs in D-C 
Switches (book, in German), E. Wurth. Konrad Triltsch, 
Wurzburg, 1936. 85 pages. Includes a reference list of 22 
items. 

52. 150,000-Ampere Contactor, W. Schaelcklin. Electric 
Journal, volume 33, August 1936, pages 363-6. Used in pipe¬ 
welding equipment. 

53. Power Isolator (in German), E. Krohne and others. 
Elektrotechnische Zeitschrift, volume 57, August 20, 1936, pages 
961-7. 

54. Safe High-Tension Disconnect. Engineering and Min¬ 
ing Journal, volume 137, October 1936, page 506. 

55. 287-Kv Boulder Dam Disconnecting Switches, A. J. 
Bowie, C. P, Garman. AIEE Transactions, volume 55, 1936 
(June section), pages 582-9. 

56. Winter Operation of Outdoor High-Voltage Air- 
Break Switches, P. J. Croft. Electrical News and Engineering 
(Toronto), volume 45, July 1, 1936, pages 19-21. 


1935 

38. Circuit Breakers and Disconnecting Switches for 
Low-Voltage Enclosed Equipment (in French), M. P. Re- 
boul. Revue d l Electriciti et de Micanique (Paris), Number 44,. 
November-December 1935, pages 14-23; number 45, January- 
February 1936, pages 18-24. 

39. Delta-Star High-Voltage Balanced-Blade Switches. 
Power Plant Engineering, volume 39, December 1935; page 706. 

40. Isolating Switch (in German), O. Mayr. Elektrotech¬ 
nische Zeitschrift (Berlin), volume 56, October 31, 1935, pages 
1189-92, 


1937 

57. Adaptability of Disconnecting Switches to Opera¬ 
tion With Nominal Currents. (in Russian), B. V. Malevinskii. 
Elektrichestvo (Leningrad), number 4, February 1937, pages 37- 

42. . 

58. Air-Break Change-Pole Switch. Engineering (London), 

volume 143, June 11, 1937, page 678; also "New Change-Pole 
Switches,” Engineer (London), volume 163, April 9, 1937, page 
428. ; • 

59. Air-Break High-Voltage Reversing Switch, With 
Pneumatic Control, for Three-Phase Mine Hoists (in 
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fnoS Ch )’ Re l~ 6 ?ElKtricite et de Mecanigue (Paris), March-April 
1937, pages 37-8. 


60. Electromagnetically Actuated Remote-Control 
Switches (in German), R. Edler. Elektrotechnik und Maschi- 
nenbau (Vienna), volume 55, October 24, 1937, pages 521-31 
Includes a reference list of 126 items. 


61. Further Development op Compressed-Air Breaker 
With Double-Acting Air Flow (in German), O. Schwenk. 
Verband Deutscher Electrotechniker Fachberichte (Berlin), 
volume 9, 1937, pages 90-2. ’ 


62 General Electric Rotating-Cam Switches. General 
Electric Review, volume 40, March 1937, page 164. 


63. Indoor Switchgear for Voltages Above 30 Kv (in 
German), W. Schrinner. Elektrotechnische Zeitschrift (Berlin) 
volume 58, December 16, 1937, pages 1338-40. 


64. NAMCO Supersensitive Line-Voltage Switch Ma¬ 
chinery, volume 43, August 1937, page 818. 


79. J. and P. Switchgear Book (book), R. T. Lythall. Third 
edition. Johnson and Phillips, Ltd., London, 1938. 

80. Knife-Switch Maintenance, S. H. Coleman. Factory 
Management and Maintenance, volume 96, July 1938, page 108. 

81. Low-Tension Distribution Systems in Mines and 
Industrial and Chemical Plant (in German), A. Stormanns. 
Verem Deutscher Ingenieure Zeitschrift (Berlin), volume 82 
February 26, 1938, pages 254-50. 

82. Low-Voltage Switchgear (in German), Franz Denk. 
Verein Deutscher Ingenieure Zeitschrift (Berlin), volume 82, 
October 22, 1938, page 1251-8. Illustrated account of con¬ 
struction and performance of low-voltage switches, contactors, 
disconnectors, etc. 

83. Recent Progress in the Pneumatic Control of Dis¬ 
connecting Switches (in French), J. Mosebach. Revue 
Generate de VElectricity (Paris), volume 44, September 3, 1938 
pages 268-73. 


65. Outdoor High-Voltage Switchgear (book), R. W. Todd, 
W. H. Thompson. Pitman, London and New York, 1937. 
436 pages. Air-break switches, pages 99-122. 


66. Pneumatic Control for Circuit Breakers and Iso- 
lators (in French), J. Mosebach. Revue Genirale de VElectri¬ 
city (Pans), volume 41, April 3, 1937, pages 433-41. 


67. Point Contacts for Heavy Currents; Use of Silver 
in Switches, W. H. Lindae. Electrical World, volume 108, 
July 31, 1937, page 414. 


68. Recent Developments in Low-Voltage Switchgear 
in German), D. Miiller-Hildebrand. Siemens Zeitschrift 
(Berlin), volume 17, October 1937, pages 505-16. Includes some 
matenal on air-break switches. 


69. Switching Tests With Horn-Gap Disconnecting 
Switches on Poles (in German), M. Siiberkrttb. Elektrische 
Bahnen, volume 13, October 1937, pages 231-5 


84. Remote-Controlled Reversing Switch and Wiring 

Methods for Its Use (in German), F. Lucan. Elektrotech- 
nische Zeitschrift (Berlin), volume 59, March 10, 1938, pages 
261—4. * 

85. Special Trips for AEG Switches (in German), H. Ude. 
AEG Mitteilungen, September 1938, pages 463-6. 

86 . We Keep Fumes Away From Controls, L. E. Du Bey. 
Factory Management and Maintenance, vol um e 96 , April 1938, 
pages 65-6. "Putting all switches, fuses, and starters in isolated 
rooms solved the problem of how a paint factory could best 
eliminate fire hazards and keep equipment clean.” 


1939 

87. English Electric Company’s Air-Break Switch. Engi¬ 
neering (London), volume 147, March 3,1939, pages 244-5. 


1938 

TO. Air-Break Contactors for the Control of Large 
High-Voltage Motors (in German), F. Kassau. Verband 
Deutscher Elektroteehniker Fachberichte (Berlin), volume 10 
1938, pages 42-6. ' 

h > r^ C ^connecting Switchrs (in German), F. Parschalk. 
f" Nach,, volume 25, October-December 1938, pages 137- 
42. Construction and performance. 

Z? - Brown Boveri On-Load Disconnecting Switch, 
H* Thommen. Brown Boveri Review (Baden), volume 25, July 
1938, pages 151-4. 

rr‘ Development of Low-Voltage Switchgear (in German), 
H. Frankest. Elektrotechnische Zeitschrift (Berlin), volume 59 
May 5, 1938, pages 461-4. 

74. "Disc Type” Switches (in German), R. Edler. Elektro¬ 
technik und Maschinenbau (Vienna), volume 56, December 11, 
1938, pages 669-72; December 18, 1938, pages 686-90. De¬ 
scribes a systematic method of designing switches. 

75. Duo-Motion Outdoor Air Switch. General Electric 
Renew, volume 41, July 1938, page 339. 

76. Electrically Operated High-Tension Stator-Revers¬ 

ing-Switch.. Engineering (London), volume 145, March 25, 
1938, page 342. Constructed by General Electric Company, 
Ltd., England. ? 

77. Flameproof Air-Break-Switch Starters. Metropoli¬ 
tan-Vickers Gazette (Manchester, England), volume 17, October 
1938, pages 384-5. For squirrel-cage motors. 

78. Improved Low-Tension Industrial Switchgear. Engi¬ 
neer (London), volume 165, February 11, 1938, page 171. 


88 . Flameproof Air-Break Switchgear. Engineering (Lon¬ 
don), volume 147, April 14, 1939, page 446; Engineer (London), 
volume 167, April 21, 1939, page 499. Built by A. Reyrolle and 
Company, England, for 100 amperes at 600 volts. 

89. Locking Devices for Disconnecting Switches (in Ger¬ 
man), B. Fleck. AEG Mitteilungen, March 1939, pages 178- 
82. 

90. Motor Drive for Low-Tension Switchgear (in Ger¬ 
man) , W. Herden. Elektrotechnische Zeitschrift (Berlin), volume 
60, March 9, 1939, pages 293-4. Recent AEG designs are de¬ 
scribed. 

91. Motor-Operated Spring-Closing Switchgear Mecha¬ 
nism. Engineer (London), volume 167, January 27, 1939, 
page 134. Built by Switchgear and Cowans, Ltd., Manchester,’ 
England. 

92. "60-Line” Contacts Aid Switch Operation. Electrical 
World, volume 112, October 7, 1939, page 1052. Westinghouse 
disconnecting switch. 

93. The Switchgear Handbook, Volume- I, Apparatus 
(book), W. A. Coats and H. Pearce. Pitman, New York, 1939. 
190 pages. Air-break switches, page 115/. 


1940 


94. Improvements in 287.5-Kv Disconnects, Electrical 
World, volume 114, November 2,1940, page 98 (1352). 

95. Switch Design Eliminates Braids, H. W. Young. Elec¬ 
trical World, volume 114, July 13, 1940, page 86 (110) . 

96. Switch Impulse Strengths Parallel Insulator Values, 
Elias S. Cornell. Electrical World , volume 114. November 30, 
1940, pages 64-5 (1630—1). 
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Section I 
Bus Bars 

1928 

1 . Bus Stresses Under Short Circuits. Electrical World, 
volume 92, September22,1928, pages 564-5. 

2. Concrete Bus Structure Tests, W. A. Kates. Electrical 
World, volume 91, June 30,1928, pages 1379-82. 

3. Importance op Flexibility in High-Tension Bus, A. B. 
Dibner. Electrical World, volume 92, November 10, 1928, page 
946. 

4. Joining Aluminum Bus Bars, W. E. "Warner. Power 
Plant Engineering, volume 32, June 15, 1928, page 672. 

6. Porcelain Bushings Support Tubular Bus. Electrical 
World, volume 91, March 17,1928, page 551. 

6. Short-Cut Methods op Calculating Stresses in Bus 
Structures, W. Specht. General Electric Remew, volume 31, 
August 1928, pages 413-18. 

7. Spacing Bus Bars for Safe Voltage Clearance, 
M. Kushlan. Electrical World, volume 92, October 6,1928, pages 
681-2. 

1929 

8. Current-Carrying Capacity of Bus Bars, H. W. Pabst. 
Electrical World, volume 94, September 21, 1929, pages 569-72. 

9. Features of A-C and D-C Bus-Bar Design, T. H. 
McCauley. Power Plant Engineering, volume 33, April 15,1929, 
pages 474-7. 

1930 

10. Design of Bus Bars and Connections for Indoor and 
Outdoor Substations, H. E. Hutter. Electrical Review (Lon¬ 
don), volume 106, May 9, 1930, pages 859-61; volume 107, 
August 8, 1930, pages 209-11. Includes material on methods of 
supporting the conductors. 

11. Efficient Utilization of Conductor Material in Bus- 
Bar Sections, C. Dannatt, S. W. Redfeam. World Power 
(London), volume 14, November 1930, pages 397-400; December 
1930, pages 492-6. 

12. Fault Ground Bus—Its Use and Design in Brunot 
Island Swttchhouse of Duquesne Light Company, R. M. 
Stanley, F. C. Homibrook. AIEE Transactions, volume 49, 
1930, pages 201-11. 

13., Joints for Aluminum Bus Bars, W. E. Warner. Elec¬ 
trical Review (London), volume 106, January 24, 1930, page 169. 

1931 

14. Aluminum Bus Bars Resist Power Arcs, J. D. Porter. 
Electrical World, volume 98, July 18,1931, pages 104-05. 

15. Bus-Bar Design and Construction. • Power Plant 
Engineering, volume 35, January 1,1931, pages 34-5. 

16. Current-Carrying Capacity of Base Cylindrical Con¬ 
ductors for Indoor and Outdoor Service, C. W. Frick. 
General Electric Review, volume 34, August 1931, pages 464-71. 

17. Current-Carrying Capacity of Hollow Conductors, 
H. W. Pabst Electric Journal, volume 28, July 1931, pages 
411-14 

18. ■ Electrodynamic Effects of Short Circuits on the 
Porcelain Supports of Substation Bus Bars (in French), 
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H. Josse. International Conference on Large High-Voltage Elec¬ 
tric Systems (CIGRE, Paris), Compte Rendu des Travaux, 1931, 
volume 1, pages 755-69. 

19. Structural-Slope Conductors Show Increased Effi¬ 
ciencies, H. W. Pabst, D. I. Bohn. Electrical World, volume 98, 
September 5, 1931, pages 418-19. 

20. Tubular Copper Bus Simplified Service Vault. Elec¬ 
trical World, volume 98, September 26, 1931, page 543. 


1932 

21. Bus Bars and Bus-Bar Connections in Air, Oil, or 
Compound. British Standards Association, B.S. number 159, 
London, 1932. An addendum was issued in 1938. 

22. Bus Spacings and Ground Clearances. Electrical 
World, volume 99, January 16,1932, page 136. 

23. Calculation of Inductance and Current Distribu¬ 
tion in Low-Voltage Connections to Electric Furnaces, 
C. C. Levy. AIEE Transactions, volume 51,1932, pages 903- 
i3. 

24. Carrying Capacity of Inclosed Busses, A. P. Fugill. 
Electrical World, volume 99, March 19, 1932, pages 539-40. 

25. Channel Bus for Office-Building Risers, C. A. Car¬ 
penter. Electrical World, volume 100, November 12, 1932, 
pages 656-8. 

26. Mechanical Design of Bus Bars (in Russian), A. Zinger- 
man. Elektrichestvo (Leningrad), 2d July, 1932, pages 745-55. 
Includes a reference list of 20 items. 

1933 

27. Bolting of Bus-Bar Joints, E. B. Shand, C. E. Valentine. 
Electric Journal, volume 30, September 1933, pages 377-80. 

28. Channel Slopes Solve Bus Problem, C. W. Shannon. 
Electrical World, volume 102, December 2, 1933, page 724. 

29. Effect of Bus-Bar Insulation on Heat Dissipation, 
R. J. Coe. Electrical World, volume 101, February 18, 1933, 
pages 223-4. 

30. Electrical Contact at Bus-Bar Joints, C. L. Denault. 
Electric Journal, volume 30, July 1933, pages 281-3. 

31. Electromagnetic Forces on Conductors, J. W. Bayles, 
A. Donkin. World Power (London), volume 19, April 1933, 
pages 216-18. 

32. Electromagnetic Forces on Conductors With Bends, 
Short Lengths, and Crossovers, C. W. Frick. General Elec¬ 
tric Review, volume 36, May 1933, pages 232-4. 

33. Engineering Calculation of Inductance and React¬ 
ance for Rectangular-Bar Conductors, O. R. Schurig. 
General Electric Review, volume 36, May 1933, pages 228-31. 

34. Extension of Metal-Clad Units and Flexible-Bus- 
Support Features of 1932 Switchgear. Electric Journal, 
volume 30, January 1933, page 10. 

35. Rapid Solution for Bus-Expansion Problem, W. B. 
Morton. Electrical World, volume 102, December 23, 1933, 
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102. New High-Voltage Transformer Fuse. Electrical 
Review (London), volume 112, January 13, 1933, page 46. A 
fuse developed by Ferguson, Pailin, Ltd., England. 
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The Travelers Insurance Company.) 

5. Safety of Those Who Use the So-Called "Low-Voltage” 
Currents, and the Safety Transformers (in French), M. Rosen- 
feld. Revue d'Electricity et de Mecanique (Paris), May-June 

1931, pages 42-6. Advocates use of 30-volt circuits in certain 
cases. 

1932 

6. Electrical Accidents in Factories; Report for 1931, H. W. 
Swann. Electrician (London), volume 109, July 29, 1932, page 
142. 

7. Electricity in Industry, Report of the Inspectors of Factories 
and Workshops for 1931. Electrical Review (London), volume 
111, July 1, 1932, page 22. 

8. Electricity in Mining; Motors in Use, Accidents Attributable 
to Power, Exemptions From Regulations, J. A. B. Horsley. 
Electrician (London), October 28, 1932, volume 109, page 557. 

9. Fifth International Medical Congress for Industrial Acci¬ 
dents and the Prevention and Treatment of Accidents Due to 
Electricity. International Labour Review (London), volume 25, 
January 1932, pages 102-03. 

10. Responsibility for Electrical Accidents, Electrical Review 
(London), volume 111, December 16, 1932, pages 896-7. 

1933 

11. Electric Shock and Bums Cause Much Lost Time. Na¬ 
tional Safety News, volume 28, August 1933, page 36. 

12. Electrical Accidents, 1932. Engineer (London), volume 
156, August 25,1933, page 181. 

13. Electricity and Its Safe Use in Everyday Life, A. C. Cramb. 
Electrician (London), volume 110, June 2, 1933, pages 699-700; 
discussion, page 700. 

14. Electricity in Factories. Electrical Review (London), 
volume 113, August 11, 1933, page 186. 

15. Electricity Not Dangerous, Electrical World, volume 102, 
October 14,1933, page 510. 

16. Hazards of Defective Cords and Fuses, H. M. Naylor. 
Safety Engineering, volume 66, November 1933, page 174. 

17. Liability to Electric Shock, Uzac. Electrical Review (Lon¬ 
don), volume 113, December 1,1933, page 770. 


18. Water-Jet Conductivity. Electrical Review (London), 
volume 113, July 14, 1933, page 48. Conductivity of fire-hose 
streams. 

1934 

19. Electrical Accidents—A Study of Recent Statistics, J. B. 
Harris. Electrical Review (London), volume 115, December 7, 
1934, page 782. 

20. Electrical Injuries: Interpretation of Field Notes—II. 
Wills Maclachlan. Journal of Industrial Hygiene, volume 16, 
1934, page 52. 

21. Where Low Voltages Are Hazardous, E. W. Gorry. Na¬ 
tional Safety News, volume 29, March 1934, pages 21-2. 

1935 

22. Electric Shocks From Earthed Apparatus, H. G. Taylor. 
World Power (London), volume 23, April 1935, pages 170-4. 
Report F/T82 of the British Electrical and Allied Industries 
Research Association. 

23. Facts About Low-Voltage Fatalities, A. Maxwell. Edison 
Electric Institute Bulletin, volume 3, December 1935, page 452. 

24. Hazards of Hay Derricks Contacting Electric Lines, G. I. 
Drennan. Electrical West, volume 74, June 1935, pages 146-9. 

25. Spraying Water on Electrically Charged Conductors (in 
German), H. Zaduk. Verein Deutscher Ingenieure Zeitschrift 
(Berlin), volume 79, November 30, 1935, page 1452. 

1936 

26. Electrical Accidents in Factories. Engineering (London), 
volume 142, August 21, 1936, pages 204r-05. 

27. Electrical Accidents in Industry, 1935. Electrical Review 
(London), volume 119, July 31,1936, page 142. 

28. Electrical Hazards in Industry, J. V. Peacock. Safety 
Engineering, volume 72, July 1936, page 17. 

29. Electricity in Collieries—Causes of Accidents, J. A. B. 
Horsley. Electrical Review (London), volume 119, November 
20, 1936, page 708. 

30. Static Hazards Met in Solvent Handling, J. T. Morris. 
Chemical and Metallurgical Engineering, volume 43, September 

1936, pages 484-5. 

1937 

31. D-C or A-C? National Safety News, volume 35, March 

1937, pages 192-3. 

32. Electrical Accidents, W. B. Kouwenhoven. AIEE Transac¬ 
tions, volume 56, 1937, (September section), pages 1077-8. 

33. Electrical Accidents (in French), Uzac. Socfetd Frangaise 
des Electriciens Bulletin (Malakoff)* volume 7, November 1937, 
pages 1165-76. 

34. Electrical Accidents in Mines—Abstract of Report for 1936, 
J. A. B. Horsley. Engineer (London) , volume 164, September 24, 
1937, pages 344-5. 


This bibliography on electrical safety was prepared by the AIEE committee 
on safety and includes a list of the applicable standards, specifications, and 
safety codes. The items are divided into sections according to subject mat¬ 
ter. In sections A, B, D and E the entries are numbered consecutively, sub¬ 
divided by years beginning with the earliest (1930), and arranged alphabetic¬ 
ally by title within each .year, the fitst significant word of the title determin¬ 
ing its alphabetical position. In the section on safety standards (C) entries 
are subdivided according to source. The bibliography was published in 
pamphlet form by the AIEE during 1942. 
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35. Electricity in Factories—an Analysis of Accidents and Their 
Causes, H. W. Swann. Electrical Review (London), volume 121, 
October 1, 1937, page 432. 

36. Electricity in Factories and Workshops; Chief Inspector’s 
Report for 1936. Electrical Review (London), volume 121, 
July 30, 1937, pages 142-3. 

37. High Tension Wires Kill. Rock Products, volume 40, August 
1937, pages 66-7. Accident in cement plant. 

38. Low Voltages Are Not Harmless—Pronounced Hazards 
May Be Found in Industrial Wiring, J. Roseveaar. National 
Safety News, volume 36, July 1937, pages 19-20; (condensed) 
Mass Transportation, volume 33, July 1937, pages 205-06. 

1938 

39. Electrical Installation Systems and Their Relation to Per¬ 
sonal Safety and Fire Risk, A. L. Whittenham. Electrician 
(London), volume 121, December 2, 1938, page 662; Electrical 
Review (London), volume 123, December 2, 1938, page 795. 

40. Electrical Accidents—Analysis of 1937 Figures. Electrician 
(London), volume 121, November 11, 1938, page 576. 

41. Electrical Accidents and Their Causes, H. W. Swann. 
Engineering (London), volume 146, December 16,1938, page 708. 

42. Electricity in Factories—Electrical Accidents and Their 
Causes for 1937, H. W. Swann. Electrical Review (London), 
volume 123, November 11, 1938, page 683. 

43. Electricity in the Bathroom. Safety Engineering, volume 
75, June 1938, pages 33-4. 

44. Explosive Gas—Electric Spark. Safety Engineering, vol¬ 
ume 76, July 1938, page 37. Dangerous practice of using un¬ 
approved electric portable extension lamps where there are gases 
or vapors. 

45. Housewife Electrocuted. Safety Engineering, volume 76 
October 1938, page 73. Defective cord. 

46. Look Out for “Hot” Wires. Rock Products, volume 41, 
April 1938, page 49. 


Death. Electrical Review (London), volume 127, August 2, 
1940, page 87. 

1941 

56. Electric Fence, C. F. Dalziel, J. R. Burch. Agricultural 
Engineering, volume 22, November 1941, pages 399-406. 

57. “It Must Have Been a Bad Heart,” G. E. Kimball. Na¬ 
tional Safety News, volume 43, September 1941, pages 81-3. 
Electrical injuries of so-called low-voltage type. 


Section B 


Accident Prevention Methods 


1930 

1. Comparison of the Likelihood of Electrocution on 115/220 
Volt A-C Networks With Grounded and Ungrounded Neutral 
(in French), G. Burin des Roziers. Revue Generate de VElec¬ 
tricity (Paris), volume 27, February 22, 1930, pages 296-9. 

2. Prevention of Accidents, T. C. Gilbert. Electrical Review 
(London), volume 107, November 7, 1930, pages 772-4; No¬ 
vember 14, 1930, pages 811—13; November 21, 1930, pages 
858-60. 

1931 

3. Electrical Safety in 132 Pictures (book, in German), 
S. Jellinek. Leipzig, Germany, 1931. 32 pages. 

4. Protecting Temporary Workers in Electric Power Stations. 
Pulp and Paper Magazine of Canada, volume 31, March 5, 1931, 
page 340. 


1939 

47. Accident Prevention; Improvement During 1938. Elec¬ 
trical Review (London), volume 125, October 20, 1939, pages 
523-4. 

48. Electricity in Mines; Annual Report of Electrical Inspec¬ 
tor of Mines, J. A. B.-Horsley. Electrical Review (London), 
volume 125, October 20, 1939, page 520. 

49. Electricity Intrigues Me, J. C. Wilson. National Safety 
News, volume 39, May 1939; pages 32 and 60. Study of electric 
shock. 

50. Fatal Shock From Earthing Plate. Electrical Review 
(London), volume 124, June 9,1939, page 846. 

51. Is the Spray Treatment of Fruit Trees Dangerous When 
Done in the Vicinity of Overhead Electric Lines? (in French), 
Association Suisse des Electriciens Bulletin (Zurich), volume 30, 
February 3, 1939, pages 73-5. 

52. Lightning Fatalities. Electrician (London), volume 123, 
September 1, 1939, page 246. 

53. 110-120; Danger From Defective Electrical Appliances. 
Safety Engineering, volume 78, November 1939, page 24. 

1940 

54. Electrical Accidents in Switzerland During 1939 (in French), 
F. Sibler. Association Suisse des Electriciens Bulletin (Zurich), 
volume 31, May 31, 1940, pages 249-54. 


1932 

5. How Toledo Edison Cut Accidents 90 Per Cent, A. Hoefle. 
Electrical World, volume 99, May 7,1932, page 826. 

6. Promoting Safety by Engineering Design, A. L. Colligan. 
Electrical World, volume 99, March 5, 1932, page 462. 

7. Safety Control is Like Production Control. Electrical World, 
volume 99, April 23, 1932, page 736. 

8. Safety for the Household. National Bureau of Standards, 
Circular 397, Washington, D. C., 1932. Chapter 5, “Electrical 
Hazards,” pages 50-73. 

1933 

9. Demonstrating Electric Safety, E. H. Eitel. National 
Safety News, volume 28, July 1933, pages 16-18. 

10. ' 'Hold Ofi” Cardholder for Use Near Live Equipment, F. W. 
Sulensky. Electrical World, volume 101, March 4, 1933, page 
299. 

11. Safety Saw for Tree Limbs, G. F. Harden. Electrical 
World, volume 101, March 4, 1933, page 294. 

1934 

12. Curb-Accident Efforts Effective for Ohio Edison. Elec¬ 
trical World, volume 103, April 21,1934, page 577. 

13. Design as a Factor in Electrical Accidents. Engineering 
(London), volume 138, December 31, 1934, page 683. 
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14. Grounding the Neutral of Star-Connected Three-Phase 
Low-Voltage Networks (in French), L. Muller. Revue Generate 
de VElectricity (Paris), volume 36, September 8, 1934, pages 325- 
40. 

15. Making Manholes Safer by “Remote” Breaker Control. 
Electrical World, volume 103, June 16, 1934, page 872. 

16. Potomac Edison Rebuilds a Wood-Pole Line While Still in 
Service. Electrical World, volume 103, June 16, 1934, page 869. 

17. Protection Tests Scheduled. Electrical World, volume 103, 
April 28, 1934, page 627. Rubber gloves and boots tested. 

18. Steel-Clad Bank for Public Safety, J. D. Whitaker, Electrical 
World, volume 103, September 15,1934, page 423. 

1935 

19. Accident Prevention in Maintenance Work, A. C. Sachse. 
Electrical World, volume 105, December 7, 1935, page 2924. 

20. Do Lineman Think? W. W. Palmer. Electric Journal, 
volume 32, February 1935, pages 66-8; National Safety News, 
volume 31, May 1935, pages 13-14. 

21. Lineman Safety Belt of Woven Fabric. Electrical World, 
volume 105, October 26, 1935, page 2583. 

22. Repairs 38-Kv Live Line, H. L. Talbot. Electrical World, 
volume 105, March 16, 1935, page 583. 

1936 

23. Anaesthetic Explosions—Precautionary Measures Neces¬ 
sary With Electrical Apparatus. Electrician (London), volume 
116, January 17, 1936, page 80. 

24. Comparison of Two Methods for Promoting Personal 
Safety on the Three-Phase Systems; the Insulated and the 
Grounded Neutral (in French), L. Castillon. Revue Gen&rale de 
VElectricity (Paris), volume 40, July 11, 1936, pages 35-43. 

25. Electrocution Through Contact of the Head With a Live 
Conductor, and an Insulating Helmet for Protection (in French), 
A. Dagory. Socifete Fran^aise des Electriciens Bulletin (Mala- 
koff), volume 6, April 1936, pages 433-8. 

26. Line Moved “Plot” Quickly at Low Cost, V. E. Staff. 
Electrical World, volume 106, September 26, 1936, page 3034. 

27. Simple Device Prevents Accidents. Electrical World, vol¬ 
ume 106, December 5,1930, page 3796. Door marked to indicate 
energized equipment. 

28. Some Suggestions on the Prevention of Electrical Accidents 

in Coal Mines, D. Harrington, C. W. Owings, E. R. Maize. 
United States Bureau of Mines. Information Circular 6919, 
1936. 14 pages. 

29. Static Electricity—Hazards and Safety Measures, J. M. 
Myers. Power Plant Engineering, volume 40, October 1936, 
pages 598-9. 

1937 

30. Care and Test Extend Rubber Glove Life, W. L. Garlington. 
Electrical World, volume 107, May 22, 1937, page 1810. 

31. Fence Controls High-Voltage Test Circuit. Electrical 
World, volume 108, October 23, 1937, page 1398. 

32. It’s. Safer If Grounded, A. F. Edwards, L. A. Hunt. Fac¬ 
tory Management and Maintenance, volume 95, January 1937, 
pages 71-2. 

33. Safety Programs Pay Lasting Dividends, W, E. Mitchell. 
Electrical World, volume 107, June 5, 1937, page 2005. 

34. Temporary Portable Protection Barriers. Electrical World, 
volume 108, December 4, 1937, page 1894. 


1938 

35. Experience With Protective Measures (in German). Verein 
Deutscher Ingenieure Zeitschnft (Berlin), volume 82, April 30, 
1938, pages 533-4. 

36. Investigations Into Safety Conditions in Wiring of Build¬ 
ings With Special Reference to Earth Continuity. A. J. Levy, 
H. G. John. South African Institute of Electrical Engineers 
Transactions (Johannesburg), volume 29, September 1, 1938, 
pages 223-35. 

37. Protect Electricians With Multiple Locks. Electrical 
World, volume 109, February 12, 1938, page 582. Locking tongs 
protect workmen on "dead” circuit. 

1939 

38. Warning Barrier for Various Conditions. Electrical World, 
volume 109, January 1,1938, page 60. 

39. Finds “Hot Stick” Work Good Practice, H. E. Clements. 
Electrical World, volume 111, May 6, 1939, page 1301. 

40. Key "Telephoned” With Cyclometer Lock, J. E. Goodale. 
Electrical World, volume 112, August 26,1939, page 620. Safety 
device used by Consolidated Edison in its distribution system. 

41. New Technique in Glove Testing, R. W. Chadboum, W. H. 
Meade. Electrical World, volume 112, July 15, 1939, pages 
174-6. 

42. Personal Protective Equipment for Electrical Maintenance 
Men (abstract), H. W. Arlin. Safety Engineering, volume 77, 
May 1939, page 36. 

43. Respect Low Voltage, E. W. Beach. Safety Engineering, 
volume 77, March 1939, pages 21-4. 

44. Shocked, C. L. Keene. Safety Engineering, volume 77, 
June 1939, pages 6-8; volume 78, July 1939, pages 26, 28. 
Discussion of electrical injuries and their prevention. 

1940 

45. Deadly Extension Cords, G. E. Kimball. Safety Engineer¬ 
ing, volume 79, February 1940, pages 9-10. 

46. Eleven-Circuit Structure Moved With Lines Hot, C. T. 
Malloy. Electrical World, volume 114, November 2, 1940, pages, 
1322-3. 

47. National Electrical Code Handbook—1940, A. L. Abbott. 
McGraw-Hill Book Company, New York, 1940. 589 pages. 

48. 1.3 Million Man-Hours of Safety, H. R. Kurth. Electrical 
World, volume 114, December 14, 1940, pages 1781-3. 

49. Tower Repaired With Line Hot. Electrical World, vol¬ 
ume 114, December 14, 1940, page 1806. 

1941 

50. Control of Kite-Flying Hazards, G. S. Diehl. Edison Elec¬ 
tric Institute Bulletin, volume 9, March 1941, page 105. 

51. Demonstrations Hold Attention, H. G. Pruett, W. A. 
Keller. National Safety News, volume 44, July 1941, pages 93-4. 

52. Double Dead-End Serviced While Hot. Electrical World, 
volume 116, November 1, 1941, page 467. 

53. Live-Line Guards for Hot-Line Maintenance, M. L. Fisher. 
Electrical World, volume 116, November 15, 1941, page 1573. 

54. Live Line Tool Operations Studied. Electrical World, 
volume 116, September 6,1941, page 748. 

55. Precautions Against Electrical Accidents. Power Plant 
Engineering, volume 45, February 1941. pages 80-1. 

56. Safeguarding CO* Use in Cable Manhole, J. J. O’Brien. 
Electrical World, volume 115, March 22,1941, page 996. 
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57. Safety Holder for Steel Guy Wire. Electrical World, vol¬ 
ume 115, February 8, 1941, pages 490, 492. 

58. A Safety Program on the Campus, C. W. Beese. National 
Safety News, volume 44, December 1941, pages 12-13, 56+. 

59. T ake No Chances With Low Voltage. National Safety 
News, volume 44, July 1941, page 54. 

60. Twelve Messages on Accident Prevention in the Electric 
Public Utilities. Booklet C-12, Edison Electric Institute, New 
York. 


Section C 

Safety Codes and Standards Aimed at 
the Prevention of Electrical Accidents 

(Note: Codes and Standards are subject to constant revi¬ 
sion. The following are based on lists issued up to July 
1, 1942; latest lists issued by sponsoring organizations 
should be consulted for complete accuracy at any time.) 

National Electrical Safety Code 

(The following may be obtained from the American Standards 
Association, 29 West 39th Street, New York, N. Y., or from the 
United States Government Printing Office, Washington, D. C.) 

National Electrical Safety Code. Published by the Govern¬ 
ment Printing Office, Washington, D. C., in six separate parts, as 
follows: 

Part I. Safety Rules for the Installation and Maintenance of 
Electrical Supply Stations. C2.1-1941. National Bureau of 
Standards Handbook 31. 

Part II. Safety Rules for the Installation and Maintenance of 
Electric Supply and Communication Lines. C2.2-1941. Na- 
„tional Bureau of Standards Handbook 32. 

Part III. Safety Rules for the Installation and Maintenance 
of Electric Utilization Equipment. C2.3-1941. National 
Bureau of Standards Handbook 33. See also National Electrical 
Code which covers part of same field. 

Part IV. Safety Rules for the Operation of Electric Equip¬ 
ment and Lines. C2.4r-1939. National Bureau of Standards 
Handbook 34. 

Part V. Safety Rules for Radio Installations. C2.5-1940. 
National Bureau of Standards Handbook 35. Applies to radio 
transmitting and receiving installations, including antennas, 
counterpoise wires, lead-in conductors, grounding conductors, 
grounding connections, protective devices, and batteries; does 
not apply to portable or mobile installations nor to carrier-current 
coupling equipment. 

Part VI. Safety Rules for Electric Fences. National 
Bureau of Standards Handbook 1 36. Rules of construction, 
performance, and installation of fences and controllers. 

National Electrical Code 

(The following may be obtained from the National Board of Fire 
Underwriters, 85 John Street, New York, N. Y.) 

National Electrical Code. Cl-1940. National Board of Fire 
Underwriters Pamphlet 70. Prepared by the electrical committee 
of the National Fire Protection Association; published by the 
National Board of Fire Underwriters. Purpose is the safeguard- 
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ing of persons and property from the hazards arising from the 
use of electricity within or on public or private buildings and 
premises, with certain exceptions. Covers accident as well as 
fire hazard. Revised periodically. See also National Electrical 
Safety Code. 

Underwriters' Laboratories Publications 

(The following standard specifications covering electric devices 
and materials may be obtained from Underwriters’ Laboratories, 
Inc., 207 East Ohio Street', Chicago, Ill.; 161 Sixth Avenue, 
New York, N. Y.; 500 Sansome Street, San Francisco, Calif. 
List corrected to February 21,1942.) 

Air-Conditioning and Commercial Refrigerating Equipment. 
December 1941. 

Arc-Welding Equipment, Transformer-Type. September 1937. 
Armored Cable. March 1941. 

Attachment Plugs and Receptacles. September 1939. 

Cabinets and Boxes. February 1941. 

Christmas-Tree and Decorative-Lighting Outfits. May 1941. 
Circuit-Breakers, Branch-Circuit and Service. June 1940. 

Cleats, Knobs, and Tubes (Porcelain). November 1937. 

Conduit (Flexible-Steel). July 1938. 

Conduit (Rigid-Steel). November 1935. 

Cord Sets. October 1937. 

Cutout Bases. April 1934. 

Electrode Receptacles for Gas-Tube Signs. February 1940. 

Fans (Motor-Operated). March 1938. 

Fence Controllers (Electric). September 1937. 

Fire-Alarm Cables. April 1941. 

Fittings (Electrical) for Use in Hazardous Locations. March 
1941. 

Fixtures (Electric Lighting) and Portable Lamps. September 
1941. 

Fixtures (Electric Lighting) for Use in Hazardous Locations. 
August 1934. 

Flatirons and Ironing Machines (Electric). June 1940. 

Flexible Cord and Fixture Wire. October 1935. 

Fuses. February 1941. 

Gas-Tube Sign and Oil-Burner Ignition Cable. January 1936. 
Heating Appliances (Electric). May 1940. 

Heating Pads (Electric). June 1935. 

Industrial Control Equipment. July 1938. 

Industrial Control Equipment for Use in Hazardous Locations. 
March 1941. 

Lamp-Holders, Edison-Base. March 1941. 

Lighting Plants (Electric). September 1921. 

Motor-Operated Appliances. April 1937. 

Motors and Generators (Electric) for Use in Atmospheres 
of Combustible Dust, Class II, Group G. June 1941. 

Motors and Generators (Electric) for Use in Hazardous 
Locations, Class I, Group D. Part I, Integral-Horsepower 
Motors; Part II, Fractional-Horsepower Motors. June 1941. 

Nonmetallic-Sheathed Cable. July 1941. 

Outlet Boxes and Fittings. November 1941. 

Panelboards. March 1941. 
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Raceways and Fittings (Surface Metal). December 1940. 
Raceways and Fittings (Metallic Underfloor). July 1934. 
Raceways and Fittings (Nonmetallic Underfloor). August 1934. 
Radio-Receiving Appliances, Power-Operated. April 1938. 
Ranges (Domestic Electric). December 1940. 

Rectifiers. July 1940. 

Refrigerating Systems (Absorption-Type). December 1941. 

Refrigerating Systems (Unit). December 1941. 

Service Cables. April 1937. 

Service Equipment. June 1936. 

Signs (Electric). March 1940. 

Soldering Lugs. January 1930. 

Switchboards (Dead-Front). July 1938. 

Switches (Enclosed). June 1936. 

Switches (Knife). May 1939. 

Switches (Snap). August 1941. 

Therapeutic Carbon-Arc Lamps. July 1930. 

Time-Indicating and Recording Appliances. October 1941. 

Transformers (Specialty). June 1940. 

Tubing (Flexible Nonmetallic). September 1939. 

Wire Connectors (Pressure). May 1939. 

Wires and Cables (Rubber-Covered). June 1940. 

Wires and Cables (Varnished-Cloth). November 1939. 

Wires (Synthetic-Insulated) (Proposed Requirements). May 
1940. 

Approved Canadian Standards 

(The following Standard Specifications may be obtained from the 
Canadian Engineering Standards Association, National Research 
Building, Ottawa, Ont. List is corrected to March 31, 1942.) 

Canadian Electrical Code, Part I. Essential Requirements and 
Minimum Standards Governing. Electrical Installations for 
Buildings, Structures, and Premises. (Inside Wiring Rules) 
£722.1-1939. 

Canadian Electrical Code, Part II. Specifications for Construc¬ 
tion and. Test of Electrical Equipment. (Approval Specifica¬ 
tions.) £722.2. Includes the following Standard Specifications, 
which are published separately: 

Air-Cooled Transformers (Dry Type). £722.2 No. 47-1940. 
Armoured Cable and Armoured Cord. £722.2 No. 51-1941. 
Asbestos-Insulated Wires and Cables. C22.2 No. 28-1941. 
Automatic Motor-Control Devices of Small Capacity; £722.2 
No. 24-1935. 

Auxiliary Gutters, Junction Boxes, and Pull Boxes. £722.2 
No. 26-1935. 

Cabinets and Cutout Boxes. £722.2 No. 20-1936. 

Cable for Luminous-Tube Signs and for Oil-Burner Ignition 
Equipment. £722.2 No. 17-1935. 

Capacitors (Electrical Condensers). £722.2 No. 8-1934. 
Under revision. 

Christmas-Tree and Other Decorative-Lighting Outfits. 
C22.2 No. 37-1937. 

Cord Sets (second edition). C22.2 No. 21-1941. 

Cutout Bases. C2 2.2 No. 39-1936. 

Definitions and General Requirements (third edition). £722.2 
No. 0-1941. 


Domestic Electric Clothes Washing Machines. C22.2 No. 58- 
1939. 

Electric Air-Heaters, £722.2 No. 46-1938. 

Electric Clocks. £722.2 No. 6-1933. 

Electric Cranes and Hoists. £722.2 No. 33-1936. 

Electric Fixtures (second edition). £722.2 No. 9-1941. 
Electric Floor-Surfacing and Cleaning Machines. £722.2 No. 

10- 1933. 

Electric Portable Lighting Devices (Portables) (second edition). 
C22.2 No. 12-1936. 

Electric Ranges. £722.2 No. 61-1942. 

Electric Signs (second edition). £722.2 No. 2-1940. 

Electrical Appliances for Hair Dressing and Hand-Drying, 
Etc. £722.2 No. 36-1936. 

Electrical Equipment for Measuring and Discharge Devices 
for Flammable Liquids. C22.2 No. 22-1935. 

Electrical Equipment for Oil-Burning Apparatus. C22.2 No. 
3-1933. 

Electrically Equipped Machine Tools. £722.2 No. 73-1941. 
Electrically Heated Warming Pads. £722.2 No. 15-1937. 
Electrically Operated Refrigerating Machines. £722.2 No. 32- 

1936. 

Electrode Receptacles for Luminous-Tube Signs. £722.2 No. 
34-1936. 

Enclosed Branch-Circuit Cutouts. C22.2 No. 30-1936. 
Enclosed Switches. £722.2 No. 4-1935. 

Enclosures (Other Than Explosion-Proof) for Use in Hazardous 
Locations. £722.2 No. 25-1936. 

Extra-Low-Potential Control-Circuit Wire and Cable. £722.2 
No. 35-1940. 

Flexible Cord and Fixture Wire (second edition). £722.2 No. 

49-1941. 

Flexible Steel Conduit. £722.2 No. 56-1938. 

Flexible Tubing (Nonmetallic). £722.2 No. 44-1937. 
Fractional-Horsepower Motors (second edition). £722.2 No. 

11- 1942. 

Fuses (Both Plug- and Cartridge-Type). £722.2 No. 59-1939. 
Ground Clamps. C22.2 No. 41-1937. 

Industrial Control Equipment for Ordinary Locations (second 
edition). £722.2 No. 14-1942. 

Insulated Conductors for Power-Operated Radio Devices. 
£722.2 No. 16-1940. 

Integral-Horsepower Electric Motors for Other Than Hazard¬ 
ous Locations. C22.2 No. 54-1942. 

Isolating Switches. £722.2 No. 58-1941. 

Knife Swatches. £722.2 No. 50-1938. 

Lamp-Holders Having Socket Screw Shells. £722.2 No. 43- 

1937. 

Motor-Operated Appliances, Domestic and Commercial (Frac¬ 
tional Horsepower)'. £722.2 No. 68-1942. 

Motor-Operated Blowers and Stokers. £722.2 No. 20-1935. 
Under revision; out of print. 

Nonmetallic Sheathed Cable. £722.2 No. 48-1938. 

Outlet Boxes. £722.2 No. 18-1934. 

Panelboards. £722.2 No. 29-1936. 

Porcelain Cleats, Knobs, and Tubes. £722.2 No. 69-1940. 

Portable Electric Displays and Incandescent-Lamp Signs 
(second edition) . £722.2 No. 7-1938. 

Portable Electric Vacuum Cleaners. £722.2 No. 67-1942. 

Power-Operated Radio Devices, Inductively Coupled (Trans¬ 
former) Type (second edition), £722.2 No. 1(A)-1940. 

Power-Operated Radio Devices, Conductively Coupled (Trans¬ 
formerless) Type (second edition) , £722,2 No. 1(B)-1941. 
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Pull-Off Plugs for Electrothermal Appliances. C22.2 No. 57- 
1940. 

Receptacles, Plugs, and Similar Wiring Devices (second edi¬ 
tion). C22.2 No. 42-1942. 

Rigid Steel Conduit. C22.2 No. 45-1938. 

Rubber-Covered Wires and Cables. C22.2 No. 38-1938. 
Service-Entrance and Branch-Circuit Breakers (second edi¬ 
tion). C2 2.2 No. 5-1942. 

Service-Entrance Cables. C22.2 No. 52-1941. 

Snap Switches. C22.2 No. 55-1942. 

Soldering Lugs. C22.2 No. 19-1935. 

Specialty Transformers. C22.2 66-1942. 

Switchboards. C22.2 No. 31-1939. 

Transformers for Luminous-Tube Signs and Oil-Burner Igni¬ 
tion Equipment. C22.2 No. 13-1935. 

Wireways and Busways. C22.2 No. 27—1936. 

Approved American Standards 

(The following may be obtained from the American Standards 
Association, 29 West 39th Street, New York, N. Y. List cor¬ 
rected to July 1, 1942.) 

Accident Prevention in Construction, Manual of. A 10.1—1939. 
Prepared by accident-prevention committee, Associated General 
Contractors of America, Inc. Contains some references to tem¬ 
porary electrical installations used in construction work. 

Coal-Mine Transportation, Safety Code for. AT16-1931. Some 
references to electrical installations. 

Compiling Industrial Accident Causes, Recommended Practice 
for. Z16.2-1941. Part 1, Selection of Accident Factors; Part 
2, Detailed Classification of Accident Factors. 

Elevators, Dumbwaiters, and Escalators, Safety Code for. 
A 17.1-1937. Also Supplement A 17.3-1942. Includes many 
rules covering special features of the electric equipment peculiar 
to this application. 

Industrial Accident-Prevention Signs, Specifications for. Z35.1- 
1941. Includes electric warning signs. 

Industrial Injury Rates, Method of Compiling. Z16.1—1937. 

Industrial Lighting, Recommended Practice for. All-1942. 
Includes proper illumination for safety of workers, adequate 
wiring, exit and emergency lights. 

Installation of Blower and Exhaust Systems for Dust, Stock, and 
Vapor Removal, Regulations for. Z33.1—1938. National Board 
of Fire Underwriters Pamphlet 91. Mostly about nonelectrical 
matters, but contains certain important electrical references. 

Installing and Using Electrical Equipment in Coal Mines, Safety 
Rules for. AT2-1926. Supplementary to National Electrical 
Code and National Electrical Safety Code, which cover above¬ 
ground installations. Out of print. 

Installing and Using Electrical Equipment in Metal Mines, 
Safety Rules for. A224-1932. Presents recommended practices 
to minimize hazards in installing and operating electric equipment 
in underground mining work. 

Laundry Machinery and Operations, Safety Code for. Z8-1941. 
United States Bureau of Labor Statistics Bulletin 375. Imposes 
certain restrictions on the electric installation. 

Lightning, Code for Protection Against. Three Standards, pub¬ 
lished in one pamphlet: Part I, Protection of Persons, C5.1-1937; 
Part II, Protection of Buildings and Miscellaneous Property, 
C5.2-1937; Part III, Protection of Structures Containing In¬ 
flammable Liquids and Gases, C5.3-1937. * National Bureau of 
Standards Handbook 21. 

Logging and Sawmill Safety Code. 313-1924. Contains some 
special restrictions on wiring and electric equipment around 


lumber-handling machinery. National Bureau of Standards 
Handbook 5. Under revision; out of print. 

Mechanical Refrigeration, Safety Code for. 39-1939. Contains 
certain limits on the use of electric equipment. American Soci¬ 
ety of Refrigerating Engineers Circular 15. 

National Fire Codes for the Prevention of Dust Explosions. 
Sponsored by the National Fire Protection Association and the 
United States Department of Agriculture. Eleven Standards, 
published in one pamphlet, containing rules for structures and 
processes, ventilation, electric equipment, wiring, removal o 
dust, and other considerations, in various industries, as follows: 
Aluminum Bronze Powder, Z12.ll-1940; Coal Pneumatic 
Cleaning Plants, Z12.7-1940; Flour and Feed Mills, Z12.3- 
1940; Pulverized Fuel Systems, Z12.1-1940; Spice-Grmdmg 
Plants, Z12.9-1940; Starch Factories, Z12.2-1940; Sugar and 
Cocoa, Z12.6-1940; Terminal Grain Elevators, Z12.4-1940; 
Wood Flour Manufacturing, Z12.8-1940; Woodworking Plants, 
Z12.5-1940; Inert Gas for Fire and Explosion Prevention, Z12.10- 
1940. 

Paper and Pulp Mills, Safety Code for. 31-1936. Refers to 
electrical restrictions and to the National Electrical and National 
Electrical Safety Codes. 

Power Presses and Foot and Hand Presses, Safety Code for. 
311-1937. Includes special rules covering lighting, means of 
disconnecting electric power, and switches and other electric 
apparatus for this application. 

Protection of Heads, Eyes, and Respiratory Organs. Z2-1938. 
National Bureau of Standards Handbook 24. Refers to a few 
electrical hazards, especially protection of eyes against glare from 
arcs and electric furnaces. 

Protection of Industrial Workers in Foundries, Safety Code for. 
238-1932. Includes electrical hazards, such as glare from elec¬ 
tric furnaces. 

School Lighting, Standards of. A23-1938. Establishes stand¬ 
ards of illumination for safety and conservation of vision. 

Woodworking Plants, Safety Code for. 01-1930. United States 
Bureau of Labor Statistics Bulletin 519. Includes a few refer¬ 
ences to electric equipment. 

National Safety Council Safe Practice Pamphlets 

(The following may be obtained from the National Safety Council, 
20 North Wacker Drive, Chicago, Ill.) 

Electric Equipment in Industrial Plants. 29. 

Electric Welding Safe Practice. 105. 

Portable Electric Hand Tools. 76. 

Static Electricity. 52. 


Section D 


Effects of Electric Shock -- Influences 
of Current, Voltage, Frequency 


1930 

1. Effects of Electric Shock, W. B. Kouwenhoven, O. R. Lang- 
worthy. AIEE Transactions, volume 49, 1930, pages 381-94; 
volume 50, 1931, pages 1165-70. 
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2. Experimental Study of Abnormalities Produced in the Organ¬ 
ism by Electricity, O. R. Langworthy, W. B. Kouwenhoven. 
Journal of Industrial Hygiene, February 1930, volume 12, pages 
31-65. 

3. Resistance of the Human Body to High-Frequency Electric 
Currents (in German), N. N. Malov, S. N. Rschevkin. Zeitschrift 
fuer Hochfrequenztechnik (Leipzig), volume 35, May 1930, pages 
177-191. 

4.. Some Aspects of Electric Shock, C. L. Kasson. Electric 
Light and Power, volume 8, March 1930, pages 68-9, 72. 

5. Studies of Ventricular Fibrillation Caused by Electric Shock, 
Carl J. Wiggers. Part I, American Journal of Physiology, 
volume 92, 1930, page 223; part II, American Heart Journal, 
volume 5, 1930, page 351; part III, American Journal of Physi¬ 
ology, volume 93, 1930, page 197. 

1931 

6. Considerations Other Than Resuscitation Technique Relat¬ 
ing to Electrical Shock—I, K. K. Berlyn. Electric Light and 
Power, volume 9, March 1931, pages 28-30. 

7. Electric Shock, W. B. Kouwenhoven. Engineers and Engi¬ 
neering, volume 48, June 1931, pages 137-40. 

8. How Low and High Voltages Affect the Body, J. Russell, Jr. 
National Safety News, volume 24, July 1931, pages 78-9. 

9. Importance of the Points of Contact in Electric Injuries, 
O. R. Langworthy, W. B. Kouwenhoven. Journal of Industrial 
Hygiene, volume 13, May 1931, pages 145-56. 

10. Injuries Produced by Surge Discharges, W. B. Kouwenhoven 
O. R. Langworthy. Electric Journal, volume 28, August 1931, 
pages 472-3. 

11. Injuries Produced in the Organism by the Discharge From 
an Impulse Generator, O. R. Langworthy, W. B. Kouwenhoven. 
Journal of Industrial Hygiene, volume 13, November 1931, pages 
326-30. 

12. Nerve Injuries From Electric Shock, W. B. Kouwenhoven, 
O. R. Langworthy. Electrical Engineering, volume 50, December 
1931, pages 929-32. 

13. Physiological Harm and Apparent Death Caused by Elec¬ 
tricity, and New Duties of Doctor and Electrical Engineer (in 
French), S. Jellinek. Soci6t6 Frangaise des Electriciens Bulletin 
(Malakoff), volume 1, July 1931, pages 662-72. 

14. Safe Voltages of Electric Currents (in French), Feraud. 
Societe Frangaise des Electriciens Bulletin (Malakoff), volume 1, 
March 1931, pages 288-305. 

15. Sensitiveness of the Human Body to Feeble Alternating 
Currents (in German), E. Albert-Schonberg. Elektrotechnische 
Zeitschrift (Berlin), volume 52, October 1, 1931, pages 1249-50. 

16. What Are the Effects of Electric Shock? W. B. Kouwen¬ 
hoven, O. R. Langworthy. Electrical Engineering, volume 50, 
June 1931, pages 406-10. 

1932 

17. Cattle and Electric Shocks, T. C. Gilbert. Electrician 
(London), volume 108, April 29, 1932, pages 596-8. 

18. Electrical Accidents, S. Jellinek. Electrician (London), 
volume 109, September 30, 1932, page 403. 

19. Electrical Accidents (in French), S. Jellinek. International 
Electrical Congress (Paris) Comptes Rendus, volume 8, 1932, 
pages 307-20. Electropathology. 

20. Factors in the Production of Nervous Lesions Following 
Electric Shocks, O. R. Langworthy. Journal of Industrial Hy¬ 
giene, volume 14, March 1932, pages 87-94. 

21. Further Research in Injuries From Electric Shock, W. B. 


Kouwenhoven, O. R. Langworthy. Electrical Engineering, 
volume 51, October 1932, pages 693-6. 

22. Heart Injury From Electric Shock, W. B. Kouwenhoven, 
D. R. Hooker, O. R. Langworthy. Electrical Engineering, 
volume 51, April 1932, pages 242-4. 

23. Necrosis of the Spinal Cord Produced by Electrical In¬ 
juries, Orthello R. Langworthy. Johns Hopkins Hospital Bulle¬ 
tin, volume 51, 1932, page 210. 

24. Physiologic Effects Caused by Contact With Electric Cir¬ 
cuits (in French), W. B. Kouwenhoven, O. R. Langworthy. 
International Electrical Congress (Paris), Proceedings, volume 8, 

1932, pages 321-48. Includes bibliography. 

25. Reactions of the Organism to Repeated Electric Shocks, 
O. R. Langworthy, W. B. Kouwenhoven. Journal of Industrial 
Hygiene, volume 14, May 1932, pages 197-205. 

1933 

26. Comment on the Problem of Resistance of Body Against 
High Frequency (in German), N. N. Malov. Hochfrequenz¬ 
technik und Elektroakustik (Leipzig), volume 41, April 1933, 
pages 138-41. 

27. Electrocution—Notes on the Mechanism of Electric Death, 
H. H. U. Cross. Electrician (London), volume 110, May 26, 

1933, pages 677-8. 

28. Injuries Produced by Contact With Electric Circuits; 
Experimental Investigations at the Johns Hopkins University, 
W. B. Kouwenhoven, O. R. Langworthy. Franklin Institute 
Journal, volume 215, January 1933, pages 1-26. 

29. Method for the Investigation of the Impedance of the 
Human Body to an Alternating Current, M. A. B. Brazier. 
Institution of Electrical Engineers Journal (London), volume 73, 
August 1933, pages 204-09. 

30. Prevention of Electrocution Accidents on the Midi Railway; 
Tests to Determine the Susceptibility of Personnel to Electrical 
Accidents (in French), Uzac. Societ6 Frangaise des Electriciens 
Bulletin (Malakoff), volume 3, September 1933, pages 930-44. 

31. Shock Threshold Fixes Appliance Insulation Resistance, G. 
Thompson. Electrical World, volume 101, June 17, 1933, pages 
793-5. 

32. Study of Injuries Due to Electric Shock and Bums, H. K. 
Cook. Safety Engineering, volume 65, March 1933, pages 93-4. 

1934 

33. Certain Physiological Effects of Alternating Current at 
Industrial Frequencies (in French), E. Uytborek. Society Beige 
des Electriciens Bulletin (Marcinelle), volume 50, April 1934, 
pages 168-71. 

34. Effect of Weak Current Impulses on Human Beings (in 
German), W. Koch, H. Maass. Wissenschaftliche Veroeffent- 
lichungen aus dem Siemens-Konzern (Berlin), volume 13, part 3, 

1934, pages 63-74. Includes bibliography. 

35. Electrocution (in German), S. Koeppen. Eletrotechnische 
Zeitschrift (Berlin), volume 55, August 23, 1934, pages 835-7. 
An investigation of the physiological effects. 

36. Experiments in Fatal Electric Shock, A. G. Conrad, H. W. 
Haggard. AIEE Transactions, volume 53, 1934, March section, 
pages 399-402. 

37. Experiments Relating to Hazardous Current Intensities 
and to the Minimum Resistance of the Human Body (in French), 
H. Ourson. Revue GSnSrale de VElectricity (Paris), volume 35, 
June 9, 1934, pages 779-84. 

1935 

38. How Electric Shock Affects the Body, W. B. Kouwenhoven. 
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National Safety News, volume 31, February 1935, pages 21-2, 
56-7. Bibliography. 

1936 

39. Action of Electric Shock on the Nervous System (abstract), 

L. Marchand, J. Picard. Journal of Industrial Hygiene, volume 
18, December 1936, pages 185-6. 

40. Body Resistance—Variations With Different Persons and 
Conditions, T. C. Gilbert. Electrical Review (London), volume 
119, October 2, 1936, pages 435-6. 

41. Cattle and Electric Shock, O. I. Butler. Electrical Review 
(London), volume 119, November 6, 1936, page 630. 

42. Cause of Deaths by Low-Voltage Electric Shocks. Science, 
volume 83, May 15, 1936, page 9. 

43. Effect of Electric Shock on the Heart, L. P. Ferris, B. G. 
King, P. W. Spence, H. B. Williams. AIEE Transactions, 
volume 55, 1936, May section, pages 498-515; discussion, page 
1264. Includes bibliography. 

44. Electric Shock Effects of Frequency, W. B. Kouwenhoven, 
D. R. Hooker, E. L. Lotz. AIEE Transactions, volume 55,1936 
April section, pages 384-6. 

45. What Is a Safe Voltage? Tests With Current From Hand 
to Hand, T. C. Gilbert. Electrical Review (London), volume 
119, July 31, 1936, pages 145-6. 

1937 

46. Electric Shock—Physiological Effects and Resuscitation 
Methods, S. W. Fisher, G. M. Harvey. Electrical Review (Lon¬ 
don), volume 120, April 9, 1937, pages 537-8. 

47. Experimental Determination of the Voltage Limit of Harm¬ 
less Alternating Potentials (in French), L. Kervran. Revue 
Gin&rale de VElectricitc (Paris), volume 41, June 5, 1937, pages 
723-8. 

48. Harmlessness of Alternating Potentials Below 65 Volts 
(in French), L. Kervran. Revue Generate de l'Electricite (Paris) 
volume 42, December 4, 1937, pages 728—31. 

1938 

49. Anatomo-Pathological Changes Seen After Electric Acci¬ 
dents (abstract), F. Pietrusky. Journal of Industrial Hygiene, 
volume 20, May 1938, pages 110-12. 

50. Clinical and Neuropathological Aspects of Electrical In¬ 
juries, L. Alexander. Journal of Industrial Hygiene, volume 20, 
March 1938, pages 191-243. 

51. Danger of Electric Shock, C. F. Dalziel. Electrical West, 
volume 80, April 1938, pages 30-1. 

52. Effect of Electricity on Organisms (in German), A. K. 
Kruger. Verein Deutscher Ingenieure Zeitschrift (Berlin), 
volume 82, March 19, 1938, pages 344-6. 

1940 

53. Effects of Electric Shock, S. W. Fisher, G. M. Harvey. 
El ectrical Review (London), volume 126, March 15, 1940, pages 
314-15. 

54. E.R.A. Reports on Safety in Rural Areas; Sensitivity of 
Animals to Electric Shock. Electrician (London), volume 124, 
March 16,1940, page 205. 

55. Heat for Shock Treatment. Electrical Review (London), 
volume 128, December 13, 1940, page 135. 

56. Some New Ideas Concerning Electrocution (in French), 
L. Robida. Technique Moderne (Paris), volume 32, March 
1-15, 1940, pages 75-7. 

H0g Bibliography oi 


1941 

57. Electric Shock, C. F. Dalziel, J. B. Lagen, J. L. Thurston. 
AIEE Transactions, volume 60, 1941, pages 1073-8; discussion, 
pages 1295-7. 

58. Electric Shock, Electric Bums, and Their Treatment, A. E. 
Gordin. Industrial Medicine, volume 10, March 1941, pages 
87-91. 

59. Practical Aspects of Electric Shock, C. F. Dalziel, J. B. 
Lagen. Electrical West, volume 86, March 1941, pages 40-5. 


Section E 

Resuscitatioir-Methods, Apparatus, 
Results 

Before 1930 

1. A Manual of Artificial Respiration (book), G. R. G. Fisher. 
Stratford Company, Boston, 1923. 80 pages. 

2. Noxious Gases and the Principles of Respiration Influencing 
Their Action (book), Yandell Henderson, Howard W. Haggard. 
C- fiernteal Catalog Company, New York, 1927. 220 pages. 

3. The Problem of Resuscitation From Electrical and Other 
Accidents in the United States and Canada (pamphlet), C. K. 
Drinker. 1928. 31 pages. 

1930 

4. Report of the AGA Subcommittee on Promotion of the Use 
of the Schafer Prone Pressure Method of Resuscitation. Ameri¬ 
can Gas Association Proceedings, 1930, pages 75-8. 

1931 

5. Doctor Explains the Prone Pressure Method, R. H. Ferguson. 
National Safety News, volume 23, June 1931, pages 17-18. 

6. Electrical Accidents and First Aid Practices (in French), 
R. Legendre. Soci6t6 Franpaise des Electriciens Bulletin (Mala- 
koff), volume 1, October 1931, pages 1091-104. 

7. Using Vital Moments in Life Saving, W. M. Holtz. Safely 
Engineering, volume 62, December 1931, pages 361-2; National 
Safety News, volume 25, January 1932, pages 20—1; National 
Electric Light Association Bulletin, volume 19, April 1932, pages 
228-9. 

1932 

8. Insull Medal—The First Ten Years, W. Maclachlan. Na¬ 
tional Electric Light Association Bulletin, volume 19, July 1932, 
page 431. 

9. Is Our Prone-Pressure Teaching Effective? R. Glair. Na¬ 
tional Safety News, volume 25, June 1932, pages 21-2, 62. 

10. Prone Pressure Succeeds in Remarkable Case. Safety 
Engineering, volume 64, July 1932, page 36. 

11. Resuscitation, F. E, Shipway. American Gas Association 
Monthly, volume 14, January 1932, page 15. 

12. Surgeon’s Message to Utilities, S. R. Benedict. Electrical 
World, volume 99, January 16, 1932, pages 140-1. 
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1933 


13. Resuscitation by Countershock, W. B. Kouwenhoven, R. D. 
Hooker. Electrical Engineering, volume 52, July 1933, pages 
475-7. 

14. How Efficient Are Respirators? R. C. Stratton. National 
Safety News, volume 27, February 1933, pages 21-2. 

1934 

15. Rocking Method of Artificial Respiration, H. W. Gentles. 
National Safety News, volume 29, April, 1934, page 38. 

1935 

16. Cheating Death Through Resuscitation, T. Burke. Na¬ 
tional Safety News, volume 32, July 1935, page 20. 

17. Emergency Practices in Resuscitation (letter), J. M. Bus- 
well. Electrical Engineering, volume 54, August 1935, pages 
909-10. 

18. Holger Nielsen Method of Resuscitation, W. Maclachlan. 
National Safety News, volume 32, September 1935, page 52. 
Compared with the Schafer method. 

19. McCarter Medals Awarded for Life Saving. American 
Gas Association Monthly, volume 17, December 1935, pages 
454-5. 

20. Modification of the Nielsen Method of Artificial Respira¬ 
tion, C. K. Drinker, L. A. Shaw. Journal of Industrial Hygiene, 
volume 17, November 1935, pages 243-6. 

21. New Method of Artificial Respiration, H. W. Gentles. 
National Safety News, volume 32, August 1935, page 34. Holger 
Nielsen method. 

22. Sir Edward Schafer and His Contribution to Life Saving. 
National Safety News, volume 32, October 1935, page 50. 

23. Tilting for Resuscitation. Scientific American, volume 
162, January 1935, page 33. 

24. Twelve Recent Awards of Edison Electric Institute Medal. 
Edison Electric Institute Bulletin, volume 3, February 1936, 
pages 48-50. 

25. Twelve Years’ Experience in the Effective Administration of 
Resuscitation, C. K. Drinker. American Gas Association Pro¬ 
ceedings, 1935, pages 13-18. 

1936 

26. Annual Contest Brings Improvement in Prone Pressure 
Application, J. M. Connolly. American Gas Association 
Monthly, volume 18, December 1936, pages 429-30. 

27. New Device for Resuscitation Training, W. C. Grant. 
American Gas Association Monthly, volume 18, September 1936, 
pages 299-301. Designed and built by C. I. Langdon. 

28. New Device Standardizes Life-Saving Technique. Indus¬ 
trial Standardization, volume 7, November 1936, pages 290-1. 
C. I. Langdon’s device. 

29. Resuscitation by the Prone-Pressure Method; Directions. 
Edison Electric Institute Bulletin, volume 4, April 1936, page 154. 

30. Resuscitation from Electrical Shock, W. Maclachlan. 
Edison Electric Institute Bulletin, volume 4, January 1936, 
page 22. 

31. Resuscitation With Carbon Dioxide, Y. Henderson. 
Science, volume 83, May 1, 1936, pages 399-402. 

32. Surer Artificial Respiration—Nielsen Life-Saving Technique 
Surpasses, by 41 Per Cent, the Widely Used Schafer System, F. D. 
McHugh. Scientific American, volume 154, January 1936, 
page 17. 


33. Ten Recent Awards of Edison Electric Institute Medals. 
Edison Electric Institute Bulletin, volume 4, February 1936, 
pages 58-60. 

34. They Turned Back Death. National Safety News, volume 

34. December 1936, page 27. President’s Medal awards for 
life-saving by the prone-pressure method. 

1937 

35. Miracle Men,' C. F. Scheer. National Safety News, 
volume 36, October 1937, pages 71-2. Prone-pressure method. 

36. Seventeen Recent Awards of Edison Electric Institute 
Medals. Edison Electric Institute Bulletin, volume 5, February 
1937, pages 51-5. 

37. What Are the Prospects for Success With Artificial Respira¬ 
tion in Cases of Electric Shock? (in French). Association Suisse 
des Electriciens Bulletin (Zurich), volume 28, November 12, 
1937, pages 597-8. 

1938 

38. Adventures in Respiration (book), Yandell Henderson. 
Williams and Wilkins Company, Baltimore, 1938. 316 pages. 

39. Apparatus for Artificial Respiration (in French). Genie 
Civil (Paris), volume 112, April 23, 1938, pages 356-7, 

40. Comparison of Pulmonary Ventilation in Three Methods of 
Artificial Respiration, B. G. King and others. Journal of In¬ 
dustrial Hygiene, volume 20, November 1938, pages 576-80. 

41. Injuries From Artificial Respiration, H. E. Fisher. Con¬ 
crete (Mill Section), volume 46, July 1938, page 212. 

42. Mechanical Resuscitation in Advance Forms of Asphyxia; 
A Clinical and Experimental Study in the Different Methods of 
Resuscitation, P. N. Coryllos. Journal of Industrial Hygiene, 
volume 20, November 1938, pages 191-2 (supplement). 

43. The Use and Care of Respirators. Air Hygiene Foundation 
of America, Inc., Pittsburgh, 1938. 7 pages. Includes list of 
respiratory protective devices approved by the United States 
Bureau of Mines. Preventive Engineering series. 

1939 

44. Breathe Freely, W. P. Biggs. Safety Engineering, volume 
78, November 1939, pages 9-12; December 1939, pages 33-4. 

45. How to Apply Artificial Respiration. Power, volume 83, 
October-November 1939, pages 639-40 and 709-10. 

46. Keep up the Rhythm; Interrupting Resuscitation May En¬ 
danger the Patient’s Chance; Transportation Procedure, J. P. 
Gilmer. National Safety News, volume 40, September 1939, 
pages 20-1. 

47. Pole-Top Method of Resuscitating Linemen After Electric 
Shock, E. W. Oesterreich. Edison Electric Institute Bulletin, 
volume 7, March 1939, pages 119-21. 

48. Summary of McCarter Medal Awards, A. W. Breeland. 
American Gas Association Proceedings, 1939, pages 305-06. 

49. Twelve Utility Employees Awarded Edison Electric In¬ 
stitute Medal for Resuscitation in 1938, M. B. Woods. Edison 

• Electric Institute Bulletin, volume 7, February 1939, pages 71-5. 

50. General Collins Emergency Lung. Rubber Age, volume 46, 
December 1939, page 168; Canadian Mining Journal, volume 61. 
June 1940, page 402. 

1940 

51. Breathing Machines and Their Use in Treatment. Great 
Britain Medical Research Council, London, 1940, 90 pages. 
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52. Care of Respirators. Safety Engineering, volume 79, 
February 1940, page 25. 

53. Control of Respiration Under Artificial Respiration, Y. 
H en derson. Science, volume 91, May 3, 1940, page 422. 

64. Improving Performance of Artificial Respiration, H. G. 
Hays. National Safety News, volume 42, September 1940, 
pages 22-3. 

55. Just a Human Guinea Pig. National Safety News, volume 
41, June 1940, page 81. Results of respirator tests. 

56. Manual of First Aid Instructions. United States Bureau of 
Mines, 1940, 361 pages. 

57. Pole-Top Resuscitation—Its Place in the Training Program, 
W. R. Smith. Edison Electric Institute Bulletin, volume 8, 
November 1940, pages 507-08; National Safety News, volume 
43, February 1941, pages 24-5. 

58. Resuscitation From Shock, S. Jellinek. Electrical Review 
(London), volume 126, January 5, 1940, pages 10-11; discus¬ 
sion giving comparison of methods, G. H. Bell, J. C. Knox, 
volume 127, September 20, 1940, page 241. 

59. Resuscitation Performance; How Effective? Tests of 
Employees in Their Prone-Pressure Application, H. G. Hays. 
Electrical World, volume 114, September 7, 1940, pages 681-2. 

60. Resuscitation Review Board Is Appointed. EEI Accident 
Prevention Committee. Edison Electric Institute Bulletin, 
volume 8, May 1940, pages 234+; July 1940, pages 372-3. 


61. What to Look for in Respirators, W. H. Lehmberg. Safety 
Engineering, volume 79, January 1940, page 30. 

62. Wins Medal and Eight Bars. National Safety . News, 
volume 42, July 1940, page 19. Saved nine lives by resuscitation. 

1941 

63. Comparative Physiology of Respiratory Mechanisms (book), 
A. Krogh. University of Pennsylvania Press, Pittsburgh, 1941, 
172 pages. 

64. Comparison of the Relative Efficiency of the Schafer and 
Pole-Top Methods of Artificial Respiration, W. B. Kouwenhoven, 
D. R. Hooker, O. R. Langworthy. AIEE Transactions, volume 
60, 1941, February section, pages 41-4. 

65. Resuscitation After Electric Shock, C. F. Dalziel. Elec¬ 
trical W^t, volume 86, April 1941, pages 38-42. 

66. Resuscitation in Gas Poisoning, Electric Shock, and Drown¬ 
ing (pamphlet). Published jointly by the Edison Electric In¬ 
stitute and the American Gas Association, 420 Lexington Avenue, 
New York. (Instruction in procedure to be followed in applying 
the Schafer Prone Pressure Method of artificial respiration.) 

67. Thirteen Edison Medals Awarded Utility Employees, M. B. 
Woods. Edison Electric Institute Bulletin, volume 9, February 
1941, pages 63-7. 

68. Unique Device Developed for Standardizing Artificial Res¬ 
piration Training. American Gas Association Monthly, volume 
23, December 1941, page 434. 
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Section A 

General 

1930 

1. Automatic Operation in Electric-Power Engineering (in Ger¬ 
man), G. Meiners. AEG Mitteilungen (Berlin), November 1930, 
pages 699-708. 

1931 

2. Automatic Control of Electrical Machinery (in Italian), F. 
FiorentinL L'Elettrotecnica (Milan), volume 18, June 15, 1931, 
pages 394-401. Methods and apparatus for automatic control of 
generating plants and substations. Advantages over manual 
control. 

3. Automatic Stations. AIEE Transactions, volume 50, 1931, 
pages 1480-7. Annual Report of the AIEE committee on auto¬ 
matic stations. Includes a bibliography. 

1932 

4. Application and Performance of Automatic Equipment at 
Stations and Substations of the American Gas and Electric Com¬ 
pany System, Philip Sporn, Basil Lanphier, Harold E. Turner. 
AIEE Transactions, volume 51, 1932, pages 1031-46. 

5. Electric Remote Supervision and Control of Power Stations 
(book) (in German), M. Schleicher. Springer (Berlin), 1932, 
238 pages; bibliography, pages 230-8. 

1934 

6. The Technique of Remote-Control Stations (book) (in Ger¬ 
man), W. Stablein. R. Oldenbourg (Munich), 1934, 291 pages. 
Includes bibliography, pages 275-91. 

1937 

7. Automatic Stations. American Standard C37.2-1937. 
American Standards Association, New York, N. Y. 

Section B (S ee also sections D, G, and H) 

Supervisory and Remote Control- 
Equipments, Systems, and Methods 

1930 

1. Principles of Selsyn Equipments and Their Operation, L. F. 
Holder. General Electric Review, volume 33, September 1930, 
pages 600-04. Discusses principles involved, selective and mul¬ 
tiple operation, their mechanical construction and uses. 

1931 

2. An A-C Supervisory Control System, Othmar K. Marti. 

AIEE Transactions, volume 50, 1931, pages 1352-7. 

3. Measuring, Signalling, and Regulating Equipment of the 
Essen-Borbeck Blast Furnace Plant of F. Krupp (in German), 
P. Oswald, W. Liesegang. Siemens Zeitschrifl (Berlin), volume 
2, February 1931, pages 49-56; March 1931, pages 132-8. Illus¬ 


trated description of Siemens and Halske remote control and re¬ 
mote measuring and indicating equipment. 

4. Nature and Importance of Remote-Control Systems in the 
Operation of Power Plants (in German), H. Piloty. Elektro- 
tecknische Zeitschrift (Berlin), volume 52, September 10, 1931, 
pages 1157-61; September 24,1931, pages 1221-7. 

5. Operating Experiences With Automatic and Supervisory Con¬ 
trol—Automatic and Supervisory Control of Substations, F. F. 
Ambuhl. Electrical Engineering, volume 50, November 1931, 
pages 890-2. 

6. Operating Experiences With Automatic and Supervisory Con¬ 
trol—Supervisory Automatic Control of a Generating Station, 
R. M. Stanley. Electrical Engineering, volume 50, November 
1931, pages 892-4; Electrical World, volume 98, July 4, 1931, 
pages 22-5. 

7. Remote Alarms Over Telephone Circuits. Electrical West, 
volume 66, May 15, 1931, pages 354-7. An economical system 

* of remote alarms developed by the Southern California Edison 
Company, Ltd., for its unattended substations is here described. 

8. Remote-Control and Return-Signal Installation, Utilizing 
the Public Telephone Network for the Outdoor Station of the 
Bemische Kraftwerke A.-G. (in German) Schweizerischer Elek- 
trotechnischer Verein Bulletin (Zurich), volume 22, no. 14, 1931, 
pages 333-6. Illustrated description of a remote-control system 
used by a Swiss power concern. 

9. Remote Control Over Distribution Circuits and Without 
Pilot Wire (in French), M. Chirol. Revue Generate de VEiec- 
triciU (Paris), volume 30, November 14, 1931, pages 795-805. 
Explains a system employing a superimposed medium-frequency 
current for control of lighting circuits, for placing meters in cir¬ 
cuit, and similar applications. 

10. Remote Metering and Remote Control (in Swedish), H. 
Fransen, E. Velander. Teknisk Tidsskrift (Stockholm), May 
1931, pages 77-108. A well illustrated symposium consisting of 
several separate articles by different Swedish engineers. 

11. The Selector System of Supervisory Remote Control As 
Applied to the Great Indian Peninsula Railway, W. R. Davies. 
Electrical Communications (London), volume 9, January 1931, 
pages 174-83. Equipment manufacturing by Standard Tele¬ 
phones and Cables, Ltd. 

12. Supervisory Control Equipment—Descriptive Details of 
Apparatus Made in England for Remote Substation Control in 
New Zealand. Electrical Review (London), volume 108, April 3, 
1931, page 611. 

13. Supervisory Operation Gives Control of 300 Circuits to Dis¬ 
patcher; Reading Company. Power, volume 74, December 16, 
1931, page 872. 

14. A Ten Point Tandem Supervisory Control System, N. C. 
Smart, W. R. Cox. General Electric Company Journal (Lon¬ 
don), volume 2. November 1931, pages 146-52. System used 
by the General Electric Company, Ltd., England. 

15. Ten Years’ Experience With Automatic and Supervisory 
Distribution Substations, F. F. Ambuhl. Electrical News and 
Engineering (Toronto), volume 40, August l, 1931, pages 35-7, 
51. Experiences of the Toronto Hydro-Electric System. 

16. Visicode Supervisory Control, L. J. Cissna. Electric Jour¬ 
nal, volume 28, July 1931. pages 424-30. 

This bibliography of the automatic station was prepared by the AIEE com¬ 
mittee on automatic stations and supplements the earlier bibliographies on 
the subject. The material is subdivided into eight Sections. In each section 
the entries are numbered consecutively and listed alphabetically by years, 
the first significant word of the title determining the alphabetical position. 
This bibliography was published in pamphlet form by the AIEE during 1942. 

41 References to 1930 and 1931 in this bibliography are supplementary to 
those appearing in AIEE Transactions, volume 50,1931, pages 1485-7. 
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1932 

17. An A-C Supervisory Control System, Othmar K. Marti. 
Electrical Engineering, volume 51, May 1932, pages 329-31. 

18. Auckland Electric Power Board in New Zealand, E. N. Tews- 
ley. Metropolitan Vickers Gazette (Manchester), volume 13, 
January 1932, pages 159-63. Metropolitan-Vickers supervisory 
control equipment. 

19. Developments in Two-Wire Supervisory Systems, J. H. 
Oliver. Electrical Engineering, volume 51, June 1932, page 412. 
Abstract. 

20. Electric Remote-Control and Supervision of Distribution 
and Transmission Networks (in Frencb), J. Vassilliere-Arlhac, 
R. Nierenberger. Societe Frangaise des Electriciens Bulletin 
(Paris), volume 2, May 1932, pages 460-93. Supervisory-control 
and telemetering equipment and methods. 

21. Experience With Supervisory Control, J. E. Pastoret. 
Electrical Engineering, volume 51, November 1932, pages 776-8. 
The Reading-Philadelphia suburban electrification. 

22. 46,000-Kva Substation Has Supervisory Control. Electrical 
World, volume 99, January 30, 1932, page 243. 

23. Group of Methods and Devices for the Control and Supervi¬ 
sion of High-Voltage Networks Under Normal and Abnormal 
Operation (in French), Doctor Schleicher, Doctor Huldschiner. 
International Electrical Congress Proceedings (Paris), volume 6, 
1932, pages 359-98. 

24. Progress in Automatic and Centralized Control. Power 
Plant Engineering, volume 36, January 1, 1932, pages 44-5. 

25. Protection and Centrovisory Control of the British Grid, 
B. H. Leeson. Electrical Review (London), volume 110, April 22, 
1932, page 598. 

26. Reducing Substation Costs by Extended Control, R. De- 
Camp. Electric Journal, volume 29, September 1932, pages 
414-16. 

27. Remote Alarms by Carrier-Current Over Distribution Cir¬ 
cuit, F. B. Doolittle. Electrical West, volume 68, May 15, 1932, 
page 365. 

28. Remote Signaling and Control on Transmission and Dis¬ 
tribution Lines (in French), Clairol. International Electrical 
Congress Proceedings (Paris), volume 13, 1932, pages 357-71. 

29. Remote Signalling and Recording of Switching Operations 
(in German), W. Gellinek, H. Kunow. Siemens Zeitschrift (Ber¬ 
lin), volume 12, October 1932, pages 370-7. 

30. Split-Second Supervisory Control (principle of Polaricode), 
M. E. Reagan. Electric Journal, volume 29, June 1932, pages 
298-301, 303. 

31. Supervisory Control. Electrician (London), volume 109, 
August 5, 1932, page 177. Remote control by selective systems 
and elimination of confused orders. 

32. Supervisory Control for A-C Electrified Railroads, C. P. 
West, H. C. Griffith. AIEE Transactions, volume 50, 1931, 
pages 1358-62. For remote operation of high-voltage a-c step- 
down substations of the Pennsylvania Railroad. 

33. Supervisory Control for Reading Electrification, G. I. 
Wright. Electrical World, volume 99, March 5, 1932, pages 
454-7. 

34. Supervisory Control for 220-Kv Station. Electrical West, 
volume 69, December 1932, pages 228-30. As applied to govern 
the equipment necessary for a 220-kv tie. 

35. System Operator Sees the System, S. M. Hamill, Jr. Elec¬ 
trical World, volume 100, September 24, 1932, pages -406-08. 
Features developed in telephone practice find use in power system 
control. 


munication Circuits. Electrical Engineering, volume 51, Septem¬ 
ber 1932, pages 613-20. Essentially the full text of an AIEE 
joint subcommittee report. 

37. World’s Largest Supervisory System for New York Subway, 
F. E. Jaquay, L. D. White. Electrical World, volume 100, August 
13, 1932, pages 204-06. 

1933 

38. Automatic Remote-Control Apparatus (in German), Man¬ 
fred Schleicher. Siemens Zeitschrift (Berlin), volume 13, May, 
June 1933, pages 88-94. 

39. Communication, Protection, and Supervisory-Control Sys¬ 
tems for Electric-Power Networks. General Electric Company 
Journal (London), volume 4, August 1933, pages 165-74. 

40. Contactor Signals When Breaker Opens, H. B. Taverner. 
Electrical World, volume 102, December 16,1933, page 789. 

41. Direct Selection System of Supervisory Control, M. E. 
Reagan. AIEE Transactions volume 52, 1933, pages 240-4. 
Principles of the direct selection system of supervisory control. 

42. A Grid Supervisory Scheme. Electrical Review (London), 
volume 113, July 14, 1933, page 46. 

43. Guarding Remote Control Against Ground Faults, G. H. 
Landis, H. A. McLauglin. Electrical World, volume 101, Janu¬ 
ary 14, 1933, pages 76-8. 

44. Improved Power Supply Betters Street Railway Service, 
J. A. Noertker. Electrical Engineering, volume 52, January 1933, 
pages 22-8. Includes an account of the automatic substation 
equipment of the Cincinnati Street Railway Company. 

45. Observations on Ten Years’ Operation of Supervisory Con¬ 
trol, Leslie R. Hicks. Electrical World, volume 102, December 
30, 1933, pages 859-60. 

46. Panama Canal Uses Supervisory Power-System Control, 
Power, volume 77, November 1933, page 571. 

47. Remote Control and Indication. Electrical Review (Lon¬ 
don), volume 112, April 21, 1933, page 560. 

48. Remote Control by the Single-Wire Method (in German), 
W. Venzke. A EG Mitteilungen (Berlin), July 1933, pages 155-8. 

49. Superposition of the "Telenerg System” on Large High- 
Voltage Networks (in German), W. Zur Megede. Siemens 
Zeitschrift (Berlin), volume 13, July, August 1933, pages 165-9. 
The use of audio-frequency currents of 280 to 600 cycles on 50- 
cyde power networks for the remote control of multiple-rate 
meters on the consumer’s premises. 

50. Supervisory Control at the Panama Canal, C. C. Lehman. 
Electric Journal, volume 30, September 1933, pages 371—6. 

51. Supervisory Control for Pumping Stations, R. C. Allen. 
Electric Journal, volume 30, May 1933, pages 183-6. Illus¬ 
trated description of the Westinghouse Electric Pumping and 
control equipment in a new waterworks plant at Erie, Pa. 

52. Supervisory Control Gear (abstracts and discussions), 
E. M. S. McWhirter. Electrician (London), volume 110, March 
24, 1933, page 382; Electrical Review (London), volume 112, 
March 24,1933, pages 417-18. Supervisory distant control. 

53. Supervisory System Controls Pump House. Electrical 
West, volume 70, March 1, 1933, pages 94-6. "Modern control 
electrically heated pump house, thermostatic alarms, buried 
cable system, and 3,153-foot lift are unusual features of Grand 
Canyon pumping plant of ‘The Santa Fe’.” 

1934 

54. Apparatus for Remote Supervision of the Operation of Cir¬ 
cuit Breakers (in French), Francois H. Wallenbom. Revue 

AIEE Transactions 


36, Telemetering, Supervisory Control, and Associated Com¬ 
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Generate de l’ Electricite (Paris), volume 35, June 2, 1934, pages 
757-60. Siemens-Schuckert supervisory-control apparatus. 

55. Application of Automatic Voltage and Switch Control to 
Electrical Distribution Systems, W. Kidd, J. L. Carr. Institution 
of Electrical Engineers Journal (London), volume 74, April 
1934, pages 285-322; discussion, volume 74, June 1934, pages 
535-42. Electrical Review (London), volume 113, December 8, 

1933, pages 805-06; abstract, December 15, 1933, page 842. 
Electrician (London), volume 111, December 8, 1933, pages 718- 
19; discussion, December 15, 1933, page 748. Voltage regula¬ 
tion and supervisory control. 

50. Bankside Control Room of the Central Electricity Board. 
Electrician (London), volume 112, January 26, 1934, pages 95-8; 
Engineer (London), volume 157, April 27, 1934, pages 426-7; 
Engineering (London), volume 137, April 27, 1934, pages 497-8. 

57. Carrier Control Isolates Trouble on Tap Lines, Electrical 
World, volume 103, March 31, 1934, page 469. General Elec¬ 
tric carrier-current equipment used for control of tap lines. 

58. Communication, Protection, and Supervisory-Control Sys¬ 
tems for Electric Power Networks. General Electric Company 
Journal (London), volume 5, May 1934, pages 115-22. 

59. The Communication and Supervisory Control System of the 
Grampian Electi'icity Supply Company, F. B. Willis. General 
Electric Company Journal (London), volume 5, November 1934, 
pages 234-44. 

60. Modern Practise in Germany and the European Continent 
With Regard to Supervisory Control Systems As Applied to 
Large Interconnected Supply Areas, M. Schleicher. Institution 
of Electrical Engineers Journal (London), volume 75, December 

1934, pages 710-29. 

61. Outdoor Metal-Clad Switchgear and Centrovisory Con¬ 
trol Equipment. Engineer (London), volume 158, August 17, 
1934, pages 170-2. 

62. And Now, Polaricode Junior, M. E. Reagan. Electric Jour-, 
nal, volume 31, March 1934, pages 110-12. Latest member of 
the supervisory control family. 

63. A Simple Arrangement for Tripping the Breakers on Con¬ 
sumers’ Power Circuits at Time of Peak Load (in French), J. de 
Puymorin, G. Remenieras. Revue Genirale de I’ElectriciU 
(Paris), volume 35, February 1934, pages 157-60. An automatic 
arrangement for disconnecting certain consumers at certain times. 

64. Some New Developments in Supervisory Control, M. E. 
Reagan. AIEE Transactions, volume 53, 1934, June section, 
pages 949-52. 

1935 

65. Automatic Equipment for the Supervisory Control of Power 
and Converter Stations (in Swedish), Hans Eger. ASEA’S Tid- 
ning (Vasteras), volume 27, August 1935, pages 118-25. Illus¬ 
trated description of Allmanna Svenska Elektriska Aktiebolaget 
equipment. 

66. Automatic Supervisory System. General Electric Review, 
volume 38, May 1935, page 252. 

67. Carrier-Current Switching for the Canandaigua 33,000-Volt 
Line, H. J. Klumb. Rochester Gas and Electric News, volume 19, 
February 1935, pages 402-07. Illustrated description of an in¬ 
stallation on the lines of the Rochester Gas and Electric Com¬ 
pany. 

68. Central Supervisory Control for Electric Power Plants in 
Stockholm (in Swedish), H. Ahlen. ASEA’S Tidning (Vaster&s), 
volume 27, February 1935, pages 18-23; (in English) ASEA 
Journal (Vasteras), volume 12, January-March 1935, pages 2-7. 

69. Outages Signaled in Employee’s Home, Kenneth N. Rear¬ 
don. Electrical World, volume 105, September 28, 1935, page 
2360. 


70. Principles of Remote Supervision of Electric Systems (in 
French), W. Howald. Schweizerischer Elektrotechnischer Verein 
Bulletin (Zurich), volume 26, number 17, 1935, pages 477-84. 

71. Remote-Control Equipment on the Wannsee Railroad (in 
German), W. Draeger. Siemens Zeitschrift (Berlin), volume 15, 
July 1935, pages 319-23. Illustrated description of Siemens- 
Schuckert remote control for a suburban railway line near Berlin. 

72. Remote Control on Distribution Networks Without the 
Use of a Pilot Wire (in French), Michel Durepaire. Soci6t4 
Frangaise des Electriciens Bulletin (Paris), volume 5, May 1935, 
pages 513-25. 

73. Remote Indication, Supervisory System Installed on Win¬ 
chester Corporation’s Electricity Supply Network. Electrician 
(London), Volume 114, April 5, 1935, pages 447-8; Engineer 
(London), volume 159, May 17, 1935, page 522; Electrical Re¬ 
view (London), volume 117, August 23, 1935, page 243. 

74. Remote Supervisory Control of Switchgear, S. E. Newman, 
R. T. Lythall. English Electric Journal (London), volume 7, 
January 1935, pages 103-09. 

75. Sectional Layout for Supervisory Control and Telemechan¬ 
ics (in Russian), D. V. Svetchamik. Elektrichestvo (Moscow), 
November 1935, pages 10-17. 

76. Supervisory Control Improves Service on the Indianapolis 
System, H. Roempke, L. J. Cissna. Electric Journal, volume 32, 
April 1935, pages 147-50. 

77. Supervisory Control of Substations, Equipment Used on the 
Marseille Network (in French), Sauvaire. L'lndustrie des 
Voies Ferries et des Transports Automobiles (Paris), volume 29, 
February 1935, pages 48-53; July 1935, pages 180-6. 

78. What Is Speed in a Supervisory System? A. E. Anderson. 
General Electric Review, volume 38, March 1935, pages 132-4. 

1936 

79. "Automatics” (in Russian), A. Solodovnikov. Avtomatika i 
Telemekhanika (Moscow), number 2, 1936, pages 109-26. 
Studies the fundamentals of automatic and remote control of 
mechanisms. 

80. Boulder Canyon Project; Carrier Current, C. P. Gaxman. 
Electric Journal, volume 33, November 1936, pages 501-03. 

81. The Brown Boveri Remote-Control System, O. PlechL 
Brown Boveri Review (Baden), volume 23, July 1936, pages 179- 
85. Includes consideration of both remote-control and telemeter¬ 
ing equipment. 

82. Control and Communication System of the Schwarzenbach 
Water-Works (in German), W. Knapp. Siemens Zeitschrift 
(Berlin), volume 16, April 1936, pages 119-22. 

83. Development of Supervisory-Control System. Nippon 
Electrical Communication Engineering (Tokyo), September 1936, 
pages 275-302. Japanese methods and equipment of the Nippon 
Electric Company, Ltd. 

84. Electrical Equipment for Waterworks Systems, S. A. 
Canariis. AIEE Transactions, volume 55, 1936, January sec¬ 
tion, pages 36-40. Application of supervisory control equipment 
and electric pump drive to municipal waterworks. 

85. "Fassung 3” Remote-Controlled Pumping Plant of the 
Stuttgart Municipal Water Supply (in German), H. Haas. 
Brown Boveri Nachrichten (Baden), volume 23, October-December 
1936, pages 136-40. An installation of Brown Boveri Company 
equipment. 

86. Faults in Electric Systems and Their Correction by Means 
of Remote Indication and Remote Control (in French), P. de 
Bremaecker. Soci£t6 Beige des Electriciens Bulletin (Brussels) 
Volume 52, January 1936, pages 17-30; February 1936, pages 
69—88; March 1936, pages 141-54. 
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87. From Remote Indication to Remote Control (in French), 
M. Granat. Socidte Beige des Electriciens Bulletin (Brussels), 
volume 52, January 1936, pages 1-16; February 1936, pages 101- 
15. 

88. Mechanical Resonance Relays for Remote Control With¬ 
out Pilot Wires (in French), Marius Lavet. Society Frangaise 
des Electriciens Bulletin (Paris), volume 6, January 1936, pages 
81-104. 

89. New Remote-Control Devices (in German), O. Plechl. 
Brown Boveri Review (Baden), volume 23, October-December 
1936, pages 141-49. Illustrated description of Brown Boveri 
Company equipment. 

90. Pennsylvania Installs Supervisory Controls, E. H. Brown, 
C. Romanovsky. Electrical World, volume 106, January 18, 
1936, pages 215-17. 

91. Problems of Telemechanics and Automatic Control in 
Electric Networks (in Russian), V. V. Nedelko. Elektrichestvo 
(Moscow), volume 17, September 1936, pages 17-21. 

92. Remote-Control Installation for the Power-Supply System 
of the City of Milan (in German), L. Volker. Elektrotechnische 
Zeitschrift (Berlin), volume 57, January 9, 1936, pages 33-6. 

93. . Remote Control of Power Networks, G. A. Bums, T. R. 
Rayner. Institution of Electrical Engineers Journal (London), 
volume 79, July 1936, pages 95-125; discussion, volume 79, 
September 1936, pages 381-5. Electrician (London), volume 116, 
February 14, 1936, page 204. 

94. Remote Control, Without Pilot Wire, on the Three-Wire 
Direct-Current Zone of the Compagnie Parisienne de Distribu¬ 
tion D’Electricity (in French), Michel Durepaire, Andre Perlat. 
Revue Generate de VElectricity (Paris), volume 40, August 1, 
1936, pages 149-59. Illustrated description of equipment and 
methods used in a scheme for the remote control of lights, sig¬ 
nals, multi-rate meters, and so forth. Low frequency is superim¬ 
posed on direct current. 

95. Remote Indication of the Operation of Automatic Reclosing 
Circuit Breakers, J. G. Park. Electrical Times (London), vol¬ 
ume 90, July 30, 1936, page 151. 

96. Remote Supervision and Control of Circuit Breakers in 
Stations With Operating Personnel (in German), O. Plechl. 
Elektrotechnik und Masckinenbau (Vienna), volume 54, August 
30, 1936, pages 421-6. 

97. Remote Supervisory Control Installation at Ipswich. 
Electrician (London), volume 117, July 17, 1936, pages 81-2; 
Electrical Review (London), volume 119, July 31, 1936, page 149; 
Engineer (London), volume 162, July 31, 1936, pages 117-18. 

98. Supervisory Control and Remote Metering, J. V. B. Duer. 
Installations on the electrified section of the Pennsylvania Rail¬ 
road. AIEE Transactions, volume 55, 1936, January section, 
pages 70-75; 1936, August section, page 890. 

99. System for the Remote Indication of Oil Circuit Breaker Posi¬ 
tions in the System of the Styrian Wasserkraft und Elektrizitats 
A.G. (in German), Hans Eigl. Elektrotechnik und Masckinenbau 
(Vienna), volume 54, October 25,1936, pages 509-13. 

100. What Type Supervisory System Shall Be Chosen? W. P. 
Simpson. Electrical World, volume 106, March 14, 1936, pages 
750-1, 814. 

1937 

101. Allgemeine Elektrizitats Gesellschaft Remote-Control Sys¬ 
tem Used on the Wannsee Railway (in German), W. Draeger. 
Elektrische Bahnen (Berlin), volume 13, February 1937, pages 
44-7. 

102. The Asea Supervisory System As Applied to the Southern 
Railway, England, Carl Kiessling, Holger Ahlen. ASEA Journal 


(Vasteras), volume 14, December 1937, pages 174-87. Illus¬ 
trated description of equipment for the control of unattended 
semi-automatic substations, remote indication, remote metering, 
and so forth. 

103. Carrier-Current Supervisory Control and Relaying; 
(Boulder Dam Power System) Progress in Engineering in 1936, 
H. W. Cope. Electric Journal, volume 34, January 1937, page 9. 

104. Control Rooms and Control Equipment of the Grid Sys¬ 
tem, J. D. Peattie. Institution of Electrical Engineers Journal 
(London), volume 81, November 1937, pages 607-18; discussion: 
volume 81, November 1937, pages 618-24; December 1937, 
pages 790-1. Engineer (London), volume 163, February 12, 

1937, page 184. Electrical Review (London), volume 120, Febru¬ 
ary 12, 1937, pages 258-9. 

105. The Effect of Selective Protection and Remote Operation, 
on the Development of Networks (in German). Manfred Schlei¬ 
cher. Electrotechnische Zeitschrift (Berlin), volume 58, March 
4, 1937, pages 235-7. 

1C6. High-Frequency Telephony and Remote Control on the 
220-Kv Network of the Krangede Aktiebolaget (in German), 
Gustaf Lofgren. AEG Mitteilungen (Berlin), July 1937, pages 
227-32. 

107. Relay Selector System for Remote Supervision of Substa¬ 
tions (in German). AEG Mitteilungen (Berlin), December 1937, 
pages 450-3. 

108. Remote Control by the Selector System, W. Venzke. 
AEG Progress (Berlin), November 2,1937, pages 30-2. 

109. Remote Control of a Network (in German), G. Meiners. 
Zeilschriftfuer Fernmeldetechnik (Munich and Berlin), volume 18. 
July 1937, pages 105-08. 

110. Simplified Circuit-Breaker Supervisory System With Selec¬ 
tor Relay (in German), W. Henning. Siemens Zeitschrift (Ber¬ 
lin), volume 17, October 1937, pages 521-5. 

111. Some Basic Points on Distant Control System for Moscow 
Underground Railway Substations (in Russian), L. G. Rash- 
kovski. Elektrichestvo (Moscow), number 6, March 1937, pages 
22-30. 

1938 

112. AEG Selector-Type Remote-Control Equipment (in Ger¬ 
man), W. Venzke. AEG Mitteilungen (Berlin), September 1, 

1938, pages 459-63; October, 1938, pages 491-6. A serial 
article of which the first installment covers general features and 
mode of operation, and the second, operation and design. 

113. Centralized Control of Loads. Electrical Review (London), 
volume 123, October 7,1938, page 155. A system of remote con¬ 
trol in which frequencies between 300 and 800 cycles are superim¬ 
posed on the a-c or d-c supply circuit. Developed by the General 
Electric Company, Ltd., England. 

114. Centralized Control of Railway Substations (in French), 
M. M. Garreau. Soci6t6 Frangaise des Electriciens Bulletin 
(Paris), volume 8, November 1938, pages 1007—22. Methods 
used on the electrified line from Paris to Le Mans. 

115. Centralized Control for the Traction Substations of the 
Paris-Mans Electrified Section of the French Government Rail¬ 
ways (in French), M. M. Garreau. Revue GSn&rale de l’Elec- 
triciti (Paris), volume 43, June 4, 1938, pages 719-30. 

116. Factors Influencing the Selection of Remote-Control Sys¬ 
tem and Transmission Channel (in German), W. Venzke. Elek¬ 
trotechnische Zeitschrift (Berlin), volume 59, November 24, 1938, 
pages 1253-7; December 1, 1938, pages 1292-4. 

117. A New System of Remote Control, Charles N. Kimball. 
RCA Review, volume 2, January 1938, pages 303-16. A carrier- 
current system. 
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118. Network Operation Simplified by Supervisory System, 
Earle Wild. Electrical World, volume 109, May 21, 1938, pages 
1674-6. “Recorders and visual indicators in (Chicago) load 
dispatcher’s office show protector positions and operations and 
conditions of transformers in network vaults.’’ 

119. Possibilities of Remote Control by Means of Siemens 
Remote-Control Systems Involving the Selector Method (in 
German), W. Henning. Siemens Zeitschrift (Berlin), volume 

18, August 1938, pages 402-06; September 1938, pages 440-6. 

120. Protection and Remote Control; How and When to 
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Section C (See also section B) 

Telemeters and Telemetry—Types of 
Instruments, Systems and Methods 
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1116 


15. Remote Transmission of Measurements by Means of the 
Induction-Type Dynamometer (in Italian), G. Induni. L’Elet- 
trotecnica (Milan), volume 18, October 25, 1931, pages 760-3. 
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155. Carrier Telemetering With the Metameter, G. S. Lunge. 
General Electric Review, volume 43, August 1940, pages 336-43. 

156. Everett Edgeumbe Auto Repeater System of Distant Indi¬ 
cation. Engineer (London), volume 169, April 5,1940, page 322. 

157. A Follow-Up Telemetering System. Electronics, volume 
13, September 1940, pages 47-8, 50. Esterline-Angus system. 

158. Telemeter Water-Level Record, Reginald Trautschold. 
Electrical World, volume 114, December 28, 1940, page 1952. 

159. Telemetering Scheme for Generating Stations, Ludwig F. 
Lischer. Electrical World, volume 113, March 9,1940, page 770. 

160. Unusual Application of a General-Electric Torque Bal¬ 
ance Watt Telemeter; Obtaining Hourly Integration of Power 
Interchange, Charles Wasserman. Instruments, volume 13, 
August 1940, pages 219-20. 

161. Water Level Indicator, L. A. Ware. Electronics, volume 
13, March 1940, pages 23-5. An application of a bridge-con¬ 
trolled thyratron follow-up system. 

162. Telemetering, Supervisory Control, and Associated Cir¬ 
cuits, AIEE committee report. AIEE Transactions, volume 60, 
1941, pages 1411-34. 

1941 

163. Averting Several Weeks’ Delay in Starting Up New De¬ 
fense Plant, James L. Watson. Instruments, volume 14, April 
1941, pages 101-102. An emergency telemetering installation. 

164. Industrial Instruments for Measurement and Control, 
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65. An Underground Rectifier Substation. Electrician (Lou¬ 
don), volume 112, May 4, 1934. pages 003-04; Electrical Review 
(London), volume 114, April 27, 1934, page 591. 

66. Unique Automatic Rectifier Substation Being Built for the 
Brooklyn-Manhattan Transit System. Electric Journal, vol¬ 
ume 31, October 1931, page 389. 

1935 

67. Atmemasse Automatic Substation of the Compagnie 
Genevoise des Tramways Eleelriqites (iu French), E. G. Choisy. 
Traction Electriqne (Paris), Sept ember- October 1935, pages 81-6. 
A railway insluliat [oil iu Geneva, Switzerland. 

08. Mutators for Suburban Rail Traffic in the Town of Copen¬ 
hagen, A, Danz. Brown Boveri Review (Baden), volume 22, 
August 1935, pages 160 3. 

69. Primary Starting of Converter Adopted to Utilize Auto¬ 
matic Board. Coal Age, volume 40, April 1936, pages 162-3. 
Pennsylvania Coal and Coke Corporation. 

70. Rectifiers Successful in Montreal, H. L. Eberts, R. Simmons. 
Transit Journal, volume 79, September 1935, pages 283-4. 

71. Simplification of Automatic-Station Equipment (in Ger¬ 
man), G. Meiners. Vereiii Deutscher Elektroteclmikcr Each- 
berichle (Berlin), 1935, pages 64-7. 

72. Stadtroda Automatic Rectifier Substation of the Jena Elec¬ 
tric Company (in German), H. Angela. Siemens Zeilschrijt 
(Berlin), volume 15, December 1935, pages 548-52. Illustrated 
description of the Siemens Sehuekert equipment used. 

73. A Substation Goes to Cuba on a Railway Car, Robert R. 
Long well. Electric Journal, volume 32, April 1935, pages 136-8, 
142. 

74. Automatic Control for Mercury-Arc Rectifiers, H» Bany, 
M. E. Reagan. AIEE Transactions, volume 55, 1936, January 
section, pages 100-09, reviews modern practices in automatic 
control of switching equipment and auxiliaries of metal-tank 
rectifiers. Includes bibliography of 16 items. 

1936 

75. Unattended Substation Has Period Styling. Electrical 
World, volume 106, August 1, 1936, pages 2815-18. Equipment 
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and architectural design of the Almar substation of the Cleveland 
Electric Illuminating Company. 

1937 

76. Remote-Control Equipment for Graffenstaden Substation 
of Strassburg Power Plant (in German), W. Semmler. Siemens 
Zeitschrift (Berlin), volume 17, January 1937, pages 28-36. 

77. Principles of Automatic Operation of Substations Equipped 
With Metal-Clad Mercury-Arc Rectifiers (in Russian), M. A. 
Astashev, N. M. Sheindlin. Elektrichestvo (Moscow), number 14, 
July 1937, pages 6-10. Russian schemes for industrial substa¬ 
tions. 

1938 

78. Description of Remote Control of Substations of Paris-Le 
Mans Electrified Railroad (in German), W. Venzke. Elektro- 
technische Zeitschrift (Berlin), volume 69, November 10, 1938, 
pages 1207-09. 

79. Kiski Valley Station Built for More Load. Electrical World, 
volume 110, July 9, 1938, page 104. 

80. Kitchener’s Automatic Substation, T. W. Hill. Electrical 
News and Engineering (Toronto), volume 47, September 15,1938, 
pages 26-7, 54. 

81. New Distribution Substation Uses Metal-Clad Switch- 
gear, Oscar J. Rotty. Electric Journal, volume 35, July 1938, 
pages 261-4. Equipment in Carondelet automatic substation of 
the Union Electric Company of Missouri at Saint Louis. 

82. Rectifier Installation of the Rigi Railway (in German), B. 
Storsand. Elektrische Bahnen (Berlin), volume 14, July 1938, 
pages 166-7. Remote-controlled substation with Oerlikon 
equipment in Switzerland. 

83. Railway Substation of the Paris to Le Mans Division of the 
French Government Railways (in French), M. Gaxreau. Revue 
Generate de ’lElectricite (Paris), volume 43, April 9, 1938, pages 
459-75. Description of the automatic substation'equipment. 

84. Saint Lambert Unattended Substation, T. Ingledow. 
Electrical News and Engineering (Toronto), volume 47, June 15, 
1938, pages 68-70. A substation of Montreal Light, Heat and 
Power, Consolidated, in Quebec. 

85. Steel Substation for Steel Town, E. S. Fields. Electrical 
World, volume 110, November 19, 1938, pages 1471-2, 

1939 

86. Alabama Power Opens Automatic Substation. Electrical 
World, volume 112, July 29,1939, page 300. 


87. Frequency Converter Completely Automatic Start, H, 
Bany, F. O. Schnure. Electrical World, February 25, 1939 
pages 561-3. 

88. Large Glass-Bulb Rectifier Substations. Engineer (Lon¬ 
don), volume 167, January 27, 1939, pages 131-2. Substations 
are automatic, unattended, and remote controlled. 

89. New Substation Serves Underground “Bus,” K. R. Birge. 
Electrical World, volume 112, November 18, 1939, pages 1442-5. 

90. Single-Anode Tank Rectifier Substation. Electrical World, 
volume 112, December 30, 1939,'pages 1887-8. Automatic sub¬ 
station of New York Central Railroad. 

91. Supervisory Controlled Substations at Hamilton, R. Butter. 
Electrical News and Engineering (Toronto), volume 48, March 
15, 1939, pages 18-21. Equipment in substations at Hamilton, 
Ontario. 

92. Unit Substations, E. E. Forrest. Hydro-Electric Power 
Commission of Ontario Bulletin (Toronto), volume 26, February 
1939, pages 47-58. Fully automatic radial substation equipped 
with induction feeder regulators and truck type switchboard 
supplying radial system installed at Gary, Ind. 

1940 

93. Automatic Switching at 34.5-Kv Substation. Electrical 
World, volume 114, August 24,1940, page 551. 

94. Automatic Zone Substation Has Many Refinements, F. S. 
Benson. Electrical World, volume 114, August 24, 1940, pages 
528-30. Pacific Gas and Electric’s Station F, Berkeley, Calif. 

95. Largest Customer Substation Operated by Remote Control, 
L. M. Smith. Electric Light and Power, volume 18, August 1940, 
pages 39-41. Fairfield substation of the Alabama Power Com¬ 
pany. 

1941 

96. Automatic “Electric Filling Station.” Railway Electrical 
Engineer, volume 32, May 1941, pages 91-94, 111. Illustrated 
description of an unattended substation for automatic charging 
of the storage batteries in electric trucks and tractors. 

97. Charging Control for Small Batteries at Unattended Sub¬ 
stations. Electrical World, volume 116, November 1,1941, page 
1442. 

98. New Standardized Single-Circuit Unit Substation, E. M. 
Hunter, A. J. Lynch. General Electric Review, volume 44, 
December 1941, pages 663-8. 

99. Unit Substation Uses Available Transformers. Electrical 
World, volume 115, February 22,1941, page 650. 
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Simplified Calculation of Fault Currents 


T HE precise determina¬ 
tion of short-circuit cur¬ 
rents involves a calculation 
so laborious as to be gener¬ 
ally impractical. Thus, 
some approximation is re¬ 
quired, and a degree of 
judgment must be applied 
in any method proposed. 

This method presented here 
is based upon the determi¬ 
nation of an initial value of rms symmetrical current 
with which multiplying factors are used for applica¬ 
tion purposes. It is proposed that it be used, where 
applicable, in place of the methods which involve the 
use of decrement curves. It is believed that this 
procedure is sufficiently accurate to serve as a reliable 
basis for the application of interrupting devices and for 
a preliminary basis for relay settings. 

The recommended multiplying factors take account 
of generator decrement and the asymmetrical value of 
current as influenced by the system d-c time constant, 
and they are adjusted to make allowance for the increase 
in generator excitation required to maintain normal 
terminal voltage under load conditions. They neglect, 
however, such influences as generator voltage regulators 
and phase-angle differences between generator rotors, 
which have but little effect within the usual operating 
time of modern circuit breakers. 

A comparison of the current magnitudes determined 
by the recommended factors with those calculated by 
more complicated methods after various time intervals 
is given in Figure 1. The time intervals selected corre¬ 
spond to breaker speeds of 2, 3, 5, and 8 cycles. The 
fault current and reactances are based on the system 
kilovolt-amperes. Curves are given for both the total 
rms current and the a-c component only, the difference 
between the two being due to the d-c component. The 
larger the d-c time constant, the more closely is the total 
rms curve approached, and the smaller the d-c time 
constant, the more closely is the a-c component curve 
approached. The time constant of the d-c component 
for which these curves were made is 0.15 second or nine 
cycles, which is larger than the values usually encoun¬ 
tered in any equipment except generators. The d-c time 
constant may be expressed generally as equal to (1/2 irf) 
(X/R) in seconds, or (l/2ir) (X/R) in cycles, where X is 
the 60-cycle reactance and R the d-c resistance to the 
point of fault. 

This report, sponsored by the AIEE committee on protective devices (J. R. North, 
chairman 1940-42) was prepared by a working group consisting of W. F. Skeats, 
W. M. Hanna, J. B. MacNeill, H. A. Travers, G. F. Wagner, and C. A. Woodrow. 


In this method of deter¬ 
mining fault currents, sym¬ 
bols are used with the fol¬ 
lowing significance: 

E “leg voltage 

Xi == direct-axis reactance, either 
transient or subtransient as 
specified, in ohms per leg 
X*= negative - sequence react¬ 
ance 

Xo “zero-sequence reactance 
Ro — zero-sequence resistance 

The type of fault (number of phases involved, with or 
without ground) which will result in the maximum fault 
current varies with the relative values of the different 
circuit constants. 

The three-phase short-circuit current is E/X x . The 
line-to-Iine short-circuit current is \/3E/(Xi-\-X 2 ). 
Since X 2 is usually equal to or greater than X\, this 
current seldom exceeds 86 per cent of the three-phase 
.short-circuit current, and, consequently, for line-to-line 
faults the three-phase fault-current value is generally 
satisfactory. 

The line-to-ground short-circuit current is 32?/(Xi-t- 
Xt+Xo). Since X 2 is usually approximately equal to X x 
(using the subtransient value for X x ) 3 this expression is 
often shortened to 3E/(2Xi+X 0 ). In practical cases, 
regardless of the 1 value X 2) this last expression is satis¬ 
factory for determining the current in a double line-to- 
ground fault. 

PROCEDURE 

The following gives a resume of the procedure and the 
various multiplying factors to be used with currents 
calculated by the formulas just stated. Tables I and II 
show what reactance quantity should be used for repre¬ 
senting the machines in the positive-sequence network. 

Circuit Breakers , Protector Tubes , and Fuses. Determine 
“highest value of rms symmetrical current for any type 
of fault” by E/X i or 3E/(2X x -\-Xo) > whichever is greater, 
except that when Rq is greater than 5X x , no considera¬ 
tion need be given to the latter term. Use multiplying 
factors as given in Table I for specific type of apparatus. 

The application of protector tubes requires also the 
calculation of minimum fault current with minimum 
connected synchronous capacity arid symmetrical current 
using E/X i or 3E/(2X x -\-Xq), whichever gives the lower 
value. Special consideration is required where tower- 
footing resistance can appreciably reduce this line-to- 
ground fault current. For further details reference may 
be made to a paper, “Protector Tubes for Power Sys¬ 
tems.”* 


•This report is reprinted from Electrical Engineering, volume 61, [October 1942, 
pages 509-11. 


Fuses are rated on total current, and, as the time 
durations involved are very short, their required inter- 
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A simplified procedure for the calculation of 
short-circuit currents was presented in an 
earlier report . 1 This procedure, outlined in 
this article, has been given trial use for over 
a year and has been found to be generally 
satisfactory for the purpose intended. Ac¬ 
cordingly, it is now recommended for general 
use by the industry as a simplified method of 
approximating the magnitude of fault currents. 



rupting capacity should be based on the total rms cur¬ 
rent at one-half cycle. Two cases should be considered: 

1. In the general case, the current multiplying factor is 1.6, using 
subtransient reactance for all machines, and including both syn¬ 
chronous- and induction-motor contributions. 

2. For fuses rated 15,000 volte or below with interrupting ratings 
not exceeding 3,000 amperes (except when applied on a generator 
bus), the resistance introduced by line and transformer is so great 
that the rms current of a maximum displaced wave in the first 
half cycle will not exceed 1.2 times the calculated symmetrical 
current, using subtransient reactance. Application on this basis 
may be considered safe. 

Mechanical and Momentary Ratings. For many pur¬ 
poses, it is necessary to know the maximum possible rms 
current which can flow in the circuit. This is the cur¬ 
rent, including both a-c and d-c components, as calcu¬ 
lated at one-half cycle. Allowing for over excitation of 


Table I. Circuit Breakers, Protector Tubes, and Fuses 


Reactance Quantity for Use in Xi 

Multi- —— -- ” 

plying Synchronous Synchronous Induction 
Factor Generator Motor Machine 


A. Circuit-Breaker Interrupting Capacity 

1. General case 

Eigh1>cycle or slower break¬ 
ers f .1.0 1 

Five-cycle breaker.1.11 ... Subtransient* .Transient 

Three-cycle breaker.1.2 f 

Two-cycle breaker.1.4) 

2. Short circuits fed pre¬ 
dominantly by large machines 
at the point of fault may be 
increased up to 20 per cent 

3. Air circuit breakers rated 

600 volts and less.1.25 .. Subtransient.. Subtransient.. Subtransient 

B. Mechanical Stresses and Momentary Rating of Circuit Breakers 

1. General case.1.6 \ 

2. At 5,000 volts and below, I 

unless current is fed predomi- ( . Subtransient.. Subtransient.. Subtransien t 

nantly by directly connected [ 
synchronous machines or 1 
through reactors...1.4/ 

C. Protector Tubes 

1. Maximum rating. 

2. Minimum rating—use 
minimum system capacity 
and minimum of E/Xi or 
3E/(2X t +Xo) 

D. Fuses 

li General case..1.61 

2. At 15,000 volts or below ( _ _ .Subtransient..Subtransient. .Subtransient 
with interrupting ratings not f 
exceeding 3,000 amperes.1.2) 

f Modern breakers are likely to be more effective than their slower predecessors, 
and, therefore, the. application procedure with the older breakers should be more 
conservative than with modem breakers. Consequently, the factors to be used 
with older and slower breakers should be the same as for modern eight-cycle breakers. 

* This is baaed on the condition that any hydroelectric generators involved have 
amortisseur windings. For hydroelectric generators without amortisseur windings, 
the sub transient reactance should be assumed equal to 75 per cent of the transient 
reactance for this calculation. 




>..1.0 ... Subtransient.. Subtransient.. Subtransient 


Table II. Preliminary Settings for Relays 


Reactance Quantity for Use in Xt 

Multi- -----— 

plying Synchronous Synchronous Induction 
. Factor Generator Motor Machine 


1. High-speed current actuated..1.0... Subtransient.. Subtransient.. Subtransient 

2. Time overcurrent.1,0.. .Transient.Transient 


-TOTAL RMS CURRENT 
-AC COMPONENT ONLY 


CYCLE BREAKER 


(.CURRENT AT |A») 



generators on ac¬ 
count of load, 
the rms value of 
current as calcu¬ 
lated for zero 
time is about 1.8 
times the value 
calculated by di¬ 
viding leg volt¬ 
age by subtran¬ 
sient reactance. 

As there will al¬ 
ways be some 
decay even in the 
first half cycle, 
however, a mul¬ 
tiplier of 1.6 gives 
a safe figure. 

In some in¬ 
stances, as when 
transmission line 
or cable react¬ 
ance is an impor¬ 
tant factor in the 
limitation of cur¬ 
rent, the factor 
1.6 may be higher 
than necessary. 

In such applica¬ 
tions at 5,000 
.volts and below, 
the ratio of react¬ 
ance to resist¬ 
ance is suffi¬ 
ciently low so 
that the d-c com¬ 
ponent decreases 

very greatly during the first half cycle. Thus within 
this voltage range, and except where the bulk of the 
power is supplied by generators at the point of fault, a 
standard factor of 1.4 may be used instead of 1.6. A 
standard factor is particularly desirable, in considera¬ 
tion of the difficulties of obtaining actual resistance 
figures and the distribution of the d-c component among 
contributing short-circuit sources. 


REACTANCE — PER CENT (ON SYSTEM KVA BASE) 

Figure 1. Comparison between decre¬ 
ment curve calculations and calculations 
by the proposed method 


Low-Voltage Systems. Low-voltage air circuit breakers 
(rated 600 volts or less) are often instantaneous in opera¬ 
tion and part contacts during the first half cycle. These 
breakers, however, are rated on the basis of average 
current in the three phases, and circuits on which they 
are installed rarely have X/R ratios exceeding 10. This 
corresponds to an average rms current during the first 
cycle , equal to 1.23 times the symmetrical current. 
Such breakers may therefore be applied on the basis of 
1.25 times the three-phase initial symmetrical current 
using subtransient reactance and including both syn¬ 
chronous and induction motors. 
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In calculating the equivalent system impedances, it 
should be remembered that at low voltages even small 
impedance values become of importance, and all ele¬ 
ments of the circuit, including current transformers, 
disconnects, switches, bus runs, and lead wires, should 
be taken into consideration. 

Overcurrent Protective Relays. In approximating the 
settings of overcurrent relays, the fault currents for two 
conditions should be determined: 

1. The maximum initial symmetrical current for maximum 
connected synchronous capacity as determined by E/X i or 
7>E/(2X\-\-Xa), whichever is greater, except that, when /?o is 


greater than SXi, no consideration need be given to the latter term. 

2. The minimum symmetrical current for minimum connected 
synchronous capacity as determined by 0.866Z?/A!i. In particular 
situations allowance should be made for remote fault locations 
and fault resistance. 

Ground, distance, balanced, and other types of relays 
require special consideration. 

REFERENCES 

1. System Short-Circuit Currents, W. M. Hanna, H. A. Travers, C. F. Wagner, 
C. A. Woodrow, W. F. Skeats. AIEE Transactions, volume 60, 1941, September 
section, pages 877-81. 

2. Protector Tubes for Power Systems, H. A. Peterson, W. J. Rudge, Jr., A. C. 
Monteith, L. R. Ludwig. AIEE Transactions, volume 59, 1940, May section, 
pages 282-92. 
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Report of the Board of Directors 


T he board of directors of 

the American Institute of Electrical 
Engineers presents herewith to the mem¬ 
bership its 58th annual report, for the fiscal 
year ending April 30, 1942. A general 
balance sheet showing the condition of the 
Institute’s finances on April 30, 1942, to¬ 
gether with other detailed financial state¬ 
ments, is included herein. This report con¬ 
tains a brief summary of the principal 
activities of the Institute during the year, 
more detailed information having been pub¬ 
lished from month to month in Electrical 
Engineering. 

BOARD OF DIRECTORS* MEETINGS 

The board of directors held five meetings 
during the year, four in New York, N. Y., 
and one in Toronto, Ont. 

Information regarding many of the more 
important activities of the Institute which 
have been under consideration by the 
board of directors and the committees is 
published each month in the section of 
Electrical Engineering devoted to Institute 
activities. 

DEFENSE AND WAR ACTIVITIES 

In accordance with a resolution adopted 
by the board of directors on June 27, 1940, 
offering the services of the Institute to the 
President of the United States in connection 
with national defense problems, the board, 
committees. Sections, and headquarters 
staff have co-operated fully at every oppor¬ 
tunity. 

In addition to the organization of a com¬ 
mittee on national defense, and a commit¬ 
tee on civil protection, the Institute ap¬ 
pointed a representative on the National 
Technological Civil Protection Committee 
and five representatives on the Engineei's’ 
Defense Board. 

Co-operation has been extended in many 
undertakings, including the National Ros¬ 
ter of Scientific and Specialized Personnel, 
census of engineering construction firms, 
extension of subcontracting plans, study of 
supply of and demand for engineers, and 
others. 

President D. C. Prince delivered his ad¬ 
dress on the subject of postwar planning at 
meetings of many Sections and other organi¬ 
zations, and it was received with keen 
interest. 

Editor G. Ross H’enningcr has contrib¬ 
uted a substantial amount of his time 
weekly, since January 23, 1942, to the 
United States Navy Department, in Wash¬ 
ington, in the organization of an editorial 
and publication review section for the co- 
, ordination of Navy technical material. 

Assistant Editor W. R. MacDonald, Jr., 
as a first lieutenant in the United States 
Army Signal Corps Reserve, was called 
into active service in January 1941 and has 
since been promoted to the rank of cap¬ 
tain. He is responsible for the preparation 
and distribution of technical material used 
throughout the Signal Corps. 
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PRESIDENT'S AND NATIONAL SECRETARY’S 
VISITS 

President Prince and National Secretary 
H. H. Henline attended the summer and 
Pacific Coast conventions, winter conven¬ 
tion, South West District meeting in St. 
Louis, Mo., Southern District meeting in 
New Orleans, La., and the North Eastern 
District meeting in Schenectady, N. Y. 
President Prince and National Secretary 
Henline will attend the summer conven¬ 
tion in Chicago, Ill. In May, the president 
will visit the Cleveland Section, and the na¬ 
tional secretary will visit the Rochester Sec¬ 
tion. 


Places Visited by President Prince 
Alabama 

Alabama Section, Birmingham 
Muscle Shoals Section 

Arizona 

Arizona Section, Phoenix 
California 
Los Angeles Section 
San Diego Section 
San Francisco Section 

Colorado 
Denver Section 

Conference on student activities, North Central Dis¬ 
trict (6), Fort Collins 

District of Columbia 
Washington Section 
Georgia 

Georgia Section, Atlanta 

Kentucky 

Louisville Section 

Louisiana 

Southern District meeting, New Orleans 
Maryland 

Maryland Section, Baltimore 

Massachusetts 

Boston Section’ 

Pittsfield Section 

Michigan 

Michigan Section, Detroit 
Missouri 

South West District meeting, St. Louis 

New York 
New York Section 
Syracuse Section 

North Eastern District meeting, Schenectady 
Ohio 

Cincinnati Section and University of Cincinnati 
Branch, joint meeting. 

Oklahoma 
Tulsa Section 

Oregon 

Portland Section 

Pennsylvania 
Erie Section 

Lehigh Valley Section, Scranton 
Philadelphia Section 

Pittsburgh Section, and University of Pittsburgh, 
, Carnegie Institute of Technology, and West Vir¬ 
ginia University Branches, joint meeting 

Tennessee 

East, Tennessee Section, Athens 
McniphU Section 
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Texas 

Houston Section 

New Mexico-West Texas Section, Ei Paso 
North Texas Section, Dallas 
South Texas Section, San Antonio 

Washington 
Seattle Section 
Spokane Section 

Yellowstone National Park 
Pacific Coast convention 

Conference on student activities, Districts 8 and 9 
Canada 

Summer convention, Toronto 
Vancouver Section 

Engineering Institute of Canada, Montreal 
Mexico 

Mexico Section, Mexico City 

Places Visited by National Secretary Henline 
Indiana 

South Bend Section 

University of Notre Dame Branch, South Bend 

Louisiana 

Southern District meeting, New Orleans 
Southern District executive committee meeting 
Southern District conference on student activities 

Massachusetts 

Worcester Section 
Missouri 

South West District meeting, St. Louis 
Nebraska 

Nebraska Section, Omaha 
New York 
Ithaca Section 

North Eastern District meeting, Schenectady 
North Carolina 

North Carolina Section, Durham 
Ohio 

Columbus Section 
Virginia 

Virginia Section, Richmond 

University of Virginia Branch, Charlottesville 

West Virginia 

West Virginia Section, Charleston 

Wisconsin 
Madison Section 

Yellowstone National Park 
Pacific Coast convention 

Conference on student activities. Districts 8 and 9 
Canada 

Summer convention, Toronto 
Engineering Institute of Canada, Montreal 

ANNUAL MEETING 

The annual business meeting of the In¬ 
stitute was held on Tuesday morning, 
June 17, 1941. The annual report of the 
board of directors for the fiscal year which 
ended April 30, 1941, was presented in ab-r 
s tract by the national secretary. A report 
op the finances of the Institute was pre¬ 
sented by National Treasurer W. I. Slichter. 
The report of the committee of tellers upon 
the election of officers for the year begin¬ 
ning August 1, 1941, was presented, and 
President-Elect Prince responded to his 
introduction with a brief address. During 
this session, there was an address by Doctor 
Thomas H. Hogg, chairman and chief 
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engineer of the Hydro-Electric Power Com¬ 
mission of Ontario, and the Lamme Medal 
for 1940 was presented to Doctor Comfort 
A. Adams, consulting engineer, Edward G. 
Budd Manufacturing Company, Philadel¬ 
phia, Pa. 

NATIONAL CONVENTIONS 

Three national conventions were held 
during the year, and a brief report on each 
follows: 

Summer Convention. The 57th summer 
convention was held in Toronto, Ont., 
June 16-20, 1941. In addition to the an¬ 
nual business meeting, and conference of 
officers, delegates, and members, there were 
ten technical sessions, five technical con¬ 
ferences, and one general session, at which 
Howard Coonley, of the Walworth Com¬ 
pany, gave an address entitled “Making 
Democracy Work.” Entertainment fea¬ 
tures of the convention were an English tea, 
bridge, dance, banquet, and golf and tennis 
tournaments. Many inspection trips were 
held. The registration was 1,203. 

Pacific Coast Convention. The 29th Pacific 
Coast convention was held in Yellowstone 
National Park, August 27-29, 1941, with a 
registration of 322. A conference on “After 
the Emergency, What?” was a feature of 
the program, which also included three 
technical sessions, two technical confer¬ 
ences, one general session, two student ses¬ 
sions, and a conference on student activities. 
Entertainment features included an in¬ 
formal dinner and dancing, boat trip, in¬ 
spection trips, and ladies’ events. 

Winter Convention. The 30th winter con¬ 
vention was held in New York, N Y., 
anuary 26-30, 1942, with a program in¬ 
cluding 20 technical sessions, at which more 
than 70 papers were presented, and 6 tech¬ 
nical conferences. At the general session, 
N. G. Symonds, consultant on co-ordina¬ 
tion of conservation orders, War Produc¬ 
tion Board, gave an address entitled “The 
Engineer’s Contribution to the War Effort,” 
and the Alfred Noble Prize was presented 
to Robert F. Hays, Jr. At an evening 
meeting, the Edison Medal was presented 
to Doctor John B. Whitehead, professor of 
electrical engineering, The Johns Hopkins 
University, Baltimore, Md. A smoker, 
dinner dance, and events for women guests 
completed the program. The registration 
was 1,331, 

DISTRICT MEETINGS 

South West District Meeting. This meet¬ 
ing was held in St. Louis, Mo., October 
8-10, 1941, with 530 members and guests 
attending. Seven technical sessions, one 
general session, and two technical con¬ 
ferences were held. An address by E. T. 
Gushee, executive vice-president, Union 
Electric Company of Missouri, on “Electric 
Utilities’ Part in National Defense” was 
given at the general session, and postwar 
problems were discussed at a general lunch¬ 
eon at which Doctor William McClellan, 
president. Union Electric Company, pre¬ 
sided, and President Prince gave his ad¬ 
dress on postwar planning. Entertainment 
features consisted of a smoker, banquet and 
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dance, women’s bridge, and many inspec¬ 
tion trips. 

Southern District Meeting. The fourth 
meeting of this District was held in New 
Orleans, La., December 3-5, 1941. One 
general session, two technical sessions, and 
two student sessions were held at which 
eight papers were presented, in addition to 
the annual District conference on student 
activities. Entertainment consisted of a 
banquet, dancing, golf, and many inspec¬ 
tion trips. The attendance was 384. 

North Eastern District Meeting. This 
meeting, held in Schenectady, N. Y., April 
29-May 1, 1942, was of wide interest on 
account of the quality and diversity of the 
program. There were one general session, 
three technical sessions, seven conferences, 
one student session, a joint luncheon with 
the Schenectady section of The American 
Society of Mechanical Engineers, a con¬ 
ference on student activities, a banquet, the 
Steinmetz memorial lecture, inspection 
trips, and other features. Attendance was 
about 500. 

SECTIONS 

During the year, the Sections committee 
recommended to Section chairmen that (a) 
plant engineers groups be formed, especially 
in the industrial centers, (b) efforts be made 
by the Sections to reinterest executives no 
longer engaged in technical work, (c) con¬ 
sideration be given to the desirability of 
organizing local engineering councils, and 
having some Section meetings devoted to 
civic affairs or related nontechnical subjects, 
(d) the Sections send announcements of 
their meetings to their members serving in 
the armed forces, (e) the Sections encourage 
their members to take keen interest in the 
development of plans for return to peace¬ 
time conditions, and (f) the interest in 
student guidance work in the Sections be 
increased. 

President Prince gave his address on post¬ 
war planning at meetings of many of the 
Sections, and the keen interest with which 
it was received produced extensive discus¬ 
sions. 

At its January meeting the board of 
directors voted to assign to Sections all re¬ 
maining unassigned territory within the 
United States. 

A majority of the Sections included in 
their programs during the year various 
phases of war activities. 

Table I contains information regarding 
Sections and Branches and their meetings 


during the past several years. Detailed in¬ 
formation on their activities of the past 
year may be found in the annual report on 
Section and Branch activities in the June 
1942 issue of Electrical Engineering, pages 
322-3. 

STUDENT BRANCHES 

A new Branch was organized at the 
University of Delaware, bringing the total 
number to 124. 

The committee on Student Branches 
transmitted to all counselors pamphlet copies 
of Doctor William E. Wickenden’s address 
“The Second Mile” ( Electrical Engineering , 
May 1942, pages 242-7), suggesting that 
it be brought to the attention of students as 
an excellent statement of the nature of the 
engineering profession. 

The committee on safety again urged the 
Branches to hold meetings on safety sub¬ 
jects, and transmitted detailed suggestions 
regarding such meetings. 

The terms of 1,761 enrolled students were 
expected to expire on April 30, 1942. Of 
these, 935, or about 53 per cent, applied for 
admission as Associates. 

See references at end of the preceding re¬ 
port on Sections. 

General Committees 

FINANCE COMMITTEE 

In recommending a budget for the cur¬ 
rent appropriation year beginning October 
1, 1941, the finance committee estimated 
that, in spite of the further loss of overseas 
revenue and loss from members in the 
United States enrolled in military service, 
the income for the current year would be 
approximately the same as that received 
during the previous appropriation year 
ending September 30, 1941, these losses 
being offset by the continued net increase 
in the membership of the Institute. So far, 
this expectation appears to be justified. 

Accordingly, the budget was set up on the 
basis of $337,000, approximately $20,000 
more than was expended last year. This 
has made possible a modest increase in the 
scope of the Institute activities in many de¬ 
partments including the publication of more 
technical material, some increases in salary 
to junior members of the staff and the addi¬ 
tion of two people, a more liberal provision 
for the pension fund, and some increase in 
provision for travel, particularly for District 
student conferences. While the budget 
provides for some increases in expenses in 


Table I. Section and Branch Statistics 


Vox Fiscal Year Ending April 50 



1937 

1938 

1939 

1940 

1941 

1942 

Sections 

Number of Sections,...... 



.. 67 . 

70 

77 . 

70 

Number of meetings held........ 

Total attendance,.. 

e *-• 621 . • 

• .,74,950 v 

• e • • 624..»•. 

.,,.110,148.... 

.. 635... 

.'.85,692.., 

..! 701. 

,...91,949. 

. 703..... 

. 647 

.78,254 

Branches' 







Number of Branches. v.... . .. 

Number of meetings held.... 

Total attendance....... ........ 

... 119.. 

... 1,3<S3.. 
.. .46,121.. 

- 120.... 

.... 1,334,... 
.... 60,446.,.. 

.. 120... 
..1,190... 
..53,380... 

,.,. 121. 
.... 1,346. 
.64,972. 

..... 123. 

..... 1,163. 

. 124 

. 946 

.37,785 
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addition to salaries, the budget includes an 
item of unappropriated funds of about 
$7,000, which it is anticipated should pro¬ 
vide for additional necessary items and also 
for such further increase in the cost of ma¬ 
terials as may take place during the year. 

In taking care of the Institute’s invest¬ 
ment funds, the conservative policy of last- 
year has been continued. About 20 per 
cent of the funds are invested in common 
stocks of essential industries and the bulk of 
the remainder is invested in United States 
Government bonds. Details of the In¬ 
stitute’s investments are shown in Schedule 
1 on page 379. 

The Institute’s healthy financial condi¬ 
tion is the result of the policy continued 
over many years of budgeting expenses on 
the basis of the anticipated revenue and 
keeping the expenses within this budget 
limit. To the accomplishment of this, sill 
parts of the Institute organization, and 
particularly the staff, have contributed. 
As a result, there has been built up over the 
life of the Institute a reserve fund of about 
$250,000, or about three-fourths of a year’s 
expenses at the current level. In these dis¬ 
turbed times, it is very reassuring to have 
this modest insurance against any sudden 
great change in the Institute’s income or ex¬ 
penses that might result from the war. 

TECHNICAL PROGRAM COMMITTEE 

Convention Programs. Three national con¬ 
ventions and three District meetings were 
held during the year. The total attendance 
of these six meetings represents a 1.5 per 
cent decrease as compared with the total 
attendance of five meetings held during the 
previous year. The attendance for the 
present year was unusually good when it is 
considered that the attendance at three of 
the meetings of the previous year each estab¬ 
lished a record over corresponding meet¬ 
ings in respective localities. When com¬ 
pared with the year ending April 30, 1939, 
in which six meetings were held, the attend¬ 
ance for the past fiscal year represents a 4.0 
per cent increase. The 73 technical ses¬ 
sions and conferences at the six meetings 
were sponsored by 15 different Institute 
committees. Five of the technical com¬ 
mittees held no sessions during the year. 

The committee has arranged programs to 
be of the greatest service to the nation’s 
war effort, in so far as possible. Five ses¬ 
sions and conferences of immediate impor¬ 
tance to the war effort were held during the 
winter convention. These sessions were 
among the best attended, and in the plan¬ 
ning of future programs sessions directly 
related to problems arising from the war 
will take precedence. 

Civic Affairs Conferences. Several confer¬ 
ences on civic affairs have been held during 
the year to survey and determine how en¬ 
gineers can render the most effective service 
in their communities during the war and in 
the postwar period. In a conference on 
“After the Emergency, What?” held dur¬ 
ing the Pacific Coast convention, President 
Prince presented a plan based on studies 
made in the General Electric Company 
with a view to maintaining a high level of 
production during the peace to follow, and 


to prevent unemployment. Similar studies 
of business in various communities, states, 
and throughout the United States have 
been encouraged through discussions at sub¬ 
sequent conventions and Section meetings. 
A conference on “How Can Engineers 


Table II. Technical Programs, Last Four 
, Years 


Year Ending April 30 
1942 1941 1940 1939 


Number of national 

conventions... 3 .. 3 .. 2 .. 3 

Number of District 

meetings. 3.. 2.. 3.. 3 

Registration at na¬ 
tional conven¬ 
tions and Dis¬ 


trict meetings.4,274 ..4,339 ..3,548 ..4,100 

Number of papers 

presented. 182 .. 195 .. 177 .. 184 

Number of papers 
recommended 

for Transactions .... 152 .. 167 .. 151 .. 169 

Estimated number 
of pages required 
for printing pa¬ 
pers in Transac¬ 
tions . 807*.. 938*.. 886*.. 986* 


Average length of 
papers recom- 
raended for 
Transactions . 

5.3 

.. 5.72 .. 

5.86 

.. 5.83 

Number of tech- 
nical sessions. 

50 

.. 46 .. 

43 

.. 50 

Number of tech¬ 
nical conferences. . 

23 

.. 18 .. 

10 

.. 12 


* Partly estimated. 


Render Greater Public Service?” was held 
during the South West District meeting in 
St. Louis, Mo. Reports were submitted by 
14 local engineering groups or councils on 
“The Contributions of Local Engineering 
Councils to Their Communities.” Another 
such conference was held during the winter 
convention, in which a report of the St. 
Louis conference was presented by F. A. 
Cowan, vice-chairman of the technical pro¬ 
gram committee. “Regional Planning in 
the State of Pennsylvania” was described 
by R. H. Smith, deputy secretary, depart¬ 
ment of commerce, Commonwealth of 
Pennsylvania. Detailed reports of these 
two conferences on civic affairs were pub¬ 
lished in Electrical Engineering, March 1942, 
pages 148-52. Arrangements have been 
made to hold a similar conference on local 
engineering councils during the summer 
convention in Chicago. 

Restricted Sessions. When subjects on 
which secrecy is required are discussed, 
closed committee meetings are held. Dur¬ 
ing the winter convention, a session and 
conference on air transportation were suc¬ 
cessfully held with the attendance limited 
to AIEE members who are United States 
citizens and a few other strictly accredited 
individuals. 

Conferences. . During the war period, es¬ 
pecially, technical conferences with a mini¬ 
mum of time-consuming formalities are en¬ 
couraged. The accompanying tabulation 
shows that a greater number of conferences 
has been held during the past year than 
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ever before, bringing their total number to 
95 since their origin at the summer con¬ 
vention at Ithaca, N. Y., in 1935. The 
smaller number of technical papers pre¬ 
sented, together with the maintained at¬ 
tendance at conventions, reflect the increas¬ 
ing importance of the conference method in 
providing up-to-the-minute reports of new 
developments, and free discussion of con¬ 
troversial questions. 

General Sessions. A general session was 
held at each meeting during the year. 
Preference has been continued for addresses 
dealing with the broader problems of the 
profession, as related to co-operative effort 
during and after the war period, rather 
than toward specific technical develop¬ 
ments. The general session of the 1942 
summer convention will present some of the 
problems of engineering executives for the 
consideration of Institute members, through 
a discussion of “Organization and Manage¬ 
ment of Large-Scale Engineering Work.” 

Acknowledgments. The committee grate¬ 
fully acknowledges the interest and efforts 
of its members and the work of the chair¬ 
men of the technical committees and the 
members of the headquarters staff. 

PUBLICATION COMMITTEE 

Electrical Engineering, Transactions , and ad¬ 
vance pamphlet copies of technical program 
papers were published during the fiscal 
year in general on the same basis as for the 
preceding year. 

The program and policy for expediting 
the publication of AIEE Transactions mate¬ 
rial that was initiated at the summer con¬ 
vention in Swampscott, Mass., in 1940, in¬ 
volved among others three related objec¬ 
tives. 

The primary among these objectives was 
the earlier publication of Transactions ma¬ 
terial. This objective was achieved, effec¬ 
tive with the January 1942 issue of Elec¬ 
trical Engineering. The first of the 1942 
winter convention papers were published in 
the Transactions section of that issue, and 
the publication of the entire program of 
winter convention Transactions material will 
be completed with the June 1942 issue of 
Electrical Engineering and the corresponding 
June “Supplement to Electrical Engineering- 
Transactions Section.” This latter supple¬ 
ment will, in contrast to the several pre¬ 
vious issues, be down to what is considered 
normal size—200 pages or less. Also nor¬ 
mal with respect to content, it will carry 
all the published discussions of 1942 winter 
convention papers but only a very few ol 
the papers themselves—those which for 
some special reason could not be accommo¬ 
dated in the Transactions sections of the pre¬ 
vious monthly issues of Electrical Engineering. 

Requirements of the first objective im¬ 
posed a second—that the publication of all 
1941 papers and discussions and those re¬ 
maining from 1940 be completed with the 
1941 Transactions and the corresponding 
issues of Electrical Engineering. 

This objective was achieved as originally 
scheduled, although as expected the pro¬ 
gram resulted in great enlargement of the 
June and December 1941 “Supplements” 
and imposed a delay of several weeks in the 
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completion and distribution of the 1941 
Transactions volume. These latter mani¬ 
festations were incidental to the transition 
in publication procedure, and should not 
be encountered in the ensuing normal ap¬ 
plication of the Swampscott progr am. 

A third objective of the Swampscott 
program was that each annual volume of 
AIEE Transactions should contain all, and 
only, the technical program papers and re¬ 
lated discussions presented during the cor¬ 
responding calendar year and other appro¬ 
priate record material for that year. The 
1942 volume is expected to meet this ob¬ 
jective. 

The achievement of these desired results 
imposed many added burdens on the head¬ 
quarters staff and introduced many tran¬ 
sient difficulties into the work of the several 
committees responsible for the development 
of technical program material. The publi¬ 
cation committee is duly appreciative of 
the effective co-operation of all parties in¬ 
volved. 

World war conditions as of May 1, 1942, 
have introduced certain problems in the 
conduct of the Institute’s publication serv¬ 
ice that seem worthy of recording. One of 
these relates to the matter of censorship- 
export control of the distribution of the 
monthly issues of Electrical Engineering to 
members and nonmember subscribers in all 
foreign countries and territories except 
Canada. Distribution has been entirely 
stopped in Asia to Burma, Japan, Nether¬ 
lands Indies, Philippine and other islands, 
occupied portions of China, Malayan states, 
Indo-China, and other enemy-dominated 
territory; in Europe to all points except 
Great Britain, Turkey-in-Europe, and 
Russia. This affects about 230 members 
and 34 subscribers. Distribution to mem¬ 
bers and subscribers in Central and South 
America and the other remaining world 
points now is being made under export- 
license control and rigorous limitations im¬ 
posed by the United States Office of Cen¬ 
sorship and the Office of Export Control of 
the Board of Economic Warfare. Currently 
this affects about 720 Institute members and 
205 subscribers. 


MEMBERSHIP COMMITTEE 

Membership of the Institute at the end of 
the fiscal year reached an all-time high rec¬ 
ord for that date of 18,944 exceeding the 
former peak year of 1927 by 600 members. 
This very creditable showing was undoubt¬ 
edly the result of the hard work and unsel¬ 
fish efforts of the members of the Section 
membership committees, Branch counselors 
and members of the national membership 
committee, comprising approximately 700 
Institute members engaged in membership 
work. This result was made possible to a 
considerable extent by the splendid response 
of the members of the Institute at large to 
the broadcast letter of the chairman, dated 
October 8, 1941, in which they sent in the 
names of 989 prospects, many of whom are 
now members. With the pressure of the 
war effort and unexpected demands upon 
the time of membership committee per¬ 
sonnel, the amount of effort applied to In¬ 
stitute membership work is another indica¬ 
tion of the fine spirit of loyalty which binds 
members of the Institute together in a na¬ 
tional organization of their profession. 

Table III shows that the gross increase in 
membership during the year was 1,863 and 
that this was reduced to a net increase of 
1,058 by membership losses during the year. 
In the preceding year the gross increase 
was 1,644, reduced to a net increase of 673 
by losses during that year. Analysis of the 
losses as between these two years is of inter¬ 
est in manifesting effective effort of mem¬ 
bership committees in connection with de¬ 
linquent members. 



Year Ending April 30 


1941 

1942 

Resigned. 


.211 

Dropped. 


.484 

Total. 


.695 


Table IV shows the number of applica¬ 
tions received from enrolled students and 
others annually for the past five years. It 
shows a continuous increase each year. 


Since applications received during the fiscal 
year are not all acted upon at the close of 
the fiscal year, there is no direct check be¬ 
tween Tables III and IV. The Branch coun¬ 
selors have co-operated with the committee 
by writing to graduates and using their in¬ 
fluence to procure their applications. The 
Section membership committees receive 
from headquarters the cards of graduates 
residing -in their territory and endeavor to 
interview them with respect to membership. 


Table IV. Number of Applications 
Received From Enrolled Students and 
From All Others 


Year Ending 
April 30 

Students 

All Others 

Total 

1942. 

. ..971. 

.1,031.... 

.2,002 

1941. 

...887. 

....1,011. 

_1,898 

1940. 

...911. 

. 918. 

.1,829 

1939. 

...849. 

_ 872. 

.1,721 

1938. 

...739. 

.... 932. 

.... 1,671 


Table V. 

Number of Enrolled Students 
as of April 30 

Year 

New 

Applications 

Renewals 

Total 

1942. 

.. .2,585. 

....3,377. 

....5,962 

1941. 

...2,351. 

....3,188. 

....2,992. 

....5,539 

....5,517 

1940. 

.. .2,525. 

1939. 

...2,271. 

....2,971. 

....5,242 

1938. 

...2,428. 

....2,609. 

....5,037 


Table VI. Number of Members in 
Section Territory Reinstated 


August 1,1941 to April 30,1942....275 

Year beginning August 1, 1940.383 

Year beginning August 1, 1939.302 

Year beginning August 1, 1938.354 

Year beginning August 1, 1937...325 


Table VII. Status of Membership Dues 
as of April 30 


Members Fully Paid 

Total -- 

Year Membership Number Per Cent 


Table III. Membership Statistics for Fiscal Year Ending April 30,1942 


Honorary Six-Year 

Member Fellow Member Associate Associate Increase Total 


Membership on April 30,1941... 

...8.... 

....778... 

...4,650... 

...5,890... 

...6,560... 


Additions 







New members qualified. 


... 3... 

... 179... 

... 24... 

...1,614... 

... 1,820 

Former members reinstated.... 


... 1... 

8... 

... 10... 

... 24... 

... 43 

Subtotal. 


... 4... 

... 187... 

... 34 

1,638 

1,863 

Transfers. 


... 37... 

... 226 

726 




8... 

...819... 

...5,063... 

...6,650... 

...8,198... 


Deductions 







Died. 

...3... 

... 22... 

... 31.. 

... 43 

11 

— 110 

Resigned. 


... 2... 

... 47... 

... 93.1. 

:.. 69:;; 

:;.- 2 n 

Dropped. 


... 3... 

... 45... 

... 166... 

... 270... 

... -484 

Subtotal. 

...3... 

... 27... 

... 123... 

... 302... 

... 350... 

... — 805 

Transfers. 



... 37... 

... 203 

. ; 749 



3... 

... 27... 

... 160... 

... 505... 

...1,099... 


Membership on April 30,1942... 

...5... 

...792... 

...4,903... 

...6,145... 

...7,099... 

... 1,058. 


1942.... 

...18,944*. 

....16,595**... 

...87.5 

1941.... 

. ♦ .17,886 •. • • 

.....15,777 ... 

...88.2 

1940.... 

...17,213 .... 


...87.1 

1939.... 

...16,605 .... 

.14,371 ... 

...86.5 

1938.... 

...16,078 .... 

.14,127 ... 

...87.9 


* Of the 18,944 members reported for April 30, 1942, 
2,349 were not fully paid. Of this number, 327 names 
are being carried upon the membership rolls, in an 
inactive status, in accordance with the resolutions 
adopted by the Board of Directors in the interest of 
members in the military service of the United States 
or, allied countries, or members located in such coun¬ 
tries unable to remit membership dues at this time. 
The re m a in der comprises 

1. Members owing dues to April 30, 1941. 514 

2. Members owing dues to April 30, 1942.1,508 

(During the period May 1 to May 20, 1942, 316 
members have paid dues to April 30, 1942, reducing 
the number not fully paid to 1,192.) 

** Including 733 Members for Life. 
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Table V shows data on the number of 
enrolled students and new applications 
therefrom for five successive years ending 
1942. The improvement in 1942 is es¬ 
pecially encouraging. 

Tables VI and VIII show additional data 
on membership which are self-explanatory. 

The membership committee continued 
the organization adopted in the preceding 
year which provided an advisory subcom¬ 
mittee, comprising committee members 
within easy reach of New York and thus 
able to hold more frequent meetings than 
the whole committee, and a research sub¬ 
committee to which were referred commit- 


TableVin. Record of AJEE 
Membership 


Total Total Total 

Year May 1 Year Mayl Year Mayl 


1884.. 

. 71 

1885.. 

. 209 

1886.. 

. 250 

1887.. 

. 314 

1889.. 

. 333 

1890.. 

. 427 

1891.. 

. 541 

1892.. 

. 615 

1893.. 

. 673 

1894.. 

. 800 

1895.. 

. 944 

1896.. 

.1,035 

1897.. 

.1,073 

1898.. 

.1,098 

1899.. 

.1,133 

1900.. 

.1,183 

1901.. 

.1,260 

1902.. 

.1,549 

1903.. 

.2,229 

1904.. 

.3,027 


1905.. 

.. 3,460 

1906.. 

.. 3,870 

1907,. 

.. 4,521 

1908.. 

.. 5,674 

1909.. 

.. 6,400 

1910.. 

.. 6,681 

1911.. 

.. 7,117 

1912.. 

.. 7,459 

1913.. 

.. 7,654 

1914.. 

.. 7,876 

1915.. 

. . 8,054 

1916.. 

.. 8,202 

1917.. 

.. 8,710 

1918.. 

.. 9,282 

1919.. 

..10,352 

1920.. 

,.11,345 

1921.. 

..13,215 

1922.. 

. .14,263 

1923.. 

..15,298 

1924.. 

..16,455 


1925.. .. 17,319 

1926.. ..18.158 

1927.. ..18.344 

1928.. ..18.265 

1929.. .. 18,133 


1930.. . .18,003 

1931.. .. 18,334 

1932.. .. 17,550 

1933.. .. 17,019 

1934.. .. 15,230 


1935.. ..14.269 

1936.. .. 14,600 

1937.. ., 15,308 

1938.. .. 16,078 

1939.. ..16.605 


1940.. .. 17,213 

1941.. .. 17,886 

1942.. .. 18,944 


tee problems requiring study and research. 
This organization has been found excel¬ 
lently adapted to the membership commit¬ 
tee, and permits of holding but one meet¬ 
ing of the committee as a whole, during the 
winter convention, when a good attendance 
is- assured. 

The Membership Committee Guide, a 
pamphlet prepared and distributed in the 
preceding year, which outlines recom¬ 
mended procedure for the conduct of Sec¬ 
tion membership committee work, has been 
found very helpful to Section membership 
committees. 

In June 1941, a letter was written to each 
of the newly elected Section chairmen sug¬ 
gesting the early appointment of Section 
membership committees, in order that such 
committees can get an early start. This 
letter was well received by Section chair¬ 
men, and undoubtedly aided in getting 
membership work started early during the 
current committee year. This is important 
because of the time required to get com¬ 
mittees organized and working, and the 
shortness of the period when most effective 
work can be done. 

The research subcommittee has studied 


Table IX. Deaths of ADEE Members Reported in “Electrical Engineering” 


Obituary Notice in 

Date of Date of Grade at Electrical 

Name Election Death Deatb Engineering 


Aldrich, W. S..Associate *92. 

Anderson, E. F.Associate ’35. 

Arnold, B. J.Associate *92. 

Augustinus, P.Member ’27. 

Babcock, F. H.Associate ’28. 

Baker, T. S.Associate ’28. 

Barker, G. A.Associate '41. 

Barnard, G. H.Member ’26. 

Belden, J. L.Associate ’36. 

Bennett, J. G.Associate ’90. 

Berg, E. J.Associate ’94. 

Berresford, A. W.Associate *94. 

Brandenstein, E. W.Member ’37. 

Budden, D. B.Member *29. 

Burbank, E. W.Associate ’25. 

Canfield, C. E.Associate ’02. 

Carpenter, H. V.Associate ’03. 

Case, H. M.Associate ’ll. 

Clark, F. C.Associate *12. 

Clarke, C. L.Associate ’84...., 

Clement, E. E.Associate ’97..... 

Combs, R. H.Associate *13...., 

Conrad, Frank....Associate ’02..... 

Cooper, D. W.Associate ’40.... 

Cornell, E. S.....Associate ’28...., 

Costello, J. M..Associate’27- 

Crichton, L. N.Associate ’08.... 

Croden, W. T.Associate ’37- 

Cunningham, F. J..... Associate ’19..... 

Cunningham, J. H.Associate ’06.... 

Daugherty, W. W.Associate ’37.... 

Dillman, C. L.Associate ’36.... 

Don Carlos, H. C.Fellow *18.. 

Eichberg, F.Fellow ’28. 

Elliott, F. F.Associate *19.... 

Emmett, W. L.Associate *93.... 

Fraser, W. W.Associate ’21.... 

Gherardi, B.Associate *95.... 

Gerry, M. H..Associate ’93.... 

Gibney, E. L.....Member ’40.,.. 

Gladson, W. N.Associate ’98.... 

Guillou, A. V.Member ’27.... 

Hall, G. E.Associate *09.... 

Harley, E. A.Associate ’06.... 

Hehre, F. W.i.Associate ’13.... 

Henshaw, F, V.Associate ’89.... 

Imlay, L. E.Associate ’00.... 

Irwin, E.Associate ’12.... 

Kemp, C. G. R.Member ’34.... 

Koch, P. W..Associate ’28- 

Kovediaeflf, B. E.Associate ’28.... 

Lacerte, W. J.Associate ’28.... 

Lanier, A. C...Associate ’04,.,. 

Lawler, G. S..Associate ’ll.... 

Leonarz, E.Associate ’08.... 

Lloyd, M. G.Assbciate ’08.... 

Lyle, R. E.Associate ’32.... 

MacNaughton, A. K........ Associate ’21.... 

Magnusson, C. E.....Associate ’05.... 

Mahaney, D. J.....Associate ’34,... 

Marquis, J. B......Associate ’20. . .. 

McDougall, S..Associate ’34.... 

Morgan thaler, P, C...Associate ’09.... 

Morton, G. L...Associate ’08.... 

Moser, F. L.Associate ’25.... 

Mulligan, J. F.Associate ’29.... 

Murray, W. S..... .Associate’03..... 

Murrie, J. L. Member ’41.... 

Nyawander, R. E... .Member ’22..,. 

Ods.J. P... .Associate ’27.... 

Patterson, A....Associate ’08- 

Patterson, J. H...Associate ’39..,, 

Petterson, R. H.Associate ’37- 

Phelps, J. E. B.. .Member ’29...... 

Plowman, C. S....Associate ’20.... 

Poirier, A. E...;.Associate ’01..,. 

Porter, N. M...............Associate ’31- 

Purdy, H. T............. ..Associate *13.... 

Richhart, W. S............. .Associate ’08.... 

Ripley, L. O... . • .Associate ’05,,.. 

Roe, J........... .....Associate ’06..... 

Rothenstein, O.... ...Associate ’28.,.. 

Rugg, H. V.. ... .Associate ’07.... 

S amp son, F. D............ .Associate ’96.... 

Sanville, H. F.,...... Associate ’01.... 

Schaeffer, R.. Associate ’32,.., 


. .Dec. 22, 1941. 

..Oct. 4,1941. 

,. .Jan. 30, 1942. 

...Nov. 18,1941. 

, .’.Aug. 31, 1941. 

...Feb. 27, 1941.. 

.. .June 18,1941. 

.. .May 6,1941.. 

...Oct. 5,1941. 

...Aug. 2,1941. 

...Sept. 9, 1941. 

...May 30, 1941. 

...May 20, 1941. 

.. .April 19,1941. 

.. .April 1941... 

.. July 12,1941. 

...Nov. 15,1941. 

...Mar. 31,1941. 

...Oct. 28, 1941. 

...Oct. 9,1941. 

.. .Mar. 31,1941. 

...April 25, 1941. 

...Dec. 10,1941. 

.. .Sept. 29, 1941. 

...May 14,1941. 

...Aug. 15,1941. 

.. .Sept. 6,1941. 

.. Jan. 12, 1942. 

.. .April 1941..... 

...Oct 29, 1941. 

...Aug. 12,1941. 

.. .Apr. 27, 1941. 

...Mar. 29, 1941. 

.. July 30, 1941. 

...May 8, 1941. 

.. .Sept. 26, 1941. 

.. .Mar. 31,1941. 

.. .Aug. 14,1941. 

...Dec. 30, 1941. 

.. .Feb. 26, 1942. 

...Oct. 18,1941. 

.. .Dec. 1940. 

.. .Feb. 16,1941. 

.. July 9,1941. 

...July 27, 1941.. 

.. .Mar. 23, 1941..... 

.. .June 9,1941.. 

.. .Nov. 3,1941.. 

.. .Nov. 3,1941. 

...Sept. 2,1941. 

...April 1941... 

.. .Oct 12, 1940. 

.. .Feb. 26,1942.V 

...Oct 31,1941- 

...July 24,1941..... 

.. .Apr. 26,1941. 

.. July 20*. 1941... .. 
.. .March 1941... ... 
.. July 10,1941..... 
...Nov. 28, 1941..... 

.. June 5,1941. 

.; .Dec. 23,1941..... 
...Mar. 29, 1941.... 

.. .Apr. 26, 1941.. 
...Mar. 25, 1941.... 

...Feb. 6,1941.. 

...Jan. 9, 1942...... 

.. .Aug. 16,1941..... 

.. .Apr. 8,1941. 

...Feb. 17,1941. 

...Apr. 4,1941. 

.. July 19,1941..... 

...Jan. 8,1942...... 

....April 24,1941.... 

.. .Feb. 7, 1942.. 

..‘.Dec. 17,1941..... 
...May 29, 1941..... 
...Jan. 31,1940..... 
...Apr. 9, 1941...... 

.. July 22,1941. 

.. .Nov. 24, 1941..*.. 

...Oct 20, 1941.. 

...Sept 21,1941.... 

.. .Aug. 24,1941. 

...May 24, 1941..... 
...Apr. 18,1941..... 


.Member.Mar. 1942, p. 167 

.Associate.Dec. 1941, p. 604 

.Honorary Member. .Mar. 1942, p. 166 

.Member.Feb. 1942, p. 96 

.Associate.Oct. 1941, p. 507 

.Member.May 1941, p. 234 

.Associate.Aug. 1941, p. 411 

.Member.July 1941, p. 356 

.Associate.Mar. 1942, p. 167 

.Member.Sept. 1941, p. 452 

.Fellow.Oct 1941, p. 507 

.Fellow.July 1941, p. 355 

.Member.July 1941, p. 356 

.Member.July 1941, p. 356 

.Member.April 1942, p. 213 

.Member.Sept 1941, p. 451 

.Fellow.Jan. 1942, p. 49 

.Fellow.May 1941, p. 234 

.Associate.Feb. 1942, p. 96 

.Fellow.Nov. 1941, p. 557 

.Fellow.Nov. 1941, p. 557 

.Member.July 1941, p. 356 

..Fellow...Jan. 1942, p. 48 

, .Associate.Mar. 1942, p. 167 

..Member.July 1941, p. 356 

, .Associate.Oct. 1941, p. 507 

..Member.Oct. 1941, p. 507 

, .Associate.Mar. 1942, p. 167 

, .Associate.June 1941, p. 285 

, .Associate.Feb. 1942, p. 96 

. .Associate.Dec. 1941, p. 604 

..Associate.July 1941, p. 357 

, .Fellow.May 1941, p. 234 

, .Fellow.Sept 1941, p. 451 

, .Associate.Dec. 1941, p. 604 

. .Honorary Member. .Nov. 1941, p. 557 

..Member.July 1941, p. 356 

. .Fellow....Sept. 1941, p. 450 

, .Fellow............ .Apr. 1942, p. 213 

. .Member.Apr. 1942, p. 214 

. .Member.Jan. 1942, p. 49 

. .Member.Sept. 1941, p. 451 

..Associate.....July 1941, p. 356 

. .Associate.;. .Sept. 1941, p. 452 

. .Fellow.Sept 1941, p. 452 

. .Member...May 1941, p. 233 

..Fellow.July 1941, p. 355 

..Associate...,..Jan. 1942, p. 49 

..Member.Jan. 1942, p. 49 

. .Associate........ *. .Mar. 1942, p. 167 

. .Associate.v.. .Mar. 1942, p. 167 

, .Associate.Sept 1941, p. 452 

..Fellow.Apr. 1942, p. 213 

. .Member..Dec. 1941, p. 604 

..Fellow.....Oct. 1941, p. 507 

. .Fellow. June 1941, p. 295 

. .Associate.. . .Sept. 1941, p. 452 

. .Fellow.May 1941, p. 234 

. .Fellow.Aug. 1941, p. 411 

..Associate.....Apr. 1942, p. 214 

..Associate.Jan. 1942, p. 49 

, .Associate.Mar. 1942, p. 167 

. .Associate.July 1941, p. 356 

...Fellow.June 1941, p. 295 

..Member.May 1941, p. 234 

. .Member.... .May 1941, p. 234 

. .Fellow.Feb. 1942, p. 96 

..Member.Nov. 1941, p. 557 

. .Member.June 1941, p. 295 

. .Associate........ . . .Sept. 1941, p. 451 

. .Member.,........ June 1941, p. 295 

. .Associate...;. .Mar. 1942, p. 167 

. .Associate.. .Mar. 1942, p. 167 

..Member...;.......July 1941, p. 357 

. .Associate.. .Apr. 1942, p. 213 

. .Associate.......Feb. 1942, p. 97 

. .Associate......--Sept. 1941, p. 452 


. .Member......Sept 1941, p. 451 

. .Member.......... June 1941, p. 295 

. .Associate...Sept. 1941, p. 451 

. .Associate............Feb. 1942, p, 97 

. .Associate...Feb, 1942> p. 96 


. Member............Feb. 1942, p. 97 

.Member..Oct. 1941, p, 507 


. .Member....July 1941, p. 356 

, .Member,......... June 1941, p. 295 


(Continued on following page) 
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Table IX (continued). Deaths of AIEE Members Reported in "Electrical Engi¬ 
neering” 


Name 

Date of 
Election 

Date of 

Death 

Grade at 
Death 

Obituary Notice in 
Electrical 
Engineering 

Schalcher, O. 

.Associate ’39... 

.. .Nov. 3,1941.... 

... .Associate. 

.Mar. 1942, p. 167 

Schreibcr, J. M. 


...July 18,1941... 

... .Associate. 

.Sept. 1941, p. 451 

Schumacher, J. H. 


.. .Apr. 1, 1941.... 

_Member. 

..May 1941, p. 233 

Scott, W. M. 


...Jan. 19, 1942... 

.... Associate. 

.Mar. 1942, p. 167 

See, A. B. 


...Dec. 16, 1941... 

... .Associate. 

.Feb. 1942, p. 97 

Smith, E. F.... 


...Nov. 13, 1941... 

... .Fellow. 

.Feb. 1942, p. 97 

Smith, J. C. 


...July 18,1941... 

... .Associate. 


Stebbins, T. 


...Oct. 14, 1941... 

... .Fellow. 

.Nov. 1941, p. 557 

Stockbridge, W. A. 


...Aug. 20,1941... 

... .Associate. 

.Dec. 1941, p. 604 

Strike, R. J. 


.. .Nov. 2, 1941.... 

... .Associate. 

.Apr. 1942, p. 214 

Swinburne, E. D. 


...Nov. 12,1941... 

-Associate. 

.Feb. 1942, p. 97 

Torchio, P. 


...Jan. 14, 1942... 

... .Fellow. 

.Feb. 1942, p. 96 

Van Geider, H. M. 


...Nov. 22, 1941... 

... .Member. 

.Feb. 1942, p. 96 

Wagner, R. T. 


...Feb. 11, 1942... 

... .Member. 

.Apr. 1942, p. 214 

Wafther, J. T. 


.. .Nov. 4,1941.... 

-Member. 

.Jan. 1942, p. 49 

Wanamaker, E. 


.. .August 1941.,,. 

... .Associate. 


Ward, H. A. 


.. .Recently. 

... .Associate. 

.May 1941, p. 234 

Whittemore, G. W. 


...Aug. 22, 1940... 

_Associate. 

.May 1941, p. 234 

Yokich, M. 


...Feb. 12, 1942... 

... .Associate..... 



many problems during the year, the solu¬ 
tion of which has contributed to the effec¬ 
tiveness of committee work. One example 
was its consideration of Doctor Sorensen’s 
suggestion that an effort be made to re¬ 
interest members who have developed be¬ 
yond the “design engineering” stage of their 
careers and who are now in managerial 
and executive positions. The result was a 
letter written to all Institute vice-presidents, 
District secretaries, and Section chairmen, 
by the chairman of the Sections committee, 
soliciting their assistance in a well-defined 
program for dealing with this problem. 

In bringing the advantages of member¬ 
ship to the attention of desirable candidates 
for admission to the Institute, and in dis¬ 
cussions with members about to drop their 
membership in the Institute, committee 
members have found that frequently the 
most effective appeal is that which places 
emphasis upon the value of the Institute as 
the national organization of the electrical 
engineering profession. In relation to pres¬ 
ent Institute members, and considering the 
substantial losses each year, it appears that 
there is opportunity to keep members better 
informed as to the work and accomplish¬ 
ments of the Institute as a national organi¬ 
zation. This problem has also been studied 
by the research subcommittee and some 
suggestions have been made for the con¬ 
sideration of the board of directors. 

BOARD OF EXAMINERS 

The board of examiners held 11 meetings 
during the past year, averaging about two 
and one-half hours each, and acted upon 
3,662 cases, divided as shown in Table X. 

During the past year the board has had 
the opportunity to put to a practical test 
the “invitational method” applying to 
transfer to Fellow grade. This method was 
recommended by the examiners in Decem¬ 
ber 1940. The first transfers were presented 
under this procedure in October 1941, and 
to date 13 cases have been considered, all 
receiving favorable recommendations. In 
the opinion of the examiners, all difficulties 
previously inherent in the Fellow transfer 
procedure thus have been cleared up. 


A survey of the situation with regard to 
transfer to Member does not under present 
conditions seem to call for any alteration in 
the long-established application procedure 
followed in such cases. The record of the 
current year shows that of the 246 cases 
coming before the board only 14 failed to 
receive a favorable recommendation. 

A change in procedure applying to re- 
elections to Member and Fellow was also 
put into effect during the past year. Up 
to April 1941, it had been customary to re¬ 
quire applicants for re-election, out of the 
Institute for more than five years, to supply 
a new set of references. This requirement 
was waived in favor of a requirement that 
all re-election cases be posted in Electrical 
Engineering for a period of one month be¬ 
fore formal action is taken, in order to pro- 

Table X. Applications for Admission 
and Transfer 


Application* for Admission 
Recommended for grade of Associate.. .1,169 


Re-elected to the grade of Associate. 68 

Not recommended. 5 


1,242 

Recommended for grade of Member.... 167 

Re-elected to the grade of Member. 17 

Not recommended... 24 


208 

Recommended for grade of Fellow...... 2 

Re-elected to the grade of Fellow.. 1 


3 

Recommended for Honorary Member.. 1 


1 

Applications for Transfer 
Recommended for grade of Member.... 232 


Not recommended.. 14 


246 

Recommended for grade of Fellow...... 28 

Not recommended.. 0 


28 

Students 

Recommended for enrollment as Students....,. .1,934 
Total............ 3,662 


vide for the filing of any possible objections 
based on ethical grounds, as, except for 
such ethical objections, a man is always 
considered eligible for re-election to the 
grade formerly held. 

HEADQUARTERS COMMITTEE 

In accordance with a request from the 
board of directors, the committee recom¬ 
mended rules governing the use of AIEE 
headquarters rooms for meeting purposes. 
The rules were adopted by the board in 
January. 

INSTITUTE POLICY COMMITTEE 

The functions of the committees on 
economic status of the engineer and legis¬ 
lation affecting the engineering profession 
were consolidated with those of the In¬ 
stitute policy committee, to be carried out 
by that co mmi ttee through subcommittees. 
During the year, the committee reported to 
the board of directors on several matters 
which had been referred to it. 

COMMITTEE ON PLANNING AND CO¬ 
ORDINATION 

A meeting of the committee was held 
at Institute headquarters in New York 
on January 27, 1942, at which, after care¬ 
ful consideration and thorough discussion 
of the probable effects of the war upon the 
s umm er convention, the members present 
unanimously adopted the following recom¬ 
mendations to the board of directors: 

1. That the 1942 summer convention be held in 
Chicago as planned.' 

2. That the summer convention and technical pro¬ 
gram committees malte it a working convention, with 
the understanding that the resolution on “summer 
convention policy” adopted by the board of directors 
on November 12, 1920, be disregarded in this case. 

3. That the summer convention and technical pro¬ 
gram committees be requested to recommend the 
most desirable length of program. 

At this meeting, the committee consid¬ 
ered all requests from District and Section 
officers for national, conventions and Dis¬ 
trict meetings in 1943, and recommended 
to the board of directors the following 
schedule of meetings: 

Winter convention, New York, N. Y., January 25-29 

Summer convention, Cleveland, Ohio, June 21-25 

Pacific Coast convention, about September 1; Pa¬ 
cific Coast Districts to be requested to give further 
consideration to the selection of the most desirable 
location. 

District meetings—Tentative approval given to the 
following, subject to further review by the District 
committees or by the board of directors if conditions 
make it desirable: 

North Eastern District (1), Providence, R. I., spring 

Southern District (4), Virginia 

South West District (7), Kansas City, Mo., spring 

All of these recommendations were ap¬ 
proved by the board of directors on January 
29, 1942. 

The committee had, previous to the meet¬ 
ing, considered the request of the Van¬ 
couver Section that the 1942 Pacific Coast 
convention be held in Vancouver, B. C.,* 
and, having consulted the vice-presidents 
of die three Distrigts concerned, recom¬ 
mended to the board of directors that the 
convention be scheduled in Vancouver for 
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September 9-11. This recommendation 
was approved by the board on October 24, 
1941. 

COMMITTEE ON CODE OF PRINCIPLES OF 
PROFESSIONAL CONDUCT 

The committee still awaits advice from 
the joint committee on code of ethics spon¬ 
sored by Engineers’ Council for Professional 
Development, which has been delayed in 
its work some four months by the illness of 
its chairman who also is chairman of this 
committee. It now is hoped to have com¬ 
pleted by the joint committee before the 
summer is over a report, which then can be 
considered by the AIEE committee. In 
association with this, the ECPD committee 
on professional recognition is endeavoring 
to formulate a statement of the principles 
which underlie a code of ethics and which 
give to ethics a fundamental influence on a 
profession. 

The chairman of the AIEE committee 
while still ill received a written charge of 
unethical practices made against an engi¬ 
neer by another engineer, and this will 
shortly be circulated for consideration by all 
members of the committee on code of prin¬ 
ciples of professional conduct. 

COMMITTEE ON CONSTITUTION AND 
BYLAWS 

The work of this committee has been 
limited to a few routine changes in the by¬ 
laws. There has been no change in the con¬ 
stitution. 

Sections 65, 74, and 83 were modified or 
deleted in keeping with the action of the 
board of directors, taken at its meeting of 
August 8, 1941, to consolidate the work of 
the committee on economic status of the 
engineer and the committee on legislation 
affecting the. engineering profession into 
that of the Institute policy committee. 

Section 92 was modified as to date only 
to make it consistent with the present rules 
of the John Fritz Medal board of award. 

COMMITTEE ON RESEARCH 

The committee is now in its second year 
as a general committee of the Institute 
rather than a technical committee. As in 
the preceding year, the principal activity 
has been that of studying the program of 
the Engineering Foundation research proj¬ 
ects sponsored by the Institute. 

One of these, research on the stability of 
impregnated-paper insulation, project 66, 
which has been under way for some years 
at the Johns Hopkins University under the 
immediate direction of Doctor J. B. White- 
head, will be terminated for the time being 
at the end of the current year. This ter¬ 
mination does not mean that all study de¬ 
sirable regarding this question has been 
completed, but it does mean that the work 
is well under way with an indication as to 
how future work should be done by those 
who are particularly interested in this prob¬ 
lem as it applies to the business of manufac¬ 
turing apparatus using impregnated-paper 
•insulation. Also, since this research does 
not have direct bearing upon any wax 
activity, it is believed that it would not be 
wise to continue it at present. 

Another research, on insulating oils and 
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cable saturants, project 74, under way at 
the Massachusetts Institute of Technology 
under the immediate supervision of Pro¬ 
fessor J. C. Balsbaugh, is somewhat newer 
than project 66 and is now operating on 
what might be called a production basis. 
It is recommended that this project be 
continued at least another year. 

The Institute also sponsors jointly with 
the American Welding Society an extensive 
welding research program of the Engineer¬ 
ing Foundation. This program is so ac¬ 
tively supervised by the American Welding 
Society that the Institute has not under¬ 
taken a careful review of it. This does not 
indicate any lack of interest in electric 
welding, a science at present so vital to 
many of our war production activities. 

In order that the committee on research 
may keep in close touch with the technical 
committees of the Institute and be of serv¬ 
ice to them when their work indicates that 
those committees should provide some re¬ 
search program, a research officer, so to 
speak, has been appointed in each of the 
technical committees. It is intended that 
this officer shall be the contact representa¬ 
tive between his co mmi ttee and the com¬ 
mittee on research. 

Perhaps the one acute problem facing us 
iust now is the production of jewels for 
meter bearings. This is not definitely an 
electrical-engineering problem, but jewels 
for meter bearings are of such great impor¬ 
tance to the whole electrical industry that 
any suggestion leading to the development 
of a supply of them will be of value. 

Should the national situation remind any 
Institute member of things the committee 
on research should do, information regard¬ 
ing those recommendations will be welcome 
and the committee will do its best to turn 
all promising suggestions into active pro¬ 
grams. 

COMMITTEE ON SAFETY 

The committee has continued its effort 
to encourage the Student Branches to hold 
meetings on safety. A circular letter was 
sent to each Student Branch again at the 
beginning of the autumn term urging them 
to hold meetings on safety and suggesting 
methods of arranging for interesting dis¬ 
cussions. Another bulletin was sent at a 
later date informing them how to borrow 
two instructive motion-picture films for 
presentation at meetings on safety. There 
has been .co-operation with the National 
Safety Council which has conducted a 
campaign on safety among the colleges. 

A survey of the papers published in re¬ 
cent years on electrical safety was under¬ 
taken with the result that the committee 
has in preparation a bibliography of papers 
and articles on the subject that have been 
published during the past ten years. 

At the suggestion of the committee, there 
was published in the September 1941 issue 
of Electrical Engineering a paper by G. S. 
Lawler, entitled “Fires of Electrical Origin 
in Factories,” which had been presented 
previously at a meeting of the Lynn Sec¬ 
tion. In this paper, Mr. Lawler em¬ 
phasized the importance of proper main¬ 
tenance of electrical apparatus and equip¬ 
ment in prevention of fires and accidents. 

Report of Board of Directors 


The committee believes that present war 
conditions make it more important than 
ever that electrical installations be main¬ 
tained in good order. 

The committee plans to continue active 
attention to these and other problems now 
before it. 

Standards 

STANDARDS COMMITTEE 

While the past AIEE standards year has 
not been marked by any radically new de¬ 
velopments, there was presented to the com¬ 
mittee for action a greater-than-normal 
number of projects. This increase in activ¬ 
ity, a continuation of last year’s acceler¬ 
ated program, can of course be traced to 
wartime industrial conditions. The various 
standards co-ordinating committees and 
the technical committees of the Institute 
were equally responsible as the agencies for 
carrying out this growing program. 

Eight projects were approved by the 
standards committee for publication, -as 
follows: 

Standards for Wet Tests, Revised Standards for Meas¬ 
urement of Test Voltages in Dielectric Tests, Revised 
Standards for Railway Motors, Rating of Electrical 
Apparatus for Short-Time and Intermittent Duty, 
Fuses Above 600 Volts, Capacitance Potential Devices, 
Test Code for D-C Machines, and Test Code for 
Single-Phase Motors. 

The following projects are in various stages 
of committee development: 

Guiding Principles for Selection of Reference and 
Limiting Values for Standards, Standards for Neutral 
Grounding Devices, Revised Standard for A-C Power 
Circuit Breakers, Revised Standard for Lightning 
Arresters, Revised Report on Standards for Mercury- 
Arc Rectifiers, Test Code for Impulse Measurements. 

The American Standard “Definitions of 
Electrical Terms,” defining over 4,000 elec¬ 
trical and allied terms, is now in the hands 
of the printer. In furtherance of the desire 
of the American Standards Association 
Sectional Committee on definitions to ob¬ 
tain the widest possible distribution for this 
publication, the AIEE directors authorized 
a minimum sales price of $1 per copy. 
This price was made possible only through 
a quantity production order for 25,000 
copies. A national sales campaign is 
planned, which it is hoped will place not 
only the entire first edition, but will also 
require a quantity reprint. Individuals 
and organizations active in the electrical 
and allied fields are to be asked to co¬ 
operate. It is the belief of those who have 
given much time and thought to the defini¬ 
tions development that only through place¬ 
ment in the hands of all interested indi¬ 
viduals can there be obtained a recognition 
of the real value inherent in the glossary 
and a justification for the immense number 
of man-hours spent in its development. 

Two other matters of interest also came 
to a head during the year: the standards 
manual, and the standards numbering sys¬ 
tem. The manual was approved in final 
revised form and it is hoped will prove of 
great service in explaining the intricacies 
of standardization procedure and a valuable 
guide in future activities. 

A study of the numbering systems used 
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by AIEE and ASA showed that it is im¬ 
practical to select any system that will elimi¬ 
nate all inconsistencies. It also became 
evident that most of the present difficulties 
will eventually disappear. 

The activities of Institute representatives 
on ASA sectional committees were con¬ 
tinued, and in some cases considerably ac¬ 
celerated because of the war effort. Re¬ 
placement of representatives was found 
necessary in a number of cases, largely be¬ 
cause of occupational shifts. The organi¬ 
zation of a new sectional committee on elec¬ 
tric fences is now under way. All interna¬ 
tional standardization activity as carried on 
by the International Electrotechnical Com¬ 
mission is at a practical standstill as a result 
of the war. However, it is planned to push 
standardization as it affects South and 
Central America. One step in this direc¬ 
tion is the proposed translation of Standards 
into Spanish and Portuguese. 

UNITED STATES NATIONAL COMMITTEE 
OF THE INTERNATIONAL ELECTRO¬ 
TECHNICAL COMMISSION 

The work of the International Electro¬ 
technical Commission, because of the pres¬ 
ent international situation, has been prac¬ 
tically suspended. The central office is be¬ 
ing maintained, however, and continues to 
receive jmail at its old address in London, 
although its valuable records have been 
moved to a place of safety “for the dura¬ 
tion.” The United States National Com¬ 
mittee of the IEC also is keeping its organi¬ 
zation intact and will continue to meet 
annually so that, as soon as circumstances 
permit, it will be possible to resume activities. 

The USNC at its annual meeting in De¬ 
cember 1941 re-elected its officers: E. C. 
Crittenden, president; L. F. Adams and 
H. S. Osborne, vice-presidents; Doctor C. 
H. Sharp, honorary president. 

At its annual meeting, the USNC gave 
further consideration to the desirability of 
assisting in developing standardization work 
among the countries of North and South 
America. As a result of this consideration, 
the USNC decided to discharge its com¬ 
mittee on the subject since the committee’s 
exploration had shown that various other 
organizations were planning to undertake 
co-operative work with South American 
countries and that it seemed best for the 
USNC to abandon its efforts and to assist 
where it could the work of other agencies, 
particularly that of the ASA. 


Technical Committees 

COMMITTEE ON AUTOMATIC STATIONS 

The bibliography on automatic stations 
covering the period 1932-1940 has been 
extended to cover 1941, plus a few addi¬ 
tional references for 1940, and is now in the 
hands of the publication committee. 

The committee prepared a question¬ 
naire on a-c automatic reclosing equipment 
applying to stub feeders only. A subcom¬ 
mittee has distributed copies throughout 
the various Districts, including Canada, and 
the material collected from this survey will 
be included in a future report. 

A questionnaire on pilot conductors has 
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been received by the relay subcommittee of 
the committee on protective devices, with 
which the questionnaire was jointly issued. 
That subcommittee has issued a prelimi¬ 
nary report pertaining to that section of the 
survey in which it is interested. It is ex¬ 
pected that in the near future certain por¬ 
tions of the collected material will be 
turned over to the committee on automatic 
stations for classifying the data in which it is 
interested. 

COMMITTEE ON EDUCATION 

At the 1941 summer convention, the sub¬ 
committee on student guidance reported 
on its work during the past year. From a 
questionnaire sent to all the Institute Sec¬ 
tions 59 replies were received, of which 20 
indicated that those Sections had been 
carrying on some form of high-school stu¬ 
dent guidance during the previous year. Of 
the other 39, 32 stated that they were inter¬ 
ested in this kind of work and would wel¬ 
come suggestions as to how to proceed. 

The subcommittee on student guidance 
was continued for the present year, and an 
attempt has been made to help those Sec¬ 
tions which are interested in carrying on 
guidance work for the benefit of high-school 
seniors. The results of this work have not 
yet come in. 

The committee held an informal meeting 
at the time of the South West District meet¬ 
ing in October 1941, and decided to sponsor 
an educational session at the winter con¬ 
vention the following January. Three pa¬ 
pers were secured and approved for pres¬ 
entation at this convention—one of them 
for publication in the Transactions. The 
presentation of the papers brought out 
much interesting discussion. 

During the 1942 winter convention, the 
committee held its annual meeting and dis¬ 
cussed the problems of education in the 
light of the present war emergency. Any 
move toward the shortening of the aca¬ 
demic time spent by students in courses in 
electrical engineering and any abbrevia¬ 
tion of the net content of courses were de¬ 
plored. The speeding-up of graduation by 
the .elimination of vacations was approved. 
A resolution to this effect was transmitted 
to the board of directors, and was approved 
at the next meeting of the board. 

After this meeting, the difficulty of carry¬ 
ing on inspection trips for the benefit of 
engineering students during the war emer¬ 
gency was discussed and the possibility of 
showing motion pictures of industrial plants 
instead was mentioned. A subcommittee 
on inspection trips was appointed to look 
into the matter of accumulating informa¬ 
tion about films that might be secured. 

The committee decided to sponsor a dis¬ 
cussion session on education at the 1942 
summer convention in Chicago, Ill., but to 
ask for no formal papers on account of the 
difficulty of getting them written during the 
war emergency. 

For the North Eastern District meeting, 
the committee approved one paper on the 
subject of vocational education. 

COMMITTEE ON ELECTRICAL MACHINERY 

The committee held two meetings during 
the year, one at the summer convention in 
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Toronto in June 1941, and one at the winter 
convention in New York in January 1942, 
at which technical sessions at conventions 
were discussed and the work of the com¬ 
mittee and its subcommittees was reviewed. 
Plans were made for the 1942 summer con¬ 
vention, to sponsor one symposium on emer¬ 
gency overloading of apparatus and one on 
mercury-arc rectifiers and their application. 

The subcommittee on synchronous ma¬ 
chinery has progressed in its work on the re¬ 
vision of the Test Code on Synchronous 
Machinery and is planning on having the 
revision prepared and ready for review by 
June 1942. 

The transformer subcommittee continued 
its co-operation with the ASA committee 
in the review of the revised ASA Standards 
on transformers. Papers have been pre¬ 
sented and are being prepared for presenta¬ 
tion on overloading of transformers for 
emergency conditions. 

The subcommittee on test codes for 
single-phase motors completed its work on 
the test code which was submitted to the 
standards committee. It was issued by the 
standards committee in November 1941 as 
the AIEE Proposed Test Code for Single- 
Phase Motors. 

The .Test Code for D-C Machines, sub¬ 
mitted last year to the standards Committee, 
was issued by that committee in July 1941. 

The subcommittee on rectifiers has, 
among other things, been studying defi¬ 
nitions and a paper was prepared for pres¬ 
entation at the North Eastern District 
meeting with a view toward unifying ter¬ 
minology. This is of some importance sis 
common practice has not been uniform in 
terms and meanings in all cases. 

The subcommittee on insulation resist¬ 
ance has started work with the object of 
producing a standard on methods of 
measuring insulation resistance and a guide 
for the interpretation of the results ob¬ 
tained. 

The committee sponsored one session at 
the summer convention in 1941 at which 
five papers on miscellaneous subjects were 
presented. At the Pacific Coast conven¬ 
tion, one paper approved by the committee 
was presented. At the South West District 
meeting, one session was sponsored jointly 
by the committees on electrical machinery 
and power generation, and several papers 
on motors were presented. One session on 
power and machinery and a conference on 
mercury-arc rectifiers were arranged for 
the North Eastern District meeting. 

COMMITTEE ON ELECTROCHEMISTRY 
AND ELECTROMETALLURGY 

As a result of the pressure of work inci¬ 
dent to the war there has been little com¬ 
mittee activity during the year. At the 
meeting held on January 26, 1942, the 
progress report of the subcommittee on 
voltage transients in arc-furnace circuits 
was discussed, and it was voted to continue 
the study being carried on by the sub¬ 
committee. It was requested that any in¬ 
stances of severe transients or short cir¬ 
cuits on arc-furnace circuits be reported to 
N. R. Stansel, subcommittee chairman. 

The need for standardization of trans¬ 
formers for electric-arc-fumace operation 
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was also presented. On motion duly ap¬ 
proved, President Prince was requested to 
appoint a joint subcommittee consisting of 
representatives of the committee on electro¬ 
chemistry and electrometallurgy and the 
transformer section of the committee on 
electrical machinery to consider the stand¬ 
ardization of electric-arc-fumace trans¬ 
formers. 

The rapidly increasing demand for elec¬ 
tric power by electrothermal and electro¬ 
chemical plants was discussed. It was 
pointed out that within the next two to 
three years these operations will require an 
additional 20 billion kilowatt-horns per 
year in the production of aluminum, mag¬ 
nesium, chlorine, stainless steel, and similar 
war materials. 

COMMITTEE ON INSTRUMENTS AND 
MEASUREMENTS 

Two major committee projects were 
completed. The report on “Telemetering, 
Supervisory Control, and Associated Cir¬ 
cuits,” prepared by a joint subcommittee 
of the committees on automatic stations 
and on instruments and measurements has 
been issued in pamphlet form. This en¬ 
cyclopedic report classifies and tabulates 
the characteristics of the various types of 
telemetering equipment and should form a 
useful basis of any future standardization. 
The report • on “Progress in the Art of 
Metering Electric Energy” prepared by the 
subcommittee on watt-hour meters was 
published in serial form in Electrical Engi¬ 
neering, beginning with the September 1941 
issue and concluding with the December 
issue. The report is now available in 
pamphlet form also. It constitutes a com¬ 
plete and authoritative history of the de¬ 
velopment of the d-c and induction types 
of watt-hour meters, and includes also a 
short history of the development of the 
demand meter. 

Technical sessions on instruments and 
measurements were held at the 1941 sum¬ 
mer convention in Toronto and at the 1942 
winter Convention, at which five, and four 
papers, respectively, were presented. The 
committee also sponsored a group of papers 
stimulated by its subcommittee on dielec¬ 
tric measurements in the field and presented 
at the session on insulation testing at the 
1941 summer convention. The pressure of 
military work and the confidential nature 
of new developments probably will seri¬ 
ously curtail the output of technical papers 
in the immediate future. 

In view of the necessity for conserving 
our energies* a questionnaire was circulated 
early in the year to stimulate a critical 
exa m i n ation of the various standardization 
activities of the committee. At the fall 
meeting, it was decided to leave certain 
lines of work in abeyance and to concen¬ 
trate on the more pressing problems. 

The subcommittee on the revision of 
AIEE Standard No. 4 has prepared an 
addition to the table of sphere-gap voltages 
for 6.25- and 12.5-centimeter spheres which 
will permit their use up to spacings equal to 
their diameters. This has been approved 
by the committee on instruments, and 
measurements and by the standards com¬ 
mittee. This subcommittee which is iden- 
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deal in personnel with the corresponding 
ASA Sectional Committee, remains in 
readiness for any future standardization in 
this field. 

The subcommittee on definitions has 
been active in revising certain definitions 
for the ASA “Dictionary” C42 and in se¬ 
curing agreement between these definitions 
and those used in the “Code for Electricity 
Meters” and the “Meterman’s Handbook.” 

The subcommittee on current trans¬ 
formers has participated in the revision of 
section 4 of ASA Standard CS1 for Trans¬ 
formers, Regulators, and Reactors, in the 
light of the year’s experience with this 
“Proposed American Standard.” 

A new subcommittee was appointed to 
prepare a master code for temperature meas¬ 
urements and has made very good progress. 

More recently another subcommittee has 
been formed to study the report on stand¬ 
ards for electrical recording instruments, 
AIEE No. 40, and to revise it, if necessary, 
in order that it may be advanced to full 
standard status. 

The committee continues to be repre¬ 
sented by liaison members on several other 
technical committees of the Institute. 

COMMITTEE ON MARINE 
TRANSPORTATION 

The activities of this committee have 
been very greatly curtailed because of war 
conditions and pressure of work upon all 
members engaged in shipbuilding and 
associated industries. 

A meeting was held on December 12, 
1941. Several changes in Standard No. 45 
were approved by the committee, and an 
addendum issued for the changes approved 
since the issue of the addenda dated March 
20, 1941. The committee has endeavored 
to keep this Standard up to date to conform 
to the best practice in shipbuilding. War 
conditions and scarcity of various materials 
have necessitated deviation from materials 
specified therein. The committee decided 
that such temporary changes should not be 
incorporated in Standard No. 45. This 
matter is one that the various manufac¬ 
turers can best handle to suit their own 
particular cases. 

The subcommittee on wire and cables 
has been active, and has done considerable 
work on suggested revisions proposed by 
the Insulated Power Cable Engineers As¬ 
sociation. The purpose of the proposed 
revisions is to bring the specification for 
wire and cables in Standard No. 45 more 
nearly in conformity with the IPCEA 
standards. 

A special subcommittee was appointed 
to confer with the American Bureau of 
Shipping on matters relating to the general 
scope and purpose of Standard No. 45. 
This matter will require considerable study 
by the subcommittee before it can be pre¬ 
sented to the main committee for considera¬ 
tion. It is doubtful if final action can be 
taken this year, and it will probably be 
carried over into the next fiscal year. 

COMMITTEE ON POWER TRANSMISSION 
AND DISTRIBUTION 

The committee is now completing the 
second year of its activities under the new 
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organization with four main subcommit¬ 
tees as follows: substations, transmission, 
distribution, and general systems. Each 
subcommittee functions through working 
groups, the number of which depends on 
the subject problems coming within its 
scope. 

During the past year, the main com¬ 
mittee’s activities have been confined 
largely to sponsoring technical sessions at 
conventions and reviewing technical papers. 
The committee sponsored three complete 
sessions at the winter convention, and like¬ 
wise is planning three technical sessions 
at the 1942 summer convention. At the 
winter convention, one session organized 
by the committee was devoted to the broad 
and timely subject, “Distribution Systems 
in Wartime.” Another session was de¬ 
voted to lightning. One session wholly on 
cables, and another on lightning, are 
planned for the summer convention. Other 
papers sponsored by the committee cover 
subjects associated directly with the trans¬ 
mission and distribution art, while some 
cover fields of interest to other committees 
and are therefore under joint sponsorship. 

The proposed revision of Standard No. 
41, Insulator Tests, issued in March 1941, 
is being worked on at the present time with 
the expectation that it will soon be offered 
for approval as an AIEE standard. So few 
comments have so far been received that 
it is believed this standard can be offered 
for approval shortly. 

The activities of the main committee 
have been considerably restricted on ac¬ 
count of the war conditions; and, as there 
h^ve not been in evidence problems of 
immediate concern or importance ap¬ 
parently requiring attention of the com¬ 
mittee, the calling of frequent meetings has 
not seemed justified. likewise, the work 
of the subcommittees and working groups 
has been considerably restricted on account 
of present wartime conditions. A number 
of subjects of interest are being considered 
by these groups, but sufficient progress 
has not yet been made to report on now. 

As many members of the committee are 
closely associated with problems arising 
from United States war activities, there has, 
not appeared justification for making heavy 
demands on the time of these men for com¬ 
mittee work which is not mandatory. 

COMMITTEE ON PRODUCTION AND 
APPLICATION OF LIGHT 

The committee has continued to keep 
members of the Institute informed on the 
latest developments in illuminating engi¬ 
neering, principally through the sponsor¬ 
ship of conferences at District meetings and 
national conventions and by obtaining 
articles from qualified authors on illumina¬ 
tion subjects for publication in Electrical 
Engineering. 

All of these activities have been intensi¬ 
fied this year, and plans are now under way 
to extend them further, especially in those 
lighting fields which are vital to national 
defense. A complete report on a conference 
oh civilian-defense lighting held during the 
1942 winter convention appeared in Elec¬ 
trical Engineering for March 1942, pages 
155-6. 
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A conference on lighting for production 
is now under consideration for the s ummer 
convention in June 1942. Prominent 
speakers from Canada and the United 
States will be asked to prepare discussions 
on this subject which is vital to the de fens e 
of each country. 

In addition to reviewing all papers on 
the subject of lighting which are presented 
for consideration by the technical program 
committee, and selecting tim ely lighting 
subjects and encouraging competent au¬ 
thors to prepare articles for Electrical Engi¬ 
neering, this committee also sponsors in 
Electrical Engineering brief summaries and 
photographs of notable lighting install^ , 
tions. 

COMMITTEE ON PROTECTIVE DEVICES 

The committee held three meetings dur¬ 
ing the year and probably will hold another 
at the 1942 summer convention. Attend¬ 
ance was good, and the discussions dealt 
mainly with new and revised standards, 
apparatus insulation levels, temperatures 
for 'various types of switchgear, subcom¬ 
mittee reports on subjects under considera¬ 
tion, and papers proposed for technical 
sessions. 

In keeping with the preparedness and 
war effort, the committee has attempted to 
bring to completion as rapidly as possible 
work on the various Standards under its 
jurisdiction. This appeared very desirable 
and necessary in order that production 
during the war period can be based on 
Standards which reflect proper require¬ 
ments and present practice. Two new 
Standards (Nos. 31 and 32) were prepared, 
approved, and transmitted to the stand¬ 
ards committee with recommendation for 
approval and publication as AIEE Stand¬ 
ards. Four Standards (Nos. 19, 22, 27, 
and 28), which had been issued the previous 
year for trial use, were completely reviewed 
and recommended revisions approved. 
Two other Standards (Nos. 24 and 25) 
were reviewed. One was recommended to 
be left unchanged for the time being and 
work on revision of the other has not been 
completed. 

The major work of the committee was 
divided among subcommittees: on circuit 
breakers, switches, and fuses; fault-cur¬ 
rent limiting devices; lightning arresters; 
and relays. 

The reports of the subcommittees indi¬ 
cate that very substantial progress has been 
made, especially when it is realized that 
all members have had unusually large de¬ 
mands on their time for war purposes in 
connection with their regular work. Con¬ 
sequently, their participation in committee 
activities, while active and co-operative, 
have been under somewhat of a handicap. 

The following three reports covering a 
decade of progress in the art were com¬ 
pleted and published in Electrical Engineer¬ 
ing: “Ten Years of Progress in Circuit. 
Interrupters” November 1941; “Ten 
Years of Progress in Relaying,” December 
1941; “Ten Years of Progress in Lightning 
Protection,” April 1942. 

The committee also has been responsible 
for the preparation of two extensive bibliog¬ 
raphies in its field. One, covering relay 
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literature for the period 1927-39, was pre¬ 
pared by the relay subcommittee and issued 
as a special Institute publication in July 
1941. The second, a comprehensive 
bibliography on circuit-interrupting de¬ 
vices, including circuit breakers, enclosed 
switchgear, air switches, bus bars, and 
fuses, and covering the period 1928-40, is 
currently in process of publication. 

The committee sponsored 13 papers at 
the 1941 summer convention, 7 at the 
Pacific Coast convention, 2 at the South 
West District meeting, one at the Southern 
District meeting, 19 at the 1942 winter con¬ 
vention, and 1 at the North Eastern District 
meeting. 

The future work of the committee ma y 
logically follow along lines of endeavor 
similar to those of the past. In view of the 
industry needs, every effort should be 
made to complete at an early date the pro¬ 
posed standard on distribution-type pro¬ 
tector tubes and the revision of Standard 
No. 25, Fuses Above 600 Volts, as well as 
the technical report dealing with the sub¬ 
ject of selection of neutral-grounding-de- 
vice impedance. 


Awards 

COMMITTEE ON AWARD OF INSTITUTE 
PRIZES 

Four national and 11 District prizes 
were awarded for papers presented during 
the calendar year 1941 and for the student 
papers presented during the academic year 
ending June 30,1941. 

A large number of eligible papers, which 
were of good quality, were considered, 
and in determining the awards for the 
national best paper prizes and the initial 
paper prize the committee had the benefit 
of the gradings and recommendations of the 
technical committees which reviewed the 
papers. In addition to the four papers 
awarded national prizes, eight other papers 
were given honorable mention. 

The changes made in the rules on award 
of “National and District Prizes,” issued 
in the new edition of January 1941, have 
been in effect for more than an entire year, 
and have been found to be working satis¬ 
factorily. 

EDISON MEDAL 

The Edison Medal, which is awarded 
by a co mm ittee composed of 24 members 
of the Institute, was awarded for 1941 to 
Doctor John Boswell Whitehead, “for his 
contributions to the field of electrical engi¬ 
neering, his pioneering and development in 
the field of dielectric research, and his 
achievements in the advancement of engi¬ 
neering education,” and was presented on 
January 28, 1942, during the winter con¬ 
vention. The medal may be awarded 
annually for “meritorious achievement in 
electrical science, electrical engineering, or 
the electrical arts..” 

LAMME MEDAL 

The La mme Medal committee awarded 
the medal for 1941 to Forrest E. Ricketts, 
vice-president, Consolidated Gas Electric 
Light and Power Company, Baltimore, 


Md., “for his contribution to the high 
reliability of power-supply systems, espe¬ 
cially in the design of apparatus for selective 
relaying and circuit reclosure.” Arrange¬ 
ments are being made for the presentation 
of the medal at the summer convention in 
Chicago, Ill., June 22-26,1942. The medal 
may be awarded annually to a member of 
the AIEE “who has shown meritorious 
achievement in the development of elec¬ 
trical apparatus or machinery.” 

JOHN FRITZ MEDAL 

The John Fritz Medal board of award, 
composed of representatives of the Ameri¬ 
can Society of Civil Engineers, American 
Institute of Mining and Metallurgical 
Engineers, American Society of Mechanical 
Engineers, and AIEE, awarded the 38th 
medal (for 1942) to Everett Lee DeGolyer, 
consulting petroleum engineer, Dallas, 
Tex., and a past president of AIME, for 
“pioneer work in the application of geo¬ 
physical exploration to the search for oil 
fields.” 

HOOVER MEDAL 

The Hoover Medal was established 
through a trust fund created by a gift from 
Conrad N. Lauer, and is to be awarded 
periodically “to a fellow engineer for dis¬ 
tinguished public service” by a board repre¬ 
senting the national societies of civil, mining 
and metallurgical, mechanical, and elec¬ 
trical engineers. The fifth medal, for 1941, 
was awarded to D. R. Yam all, cofounder 
and chief engineer, Yamall-Waring Com¬ 
pany, Chestnut Hill, Pa., a member of 
ASME and a past president of United 
Engineering Trustees. 

ALFRED NOBLE PRIZE 

This prize, established in 1929, consists 
of a certificate and a cash award from the 
income from a fund contributed by engi¬ 
neers and others to perpetuate the name 
and achievements of Alfred Noble, past 
president of ASCE, and of the Western 
Society of Engineers. It may be made to a 
member of any of the co-operating socie¬ 
ties, ASCE, AIME, ASME, AIEE, or 
WSE, for a technical paper of particular 
merit accepted by the publication com¬ 
mittee of any of these societies, provided 
the author, at the time of such acceptance, 
is not over 30 years of age. The award 
for 1940-41 was presented to R. F. Hays, 
Jr. (A’36), Sperry Gyroscope Company, 
Garden City, N. Y., for his paper “De¬ 
velopment of the Glow Switch” (published 
in AIEE Transactions, volume 60, 1941, 
May section, pages 223-6). 

WASHINGTON AWARD 

The Washington Award for 1942 was 
bestowed upon William Lament Abbott 
(F’13) retired chief operating engineer. 
Commonwealth Edison Company, Chi¬ 
cago, Ill., and a past president of both 
ASME and WSE, “for advancing the 
standards of the engineering profession for 
service to higher education for aiding com¬ 
bustion research,” and was presented to 
him at a dinner on February 26, 1942. 
This award may be made annually to an 
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engineer by the commission of award com¬ 
posed of nine representatives of the 
Western Society of Engineers and two each 
of ASCE, AIME, ASME, and AIEE. 

CHARLES LE GEYT FORTESCUE FELLOW¬ 
SHIP COMMITTEE 

The committee met in March to decide 
upon the award of the fellowship for the 
year 1942-43. In view of the very small 
number of candidates, with a further possi¬ 
bility that any one of them might be called 
for some form of service with the govern¬ 
ment, it was decided that no fellowship 
would be awarded this year. This action 
is the same as was taken last year for similar 
reasons. 


Joint Activities 

UNITED ENGINEERING TRUSTEES, INC. 

This organization is the corporate body 
which holds tide in the name of the four 
Founder Societies to their joint physical 
properties, namely, the Engineering Socie¬ 
ties Building, the Engineering Societies 
Library, and the endowment funds of the 
Engineering Foundation. It operates and 
manages the Engineering Societies Build¬ 
ing, and administers certain joint activities 
of the four Founder Societies. 

The building is fully occupied by the 
Founder Societies and associates. During 
the year, certain changes were made to im¬ 
prove the services to members of the socie¬ 
ties and others, notably improvement in 
the illumination of the library by the instal¬ 
lation of fluorescent lamps, changes in 
elevator doors on several floors, reconstruc¬ 
tion of one floor to provide a greater number 
of offices, and the change of the electricity 
supply system from direct to alternating 
current. 

An abstract of the annual report of the 
corporation for the year which ended 
September 30, 1941, appeared on pages 
56-57 of Electrical Engineering for January 
1942. 

ENGINEERING FOUNDATION 

The Engineering Foundation is a joint 
organization of the national societies of 
civil, mining and metallurgical, mechani¬ 
cal, and electrical engineers' established 
for “the furtherance of research in science 
and engineering, and the advancement in 
any other manner of the profession of engi¬ 
neering and the good of mankind.” It' 
assists in a wide range of research projects of 
interest to science, engineering, industry, 
and the general public, each project being 
under the sponsorship of one of the Founder 
Societies. 

Under the sponsorship of the Institute, 
the Foundation has continued to support 
the research on stability of impregnated- 
paper insulation, at the Johns Hopkins 
University, the research on insulating oils 
and cable saturants, at the Massachusetts 
Institute of Technology, and the welding 
research, the latter under joint sponsorship 
with the American Welding Society. 

A comprehensive abstract of the annual 
report of the Engineering Foundation for 


the year which ended September 30, 1941, 
appeared on pages 57-59 of Electrical Engi¬ 
neering for January 1942. 

ENGINEERING SOCIETIES LIBRARY 

The Engineering Societies Library, which 
was formed by combining the separate 
libraries of the four national societies of 
civil, m i n i n g and metallurgical, me¬ 
chanical, and electrical engineers, and the 
preparation of a composite card catalog, 
probably constitutes the best collection of 
its type in the United States. 

On September 30, 1940, the library had 
152,263 volumes, 7,755 maps, and 4,492 
searches. Books and pamphlets totaling 
3,021 were received during the year ending 
at that time. Current issues of 1,124 
periodicals were received. About 20,000 
entries were added to the index of periodi¬ 
cals, which now contains over 260,000 
cards. 

Special services rendered by the library 
include: photoprints, searches, abstracts, 
translations, bibliographies, book loans by 
mail, and others. The library board has 
been considering means by which members 
might be more adequately informed re¬ 
garding the services available. 

An abstract of the annual report of the 
library appeared on pages 59-60 of Elec¬ 
trical Engineering, January 1942. 

EMPLOYMENT SERVICE 

Operating as an incorporated non-profit- 
making organization, the Engineering So¬ 
cieties Personnel Service, Inc., assists mem¬ 
bers of the Founder Societies desiring to 
secure new positions, and conversely as¬ 
sists employers searching for engineers. 
Nonmembers may receive such assistance 
when positions available cannot be filled 
by members. 

Offices are operated in New York, N. Y., 
Detroit, Mich., Chicago, Ill., and San 
Francisco, Calif., with the co-operation of 
the Engineering Society of Detroit in that 
city, the Western Society of Engineers in 
Chicago, and the Engineers Club of San 
Francisco in that city. 

The service is supported by the joint 
contributions of the societies and the indi¬ 
viduals who secure positions. An analysis 


of registration and placement records as 
reported to the national societies is given 
in table XI. 

ENGINEERS’ COUNCIL FOR PROFESSIONAL 
DEVELOPMENT 

This Council, organized in 1932 to 
engage in activities leading toward the 
enhancement of the professional status of 
the engineer, includes three representatives 
of each of the eight participating organiza¬ 
tions, which are the national societies of 
civil, electrical, mechanical, and mining 
and metallurgical engineers, the Society 
for the Promotion of Engineering Educa¬ 
tion, the National Council of State Boards 
of Engineering Examiners, and the Engi¬ 
neering Institute of Canada. Its principal 
activities have been carried on by four 
committees: student selection and guid¬ 
ance, engineering schools, professional 
training, and professional recognition. 

Including the actions on engineering cur¬ 
ricula taken on October 30,1941, the record 
is: 

Total curricula submitted, including reinspections.. 896 


Accredited.460 

Accredited provisionally. 105 

Not accredited.167 

Reinspections with no change in status.132 

Action pending. 6 


A comprehensive report on the annual 
meeting held on October 30, 1941, and a 
complete list of accredited curricula ap¬ 
peared on pages 606-10 of Electrical Engi¬ 
neering for December 1941. 

JOINT CONFERENCE COMMITTEE 

Upon recommendation of the committee 
on planning and co-ordination, the board 
of directors authorized the president and 
national secretary to join with like officers 
of the other Founder Societies in an in¬ 
formal conference committee to meet 
whenever deemed advisable to consider 
joint efforts in national defense and other 
matters. The committee met in Indianapo¬ 
lis, Ind., Washington, D. C., Montreal, 
Que., and Roanoke, Va. 

In accordance with its recommendations, 
the societies organized a joint committee on 
postwar planning and a joint committee on 


Table XI. Analysis of Employment Service 


Men Registered 


Men Pieced 


San San 

Month New York Chicago Francisco Detroit Total New York Chicago Francisco Detroit Total 


1941 

May. 

...154... 

.. 67.... 

. .86.23. 

.330 

61.... 

..21. 

.30... 

...12. 


June. 

...193... 

..100.... 

..68.79. 


52,... 

..20. 

.24... 

...22. 

.118 

July. 

...151... 

... 84.... 

•.61«••*.*60. 

.356 

63.... 

..31. 

.26... 

...15. 


August....;.. 

...126... 

.. 94.... 

• < 76«.....56, 


41.... 

..17. 

.45... 

...15. 

.118 

September... 

...144... 

.. 66.... 

..50.43. 

.303 

38.... 

.-.15. 

.....32... 

...12. 

.97 

October..... 

...156... 

.. 84_ 

• ,65... »34# 

.339 

37.... 

..22. 

.16... 

...10. 

_ 85 

November,.. 

...139... 

.. 66.... 

..46...42. 

.293 

37.... 

..15. 

.32... 

...10. 


December... 

...115... 

.. 49... 

..41......28. 

.233 

45.... 

..18. 

.27... 

...11. 

. 101 

1942 

January..... 

....160... 

• • • 65 ••• • 

. .58..32. 

.315 

41.,.. 

..20, 

.40... 

...12. 


February.... 

....148... 

... 51.... 

. .50.37. 

.286 

31.... 

..29. 

.19... 

...14. 

. 93 

March. ..... 

....139... 

.. 60.... 

.. 67.32. 

.298 

43.... 

..26. 

. 34... 

...16. 

. 119 

April. . 

...,.138... 

.. 44. ... 

..49......26. 

.257 

49.... 

..29. 

.....23... 

...10. 

. Ill 

Total _ 

. .1,763... 

...830... 

.717.... 492 

....3,802 

538..;. 

263 

....348... 

..159. 

....1,308 
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inter-American engineering co-operation, 
It considered various other matters of 
interest to members of the several societies. 

REPRESENTATIVES 

In addition to the many divisions of its 
work represented by its own general and 
technical committees, the Institute par¬ 
ticipates in a wide range of activities of 
interest and importance to engineers and 
others through its representation upon 
about 30 joint committees and national 
organizations. 

A'list of representatives was published 


in the September 1941 issue of Electrical 
Engineering and in the 1942 Year Book. 

Appreciation 

On behalf of the membership, the board 
of directors expresses its sincere apprecia¬ 
tion of the many important contributions 
to Institute activities made by the national 
committees and the District, Section, and 
Branch officers. Despite the extreme diffi¬ 
culties encountered during the past year, 
and consequent severe restrictions of time 
available for engineering society activities. 


enthusiasm for and constructive accomplish¬ 
ment in Institute work have continued at a 
high level. The continuing keen interest 
among the members in general has con¬ 
tributed substantially to the accomplish¬ 
ments of the Institute. The board than!™ 
all for their interest and uns elfish co¬ 
operation. 


Respectfully submitted for the board of 
directors. 

H. H. HENLINE 

May 22, 1942 National Secretary 


Schedule 1 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Property and Restricted Funds Securities, Less Reserve for Securities of Doubtful Value, April 30,1942 


Principal Amount 
of Bonds or 
Number of 
Share* of 
Stock 


Railroad Bonds: 


Restricted Funds 


International 

Reserve Electrical Lamme 

Capital Congress Medal 

Fund Library Fund Fund 


- ; - Property 

Fund 

Total (Equipment 

Restricted Replace- 

Funds ments) 


2°J?K- ra n 0 “. 20 coIIatcral trust convertible 5%, due 1949.$15,000.00 .$ 

Baltimore & Ohio Railroad Company 6% refunding and general mortgage 

senes C, due 1995 (stamped).... 88 12 000 00 

Chicago & Erie Railroad Company 5% first mortgage, due 1982.".. .. 1 000 00 

Flonda East Coast Railway Company 5% first and refunding mortgage . 

senes A, due 1974 (certificates of deposit). in nnn nn* 

New York Central Railroad Company 5% refunding and improvement 

mortgage senes C, due 2013. * 6 000 00 

Northern Pacific Railway Company 6% refunding and improvement'mort-. 

gage senes B, due 2047... 10 000 00 

St. Louis-San Francisco Railway Company 5 % prior lien mortgage series B,” ’ . 

due 1950 (certificates of deposit). g qqq qq* 

Western Pacific Railroad Company 5% series A, due 1946 (stamped)... 15,'o00.00* 

Total railroad bonds... • ^ 

Public Utility Bonds: 

New York & Queens Electric Light & Power Company 31 / 1 % first and 
consolidated mortgage, due 1965... 10,000.00 $ 

Bond and Real Estate Mortgage: 

Fidelity Union Title and Mortgage Guaranty Company first mortgage 
certificates (on property 75-79 Prospect Street, East Orange, N. J.) 4%, 
due 1944.... J 

United States Government Bonds: 


14,152.05*.$ 


10.627.50 

8,940.00 

1,105.00 

9,818.75* 

5,742.50 

10.962.50 . 

5,497.50*, 

7,225.00*. 

59,918.75 . 

11,000.00 , 

13,208.32*. 


.$ 10,627.50 

$4,330.00.... 13,270.00 

. 1,105.00 

. 9,818.75* 

. 5,742.50 

. 10,962.50 

. 5,497.50* 

. 7,225.00* 

$4,330.00....'$ 64,248.75 


$ 11,000.00 


$ 13,208.32*.... $943.73* 


Treasury Savings bonds series D, due July 1, 1949.... 
Treasury Savings bonds series D, due January 1, 1950 

Treasury bonds 2%, due 1950/48. 

Treasury bonds 2>/i% due 1972/67..... 

Defense bonds series F, due June 1, 1953.. 

Total United States Government bonds.. 

Capital Stocks: 


10,000.00 _.$ 7,644.00 .. 

10,000.00 . 7,500.00 .. 

77,000.00 . 78,130.94 . 

6,300.00 . 1,100.00 _.$5,200.00 

34,000.00 . 25,160.00 . 


$119,534.94 .$5,200.00 


$ 7,644.00 
7,500.00 
78,130.94 
6,300.00 
25,160.00 


$124,734.94 


American Can Company.. shares $ 

American Telephone & Telegraph Company.. 30 shares .... 

Commonwealth Edison Company....... 200 shares 

Eastman Kodak Company.”"" 35 s h ar es 

E. I. du Pont de Nemours Company.... 40 shares 

General Electric Company.....130 shares 

International Harvester Company.. !......!. 100 shares ....'. 

International Match Realization Co., Ltd. voting trust certificates for capital 

shares of International Match Corporation. 5 shares*.. 

Standard Oil Company of New Jersey.. 110 shares !!! 

Union Carbide & Carbon Corporation. 70 shares 


4,988.40 

4,897.95 

7,580.68 

4,768.23 

6,398.20 

4,463.80 , 

5,030.50 . 

2,094.15* 
4,791,78 , 
4,858.35 . 


• Total capital stocks..... 

Total........... 

•Less reserve in full for the securities designated *, considered to be of 
doubtful value.... 

Total Securities, Less Reserve.. 


$ 49,872.04 .. 
$253,534.05 .. 

$ 37,843.72 .. 
$215,690.33 ,. 


$ 4,988.40 
4,897.95 
7,580.68 
4,768.23 
6,398.20 
4,463.80 
5,030.50 

2,094.15* 

4,791.78 

4,858.35 


. •••• ...$ 49,872.04 

$5,200.00.$4,330.00-$263,064.05 ;.., $943.73 


....... $ 37,843.72_$943.73 

$5,200.00.$4,330.00.... $225,220.33 ~~ 
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HASKINS 8c SELLS 

(CERTIFIED PUBLIC ACCOUNTANTS 


22 EAST 40TH STREET 

NEW YORK 


May 15, 1942 

American Institute of Electrical Engineers, 

33 West 39th Street, New York. 

Dear Sirs: 

We have made an examination of your balance sheet as of April 30,1942, and of your 
recorded cash receipts and disbursements for the year ended that date. Our exa min ation 
consisted of a review of the system of internal control and of the accounting procedures of 
the Institute and examination or tests of its accounting records and other supporting 
evidence by methods and to the extent we deemed appropriate. We present the following: 

Balance Sheet, April 30, 1942 (Exhibit A). 

Property and Restricted Funds Securities, Less Reserve for Securities of Doubtful Value (Schedule 1). 
Statement of Recorded Cash Receipts and Disbursements of Operating Fund for the Year Ended April 30, 1942 
(Exhibit B). 

Statement of Recorded Cash Receipts and Disbursements of Property and Restricted Funds for the Year Ended 
April 30, 1942 (Exhibit C). 

In our opinion, the accompanying Exhibit A fairly presents your financial condition 
at April 30, 1942, and the accompanying Exhibits B and C fairly present your recorded 
cash receipts and your disbursements of funds, as indicated, for the year ended that date. 

Yours truly, 

(Signed) HASKINS & SELLS 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Balance Sheet, April 30,1942 


Exhibit A . 

assets liabilities 


Property Fund Assets: 

One-fourth interest in physical properties of United 
Engineering Trustees, Inc.: 

Land, buildings, and equipment (less depreciation 

and renewal reserve)...1385,367.94 

Funded depreciation and renewal reserve. 113,080.54 


Total...1498,448.48 

Equipment: 

Library—volumes and fixtures. 

Office furniture and fixtures (less reserve for depre¬ 
ciation, *24,973.05). 

Works of art, etc.... 

Investment, less reserve in full *943.73—Schedule 1... 


Total property fund assets.....*548,510.54 

Restricted Fund Assets: 

Securities—at cost, less reserve, *37,843.72 (quoted 

market value, *203,652.82), Schedule 1.*225,220.33 

Cash (Exhibit 0)......... 63,751.26 

Accrued interest receivable.. • 36.25 


Total restricted fund assets....... 289,007.84 

Operating Fund Assets: 

Cash (Exhibit B)................* 16,633.48 

Accounts receivable: 

Members—for dues (less reserve, *8,000.00)..' 10,861.98 

Advertisers.. 1,424.03 

Miscellaneous................,....'. 4,158.44 

Accrued interest receivable.......... 1,812.04 

Inventories: 

Transactions, etc.... 1,277.25 

Text and cover paper... .. 6,492.70 

Work in process (May issue of Electrical Engineering, 

etc.)..... 6,513.99 

Badges,,..... 1,345.97 

- Total operating fund assets,...... 50,519.88 


Property Fund Reserves.....*548,510.54 

Restricted Fund Reserves: 

Reserve Capital fund.*251,211.20 

Pension fund. 18,000.00 

Life Membership fund. 8,805.91 

International Electrical Congress of St. Louis Library 

fund. 5,358.05 

Lamme Medal fund... 4,556.83 

Mailloux fund. 1,075.85 


Total restricted fund reserves... 289.007.84 

Operating Fund Reserves, Liabilities, Etc.: 

Accounts payable....*13,113.38 

Deferred income: 

Dues received in advance... 4,886.98 

Entrance fees and dues advanced by applicants for 

memberships. 659.60 

Deferred credits for other unallocated receipts. 487.55 

Subscriptions for Transactions received in advance. 45.16 

Reserve for prepaid subscriptions for Electrical Engi¬ 
neering . 5,066.74 

Operating fund reserves. 26,260.47 


Total operating fund reserves, liabilities, etc... 50,519.88 


Total......... *888,038.26 


Total.. 


<*888,038.26 
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37,296.37 

9,764.34 

3,001.35 












































AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Statement of Recorded Cash Receipts and Disbursements of Operating Fund for the Year Ended April 30,1942 
Exhibit B 


Gash on Deposit With the National City Bank of New York, 


May 1,1941...$ 41,617.90 

Receipts: 

Dues (including $96,060.00 allocated to Electrical Engi¬ 
neering subscriptions).$212,948.30 

Advertising. 59,619.75 

Transactions subscriptions. 6,933.62 

Electrical Engineering subscriptions. 9,183.16 

Miscellaneous publications (preprints, Standards, 

Transactions index, etc.). 20,114.89 

Students’fees. 13,389.00 

Entrance fees. 9,420.85 

Membership badges. 2,577.19 

Transfer fees. 1,663.04 

Interest and dividends on investments of Restricted 

Capital fund... 7,822.83 

Miscellaneous. 16.95 

Total receipts.. 343,689.58 

Total..$385,307.48 

Disbursements: 

Publications expense: 

Electrical Engineering .$ 95,951.25 

Transactions . 19,805.15 

Year Book..;. 6,988.69 

Miscellaneous publications (preprints, Standards, 

Transactions supplement, etc.). 14,566.26 

Institute meetings. 13,759.99 

Institute Sections. 37,694.33 

Institute Branches. 3,446.66 

Edison Medal committee. 188.10 

Finance committee. 771.23 

Headquarters committee. 193.21 

Membership committee. 8,828.86 

Pension fund committee. 250.00 

Standards committee (including $1,132.43 for “Defi¬ 
nitions of Electrical Terms”). 9,867.82 

Technical committees. 647.96 


Forward, 


$212,959.51 $385,307.48 


Total (forward) .$385,307.48 

Disbursements (forward)..$212,959.51 

Traveling expenses: 

Geographical Districts: 

Executive committees. 3,863.21 

Vice-presidents. 823.38 

Branch counselors and chairmen. 10,844.76 

President’s appropriation. 1,700.78 

Board of directors.:. 6,516.84 

National nominating committee. 1,121.49 

Administrative expenses. 50,953.79 

Geographical Districts: 

Initial paper prizes.. 75.00 

Branch paper prizes. 340.50 

Institute prizes, national. 215.00 

American Co-ordination Committee on Corrosion. 25.00 

American Standards Association..'. 1,500.00 

United Engineering Trustees, Inc.: 

Building assessment. 10,984.81 

Library assessment. 10,182.56 

Engineering Societies Personnel Service, Inc. 1,210.10 

Engineers’ Council for Professional Development. 1,275.00 

Engineers Defense Board. 166.67 

Engineering Foundation Projects: 

Insulating oils and cable saturants. 250.00 

Welding research. 250.00 

Research on impregnated paper insulation. 250.00 

National Fire Protection Association—Dues. 60.00 

Membership badges. 2,643.40 

Legal services. 250.00 

Transfers: 

To Pension fund..’.. 8,000.00 

To Reserve Capital fund. 40,160.00 

To Life Membership fund. 2,000.00 

Miscellaneous. 52.20 

Total disbursements..... 368,674.00 


Gash on Deposit With the National City Bank of New York, 

April 30,1942.$ 16,633.48 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 

Statement of Recorded Cash Receipts and Disbursements of Property and Restricted Funds for the Year Ended April 30,1942 
Exhibit C ________ 


Restricted Funds 


International 

Electrical 

Reserve Life Congress of Lamme 

Capital Membership St. Louis - Medal Mailloux 
Fund Fund Library Fund Fund Fund 


Pension 

Fund 


Property 

Fund 

Total (Equipment 
Restricted Replace- 
Funds menu) 


Cash on Deposit With the National City Bank of New 


Receipts: 

Interest on bonds and dividends on stock........$ 144.44 

Interest on bank balance....... 53.20 

Proceeds from sale of securities.........$14,103.83.... 3,134.93 

Transfer from operating fund.... 40,160.00.... 2,000.00 

Miscellaneous.............. 


.....$5,289.37... 

..$ 24.00...$1,059.87. 

.. $10,000.00... $ 46,942.53. 

..$2,738.98 

.....$ 52.43... 

...$624.00... 

.$ 15.98. 

. .........$ 820.87 

. 69.18 

... 17,238.76 

.,$ 8,000.00... 50,160.00 






..$ 

0.19 

.....$ 52.43.. 

...$624.00...$ 15.98. 

..$ 8,000.00 ...$ 68,288.81. 

..$ 

0.19 

.$5,341.80.., 

...$648.00... $1,075.85. 

. .$18,000.00.. .$115,231.34. 

. .$2,739.17 


Disbursements: 

Purchase of securities..........$45,838.91.,.;......: .$5,200.00.............$ 51,038.91 

Equipment replacements, alterations, and repairs..........-.... .... 

Gold and bronze replicas of Lamme medal and certificate. .... $229,30.....•............ ......... 229.30 

Transfer to operating fund—reimbursement of prior years’ 

expenses............ 211.87,,....... 211,87 


.$2,739.17 


Total disbursements. 


.$45,838.91. 


.$5,200.00..,..$441.17...........................$ 51,480.08...$2,739.17 


Balance on Deposit With the National City Bank of New 

York and Various Savings Banks, April 30,1942 ....... .$35,520.87... ,$8,805.91..,. .$ 141.80..,. ,$206.83.. .11,075.85.. . $18,000.00.. .$ 63.751.26 
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Officers and Committees for 1942-43 


Officers 


General Committees 


Charles LeGeyt Fortescue Fellowship 


President 

HAROLD S. OSBORNE New York, N. Y. 

(Term expires July 31, 1943) 

Junior Past Presidents 

R. W. SORENSEN Pasadena, Calif. 

(Term expires July 31,1943) 
DAVID C. PRINCE Schenectady, N. Y. 

(Term expires July 31, 1944) 


Executive 

Harold S. Osborne, chairman, 195 Broadway, New 

York, N. Y. 

T. F. Barton W. I. Slichter 

C. R. Jones R. W. Sorensen 

David C. Prince R. G. Warner 


Board of Examiners 


C. A. Powel David C. Prince 

(Terms expire July 31,1943) 
W. F. Davidson D. F. Miner 

(Terms expire July 31,1944) 
O. E. Buckley, chairman Ernst Weber 

(Terms expire July 31,194S) 
C. W. Green, secretary, 463 West Street, New York, 

N. Y. 


Headquarters 


Vice-Presidents 


District 


2 (To be announced) 

4 J. ELMER HOUSLEY 
6 ARTHUR L. JONES 
8 WALTER O. SMITH 
10 C. A. PRICE 


Alcoa, Tenn. 
Denver, Colo. 
San Francisco, Calif. 
Hamilton, Ont. 


(Terms expire July 31, 1943) 


1 

3 

5 

7 

9 


K. B. McEACHRON 
CHARLES R. JONES 
A. G. DEWARS 
E. T. MAHOOD 
E. W. SCHILLING 


Pittsfield, Mass. 
New York, N. Y. 
Minneapolis, Minn. 
Kansas City, Mo. 
Bozeman, Mont. 


(Terms expire July 31, 1944) 


Directors 


MARK ELDREDGE 
C. M. LAFFOON 
F.J. MEYER 


T. F. BARTON 
M. S. COOVER 
R. G. WARNER 


L. R. GAMBLE 
T. G. LeCLAIR 


Washington, D. C. 
East Pittsburgh, Pa. 
Oklahoma City, Okla. 
(Terms expire July 31, 1943) 

New York, N. Y. 
Ames, Iowa 
New Haven, Conn. 
(Terms expire July 31, 1944) 


Spokane, Wash. 
Chicago, III. 

FRED R. MAXWELL, JR. Pensacola, Fla. 

(Terms expire July 31, 1945) 


K. L. HANSEN 
W. B. MORTON 
W. R. SMITH 


Milwaukee, Wis. 
Glenside, Pa. 
Newark, N. J. 
(Terms expire July 31, 1946) 


National Treasurer 

W. I. SLICHTER Schenectady, N. Y- 

(Term expires July 31, 1943) 

National Secretary 

H. H. HENLINE New York, N. Y. 

(Term expires July 31,1943) 


Local Honorary Secretaries 

Australia —V. J. F. Brain, Department of Public 
Works, Bridge Street, Sydney, N.S.W. 

Brazil —Richard H, Bowles, Sao Paulo Tramway 
Light and Power Company, Sao Paulo. 

England —A. P. M. Fleming, Metropolitan-Vickers 
Electric Company, Trafford Park, Manchester. 

Francs —A. S. Garfield, 173 Boulevard Haussmann, 
, Paris, 8E. 

India, Northern—V. F. Critchley, 3 Abbot Road, 

Lahore, Punjab. 

India, Southern —N. N. Iengar, The Tata Power 
Co. Ltd., Bombay House, Bruce Street, Fort Bombay. 

New Zealand— P. H. Powell, Canterbury College, 

Christchurch. 

Sweden— A. F. Enstrom, Ingeniorsvetenskrapsakhde- 

mien, Stockholm, 5. 

Transvaal, South Africa—W. Elsdon-Dew, P. O. 

Box 4563, Johannesburg. 


A. E. Knowlton, chairman, Electrical World, 330 W. 42d 

Street, New York, N. Y. 
H. S. Warren, vice-chairman, 420 Lexington Ave., New 


H. E. Farrer, secretary , 

P. H. Adams 
M. C. Beebe 
L. W. Chubb 
F. E. D’Humy 
E. D. Doyle 
J. F. Fair man 


York, N. Y. 
AIEE, 33 W. 39th Street, 
New York, N. Y. 

A. L. Harding 
L. F. Hickemell 
Alexander Maxwell 
K. B. McEachron 
R. C. Roe 
R. J. Wiseman 


Sidney Withington 


Code of Principles of Professional Conduct 

Dugald C. Jackson, chairman, 5 Mercer Circle, Cam¬ 
bridge, Mass. 

G. A. Waters, vice-chairman, Wagner Electric Corpora¬ 
tion, 6400 Plymouth Avenue, St. Louis, Mo. 
Harry Barker D. D. Ewing 

C. R. Beardsley W. M. Piatt 

Walter O. Smith 


Constitution and By-laws 

I. Melville Stein, chairman, Leeds and Northrup Com¬ 
pany, 4901 Stenton Avenue, Philadelphia, Pa. 
O. A. Powel, vice-chairman, Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, Pa. 
Mark Eldredge R. L. Jones W. I. Slichter 


Edison Medal 


Appointed by the president for term of Jive years 

J. W. Barker N. E. Funk, chairman W. H. Harrison 

(Terms expire July 31, 1943) 
W. B. Kouwenhoven F. V. Magalhaes 

(Terms expire July 31, 1944) 

K. T. Compton W. D. Coolidge J. M. Thomson 

(Terms expire July 31, 1945) 
J. T. Barron R. E. Doherty J. V. B. Duet 

(Terms expire July 31, 1946) 
F. D. Newbury David C. Prince W. E. Wickenden 
(Terms expire July 31, 1947) 

Elected by board of directors from its own membership for 

term of two years 

M. S. Coover Mark Eldredge R. W. Sorensen 
(Terms expire July 31, 1943) 
T. F. Barton T. G. LeClair K. B. McEachron 
(Terms expire July 31, 1944) 

Ex officio 

Harold S. Osborne, president 
W. I. Slichter, national treasurer 
H. H. Henline, national secretary 

(Terms expire July 31, 1943) 


Finance 

T. F. Barton, j chairman, General Electric Company, 
570 Lexington Avenue, New York, N. Y. 
C. R. Jones, vice-chairman W. R. Smith 

F. A Norris, secretary, AIEE, 33 W. 39th Street, New 

York, N. Y. 


Edward C. M. Stahl, chairman, Consolidated Edison 
Company of New York, Inc., 4 Irving Place, New 

York, N. Y. 

T. F. Barton H. H. Henline 


Lamme Medal 

Mark Eldredge M.J. Kelly C. M. Laffoon 
(Terms expire July 31, 1943) 
P. H. Chase I. Melville Stein 

S. B. Williams, chairman 

(Terms expire July 31, 1944 ) 
Chester L. Dawes J. L. Hamilton K. B. McEachron 
(Terms expire July 31, 1945) 


Membership 


John H. Pilkington, chairman, A.I.E.E., 33 W. 39th 

Street, New York, N. Y. 
W. S. Hill, vice-chairman. General Electric Company, 
570 Lexington Avenue, New York, N. Y. 


L. A. Bingham 
G. W. Bower 
F. G. Guldi 
W. A. Henderson 

K. B. Hoffman 

L. F. Howard 
District vice-chairman 


D. C. Meyer 
W. B. Morton 

Victor Siegfried 
H. K. Smith 
G. R. Wilhelm 

E. P. Yerkes 


Eric A. Walker (1) 
W. J. Lyman (2) 
Allan R. Dixon (3) 

J. G. Tarboux (4) 
LeRoy A. Griffith (5) 

Ex officio 


Murray G. Graff (6) 
C. V. Waddington (7) 
John M. Dodds (8) 
Richard Setterstrom (9) 
Walter J. Gilson (10) 


Chairmen of membership committees of all Sections 


Planning and Co-ordination 

David C. Prince, chairman. General Electric Company, 

Schenectady, N. Y. 
J. R. North, vice-chairman, Commonwealth and South¬ 
ern Corporation, Jackson, Mich. 
P. L. Alger, secretary. General Electric Company, 

Schenectady, N. Y. 
T. F. Barton E. T. Mahood 

H. H. Henline H. S. Phelps 

I. Melville Stein 


Prizes, Award of Institute 

P. L. Alger, chairman. General Electric Company, 

Schenectady, N. Y. 
F. E. Harrell Haraden Pratt 

T. G. LeClair R. W. Sorensen 

H. S. Phelps Philip Sporn 


Publication 


H. S. Phelps, chairman, Philadelphia Electric Company, 
2301 Market St., Philadelphia, Fa. 
F. A. Lewis, secretary, AIEE, 33 W. 39th Street, New 

York, N. Y. 

C. E. Dean John Mills 

F. Malcolm Farmer A, G. Oehler 

H. H. Henline P. H. Pumphrey 

K. B. McEachron H. H. Race 

S. B. Williams 
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Basic Sciences 


General Committees (continued) Technical Program 


Research 


R. W. Sorensen, chairman , California Institute of 
Technology, Pasadena, Calif. 
W. A. Lewis, vice-chairman, Cornell University, Ithaca, 


N. Y. 


F. M. Clark 
F. Malcolm Farmer 
R. H. George 
M. J. Kelly 
E. L. Moreland 

V. K. Zworykin 


G. W. Penney 
F. B. Silsbee 

E. C. Starr 
C. G. Suits 

H. W. Tenney 


P. L. Alger, chairman , General Electric Company, 
* Schenectady, N. Y. 

F. A. Cowan, vice-chairman, American Telephone and 
Telegraph Company, 195 Broadway, New York, N. Y. 
C. S. Rich, secretary, AIEE, 33 W. 39th Street, New 

York, N. Y. 

H. W. Bibber S. H. Mortensen 

C. L. Dawes W. B. Morton 

M. D. Hooven H. S. Phelps 

T. A. Worcester 

Ex officio 

Chairmen of all technical committees, the committee 
on planning and co-ordination, the committee on 
safety, and the standards committee 


Safety 


Frank Thornton, Jr., chairman, Westinghouse Electric 
and Manufacturing Company, East Pittsburgh, Pa. 
W. B. Kouwenhoven, vice chairman and secretary, Johns 
Hopkins University, Baltimore, Md. 


L. F. Adams 

Q. F. Dalziel 
O. S. Hockaday 
L. E. A. Kelso 

R. L. Lloyd 
Wills Maclachlan 


W. C. Wagner 


G. C. A. Opp 
C. N. Rakestraw 
E. C. Rue 
. C. Schwantes, Jr. 

W. R. Smith 
E. E. Turkington 


Transfers 


G. A. Kositzky, chairman, Ohio Bell Telephone Com¬ 

pany, 750 Huron Road, Cleveland, Ohio 

H. E. Farrer, secretary, AIEE, 33 W. 39th Street, New 

York, N. Y. 

E. A. Crellin J. W. Lingary 

Arthur L. Jones M. J. McHenry 

F. V. Smith 


Sections 

E. T. Mahood, chairman, Southwestern Bell Tele¬ 
phone Company, Kansas City, Mo. 
J. M. Thomson, vice-chairman, Ferranti Electric, Ltd., 
Mount Dennis, Toronto, Ont. 
E. W. Schilling, secretary, Montana State College, 

Bozeman, Mont. 

O. C. Brill H. L. Hazen 

M. S. Coover S. J. Lisberger 

C. A. Faust W. B. Morton 

R. M. Pfalzgraff 

Ex officio 

Chairmen of all Institute Sections 


Special Committee 


Registration of Engineers 

C. R. Beardsley, chairman, New York City Depart¬ 
ment of Commerce, 60 Broadway, New York, N. Y. 
A. T. Campbell T. G. LeClair 

Tomlinson Fort K. B. McEachron 

N. B. Hinson J. G. Wray 


H. H. Race, chairman, General Electric Company, 
Research Laboratory, Schenectady, N. Y. 
R. W. Ager, vice-chairman and secretary, Cornell Uni¬ 
versity, Ithaca, N. Y. 


A. S. Albright 
A. Boyajian 
J. G. Brainerd 
H. L. Curtis 
L. O. Grondahl 
C. R. Hanna 
H. L. Hazen 
N. S. Hibshman 
J. E. Hobson 


VI. J. Kelly 
W. A. Lewis 

F. C. Lindvall 
K. W. Miller 

G. W. Penney 
Walther Richter 

M. F. Skinker 
J. D. Tebo 
Ernst Weber 


Communication 


Haraden Pratt, chairman, Mackay Radio and Tele¬ 
graph Company, 67 Broad Street, New York, N. Y. 
H. A. Affel, vice-chairman, 463 West Street, New York, 

N. Y. 


John Davidson, Jr., secretary, 

463 West Street, New 
York, N. Y. 

A. L. Albert 

D. K. Lippincott 

H. H. Beverage 

E. T. Mahood 

J. D. Booth 

L. R. Mapes 

R. S. Burnap 

J. R. Martin 

J. L. Callahan 

R. G. McCurdy 

D. E. Chambers 

H. H. Nance 

J. B. Coleman 

H. H. Newell 

F. A. Cowan 

E.J. O’Connell 

H. C. Dillingham 

L. G. Pacent 

D. G. Geiger 

J. G. Patterson 

E. E. George 

John B. Russell 

C. G. Grimes 

E. R. Shute 

Gerald C. Gross 

Arthur B. Smith 

E. W. Hamlin 

Rothwell E. Smith 

A. P. Hill 

Warner T. Smith 

S. B. Ingram 

H. M. Turner 

G. W. Janson 

W. a. White 

H. E. Kent 

E. P. Yerkes 


Standards 


J. R. North, chairman, Commonwealth and Southern 
Corporation, Jackson, Mich. 
A. C. Monteith, vice-chairman, Westinghouse Electric 
and Manufacturing Company, East Pittsburgh, Pa. 
H. E. Farrer, secretary, AIEE, 33 W. 39th Street, 

New York, N. Y. 

P. L. Alger R. L. Jones 

E. C. Crittenden Alexander Maxwell 

W. P. Dobson S. H. Mortensen 

C. M. Gilt • E. B. Paxton 

R. T. Henry Gordon Thompson 


Ex officio 

President, United States National Committee of the 
International Electrotechnical. Commission 
Chairmen of AIEE delegations or sole AIEE repre¬ 
sentatives on other standardizing bodies 
Chairmen of working committees 
Chairmen of standards co-ordinating committees 
Chairmen of AIEE technical committees 


Technical Committees 


Air Transportation 


T. B. Holliday, chairman, Wright Field, Dayton, Ohio 
Vernon H. Grant, vice-chairman, Bureau of Aeronautics, 
U. S. Navy Department, Washington, D. C. 
S. H, Wright, secretary, Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, Pa. 


W. V. Boughton 
H. A. Campbell 
Fred Foulon 
E. G. Keller 


E. E. Minor 
C. B. Mirick 
David C. Prince 
D. R. Shoults 


Automatic Stations 


Student Branches 


R. G. Warner, chairman, 7 AJden Avenue, New Haven, 

Conn. 

E. W. O’Brien, vice-chairman, 1020 Grant Building, 

Atlanta, Ga. 

H. H, Henline, secretary, 33 W. 39th Street, New York, 

N. Y. 


H. W. Bibber 
L. A. Bingham 
P. L. Hoover 
Everett S. Lee 
W.J. Miller 


A. Naeter 
B, L. Robertson 
G. H. Sechrist 
V. G, Smith 
E. M. Strong 

G. W. Swenson 


Ex officio 

Student Branch counselors 


F. F. Ambuhl, chairman, Toronto Hydro-Electric Sys¬ 
tems, 14 Carlton Street, Toronto, Ont. 
R. B. Arthur, vice-chairman, New York City Transit 
System, BMT Division, Brooklyn, N. Y. 
A. M. de Beilis, secretary, Consolidated Edison Com¬ 
pany of New York, Inc., 4 Irving Place, New York, 

N. Y. 


A. E. Anderson 
R. F. Davis 
W. W. Edson 
J. A. Elzi 
L. R. Gamble 
E. E. George 


J. R. Harrington 
G. S. Lunge 
Perry Peterson 
C. F. Publow 
M. E. Reagan 
G. S. Whitlow 


Subcommittee Chairman 

J. A. Elzi, A-C Automatic Reclosing Equipment 


Domestic and Commercial Applications 


W. F. Ogden, chairman, Edison General Electric Ap¬ 
pliance Company, Inc., 5600 W. Taylor Street, Chi¬ 
cago, Ill. 

Gordon Thompson, vice-chairman. Electrical Testing 
Laboratories, 79th Street & East End Avenue, New 

York, N. Y. 

H. E. Metz, secretary, Landers, Frary & Clark, New 

Britain, Conn. 


L. F. Adams 
D. K. Blake 
A. B. Craig 
Merrill DeMerit 
J. L. Hamilton 
R. E. Johnson 
Alexander Maxwell 
L. W. McCullough 
Leonard J. Moore 


Harold M. Potts 
W.J. Russell 
Carl F. Scott 
H. P. Seelye 
R. B. Shepard 
W. L. Tadlock 
Frank Thornton, Jr. 
R. G. Warner 
Wesley Weinerth 


Education 


Robin Beach, chairman, The Polytechnic Institute, 
99 Livingston Street, Brooklyn, N. Y. 
H. N. Walker, vice-chairman. The B. G. Corporation, 
136 W. 52nd Street, New York, N. Y. 


H. W. Bibber 
J. M. Comly 
M. S, Coover 
O. E. Edison 
M. C. Hughes 
E. B. Kurtz 
Everett S. Lee 
W. A. Laning, Jr. 

H. A. Lardner 
W. A. Murray 

Subcommittee Chairman 


J. A. Northcott, Jr, 
R. G. Porter 
C. A. Powel 
H. C. Powell 
C. W. Ricker 
W. F. Sims 
B. R. Teare, Jr. 
F. E. Terman 
George B. Thomas 
R, W. Warner 


J. M. Comly, Student Guidance 
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Technical Committees (con tin ued) Electrochemistry and Electrometallurgy Land Transportation 


Electrical Machinery 

F. E. Harrell, chairman, 1088 Ivanhoe Road, Cleveland, 

Ohio 

J. F. Calvert, vice-chairman, Northwestern Techno¬ 
logical Institute, Evanston, Ill. 
W. R. Hough, secretary, 1088 Ivanhoe Road, Cleve¬ 
land, Ohio 

Sterling Beckwith G. R. vnin» 

Theodore Braaten V. M. Montsinger 

J. E. Clem T. H. Morgan 

J.H. Cox W. J. Morrill 

G. T. Harness S. H. Mortensen 

G. B. Hathaway M. S. Oldacre 

A. P. Hayward F. D. Phillips 

C. C. Herskind C. P. Potter 

H. H. Kerr W. C. Sealey 

O. B. Kilboume B. Van Ness, Jr. 

L. A. Kilgore C. G. Veinott 

O. M. La Coon F.J, Vogel 

O. K. Marti G. A. Waters 

B. M. Werly 
Subcommittee Chairmen 

C. E. Kilboume, D-C Machinery 

L. A. Kilgore, Synchronous Machinery 
T. H. Morgan, Test Code Co-ordinating 

M. S. Oldacre, Transformers, Induction Regulators, 

etc. 

C. P. Potter, Induction Machinery 

B. Van Ness, Jr., Insulation Resistance 


Electric Welding 


J. Harold Lampe, chairman. University of Connecticut, 

Starrs, Conn. 

J. H. Blankenbuehler K. L. Hansen 

L. W. Clark C. E. Heitman, Jr. 

W. E. Crawford S. M. Humphrey 

J. W. Dawson G. G. Landis 

D. D. Ewing F. W. Maxstadt 

G. W. Garman C. L. Pfeiffer 

E. H. Vedder 


Electronics 


S. B. Ingram, chairman, 463 West Street, New York, 


J. H. Cox 
W. G. Dow 

K. J. Germeshausen 
T. S. Gray 

C. C. Heraldnd 
O. K. Marti 
J. E. Reid 


N.Y, 
H. C. Rentschler 
J. Slepian 
E. W. Schilling 
B. F. Tellkamp 
H. M. Turner 
D. C. Ulrey 
W. C. White 


Industrial Power Applications 

J. J. Orr, chairman, United States Rubber Company, 

1230 Sixth Avenue, New York, N. Y. 
Herbert Speight, vice-chairman, Wcstinghouse Electric 
and Manufacturing Company, 40 Wall Street, New 

York, N. Y. 

L. A. Umansky, secretary, General Electric Company, 

Schenectady, N. Y. 

E. T. Carlson J. Elmer Housley 

L. W. Clark A. E. Knowlton 

W. G. Dow E. D. Lilja 

C. W. Drake M. J. McHenry 

John H. Edwards A. C. Muir 

K. K. Falk W. A. Perry 

E. Gordon Fox Hugh L. Smith 

John Grotzinger Jerome J. Taylor 

F. E. Harrell R. L. Walsh 

M-R-Horne B. M. Werly 

R. H. Wright 

Subcommittee Chairmen 

D. D. Douglass, System Selection and Design 
R; G. R. Schulze, Service and Switching 

B. M. Werly, Substation and Feeders 

K. W. John, Low Voltage Systems 


W. B. Kouwenhoven, chairman, Johns Hopkins Uni¬ 
versity, Baltimore, Md. 
J. V. Alfriend, Jr., vice-chairman, 225 N. Piedmont 

Street, Arlington, Va. 
W. C. Kalb, secretary. National Carbon Company, 

Inc., Cleveland, Ohio 

F. V. Andreae T. R. Rhea 

F. M. Baxandall F. O. Schnure 

L. H. Fletemcyer W. R. Schofield 

W. E. Gutzwiller M. F. Skinker 

J. Elmer Housley N. R. Stansel 

C. G. Levy H. N. Stover 

R. M. Pfalzgraff F.J. Vogel 

Subcommittee Chairmen 

N. R. Stansel, Voltage Transients in Arc-Furnace 

Circuits 

F. J. Vogel, Electric Arc Furnace Transformer 

Standardization 


Instruments and Measurements 


F. B. Silsbee, chairman, National Bureau of Standards, 

^ Washington, D. C. 

T. S. Gray, vice-chairman, Massachusetts Institute of 

Technology, Cambridge, Mass. 
C. L. Dawes, secretary. Harvard University, Pierce Hall, 

Cambridge, Mass. 
A. S. Albright I. F. Kinnard 

P. A. Borden A. E. Knowlton 

A, L. Brownlee H. C. Koenig 

L. A. Bruckmyer, Jr. Everett S. Lee 

C. T. Burke Paul MacGahah 

D. T. Canfield Whitney Matthews 

E. D. Doyle W. E. Pakala 

W. N. Goodwin, Jr. G. R. Patterson 

E. I. Green E. G. Ratz 

Stanley Green A. R. Rutter 

W. T. Grumbly Roy M. Smith 

N. S. Hibshman G. M. L. Sommerman 

G. B. Hoadley H. M. Turner 

F. C. Holtz D. A. Young 

W. M. Young 
Subcommittee Chairmen 

A.. L. Brownlee, Dielectric Measurements in the Field 
L. A. Burckmyer, Jr., Master Test Code for Tempera¬ 
ture Measurement 

D. T. Canfield, Watthour Meters 

C. L. Dawes, Definitions 

A. E. Knowlton, Revision of Standard No. 40 

H. C. Koenig, Revision of 039 

Everett S. Lee, Measurements for Industrial Control 

H. M. Turner, High-frequency Measurements 
W. M. Young, Master Test Code for Resistance 

Measurements 


Marine Transportation 


I. H. Osborne, chairman, Federal Shipbuilding and 
Dry Dock Company, 744 Broad St., Newark, N. J. 

R. L. Witham, vice-chairman, Sperry Gyroscope Com¬ 
pany, Manhattan Bridge Plaza, Brooklyn, N. Y. 
W. N. Zippier, secretary, Gibbs and Cox, Inc., 1 Broad¬ 
way, New York, N. Y. 

E. C. Alger F. C. Hoelzle 

R. A. Beekman , Alex Kennedy, Jr. 

H. O. Coleman Clarence Lynn 

P.J. Dumont Fred R. Maxwell, Jr. 

J. B. Feder W. H. Reed 

A. R. Gatewood E. M. Rothen 

L. M. Goldsmith P. E. Vance 

H.F. Harvey, Jr. A. E. Waller 

P.B. Harwood F. A. Wickel 

C.J. Henschel O. A. Wilde 

R. J. Wiseman 

Subcommittee Chairmen 

& C. Alger, Communications and Alarms 

R. A. Beekman, Publicity, Personnel, and History ' 

H. C. Coleman, Switchboards and Controls 

H. F. Harvey, Jr., Distribution 

Alex Kennedy, Jr., Power Generation 

W, H. Reed, Power Application 

O, A. Wilde, Fittings and Appliances 

R. J. Wiseman, Wires and Cables 

R. L. Witham, Navigation Equipment 

W. N* Zippier, Editing 


A. G. Oehler, chairman, Simmons-Boardman Publishing 
Company, 30 Church St., New York, N. Y. 
H. C. Griffith, vice-chairman, 1617 Pennsylvania Blvd., 

Philadelphia, Pa. 

P. H. Hatch, secretary, 514 Siwanoy Place, Pelham 

Manor, N. Y. 

J. C. Aydelott Fraser Jeffrey 

R. Beeuwkes C. R. Jones 

L. W. Birch L. C. Josephs 

L. N. Blugerman Paul Lebenbaum 

W. A. Brecht F. C. Lindvall 

C. M. Davis P. A. McGee 

E. B. Fitzgerald T. H. Murphy 

J. E. Gardner J. A. Noertkcr 

W. S. H. Hamilton R. J. Parsons 

G. L. Hoard Dwight L. Smith 

J. G. Inglis L. J. Turley 


Light,'Production and Application of 


E. M. Strong, chairman, 

W. C. Kalb, vice-chairman, 

S. G. Hibben, secretary, 

D. W. Atwater 
Robin Beach 
A. G. Dewars 
C. L. Dows 
O.W. Holden 
J. O. Kammerman 
H. E. Mahan 


Cornell University, Ithaca, 
N. Y. 

National Carbon Company, 
Inc., Cleveland, Ohio 
The Wcstinghouse Lamp 
Division, Bloomfield, N. J. 
J. A. McDermott 
P. S. Millar 
T. Minasian 

G. M. W. Pullen 
R. C. Putnam 
Harris Reinhardt 

I. A. Yost 

Subcommittee Chairman 

D. W. Atwater, Preferred Characteristics of Electric 

Power for Lighting 


Protective Devices 


T, G. LeClair, chairman, Commonwealth Edison Com¬ 
pany, 72 West Adams Street, Chicago, Ill. 

J. B. MacNeill, vice-chairman, Westinghouse Electric 
and Manufacturing Company, East Pittsburgh, Pa. 

H. W. Collins, secretary, Detroit Edison Company, 
2000 Second Avenue, Detroit, Mich. 
A. E. Anderson W. A. Lewis 

H. D. Braley S. C. Leyland 

O. E. Charlton . H.J. Lingal 

J. E. Clem F. R. Longley 

F. W. Cramer L. R. Ludwig 

William Deans J. R. McFarlin 

F. M. Defandorf J. R. North 

G. B. Dodds H. V, Nye 

W. S. Edsall H. H. Rudd 

F. R. Ford W. J. Rudgc 

L. R. Gamble H. P. St. Clair 

I. W. Gross A. H. Schirmer 

H. W. Haberl H. P. Sleeper 

F. C. Hanker C. L. Smith 

E. L. Harder F. V. Smith 

R. T. Henry Roy M. Smith 

P. A. Jeanne H. R. Stewart 

L. F. Kennedy H. E. Strang 

H. E. Kent H. R. Summcrhaycs 

A. A. Kroneberg J, J. Tesar 

R. A. Lamer .M. Towner 

J.D. Wood 

Subcommittee Chairmen 

J. E, Clem, Fault Current Limiting Devices 

I. W. Gross, Lightning Arresters 
E. L. Harder, Relays 

R. T. Henry, Circuit Breakers, Switches, and Fuses 


Therapeutics, Applications of Electricity to 


C. V. Aggers, chairman, Westinghouse Electric and 
Manufacturing Company, X-Ray Division, 2519 
Wilkins Avenue, Baltimore, Md. 
Lloyd L. Call W. B. Kouwenhoven 

W. D. Coolidge H. C. Rentschler 

Roy Kegerreis ' R. W. Sorensen 


1152 


Officers and Committees—1942-43 


AIEE Transactions 



Technical Committees (continued) 


Power Generation 


A. C. Monteith, chairman, Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, Pa. 
A. J. Krupy, vice-chairman, 72 W. Adams St., Chicago, 


F. A. Annett 
W. L. Cisler 
C. A. Comey 
R. P. Crippen 
J. J. Dougherty 

H. A. Dryar 
J. H. Foote 
A. H. Frampton 
R. L. Frisby 
F. W. Gay 


Robert Treat 


Ill. 

W. D. Hardaway 
Fraser Jeffrey 
J. A. Koontz 
V. M. Marquis 
C. W. Mayott 
F. J. Meyer 

G. M. Pollard 
C. R. Reid 

M. J. Steinberg 

H. D. Taylor 


Subcommittee Chairmen 

R. P. Crippen, Emergency Measures to Increase 
Output of Generating Systems 
C. M. Laffoon, Emergency Measures to Increase 
Output of Generating Equipment 

M. J. Steinberg, Joint AIEE-ASME Committee on 
Specifications for Prime Mover Speed Governors 


Power Transmission and Distribution 


Philip Sporn, chairman, American Gas and Electric 
Service Corporation, 30 Church Street, New York, 

N. Y. 

H. E. Wulfing, vice-chairman, 72 W. Adams Street, 

Chicago, Ill. 

I. W. Gross, secretary, American Gas & Electric Service 
Corporation, 30 Church St., New York, N. Y. 


D. K. Blake 
A. B. Campbell 
H. E. Carson 
H. A. Clark 

H. W. Clark 
Harold Cole 
C. A. Comey 
S. B. Grary 

E. W. Davis 
A. E. Davison 
G. E. Dean 
Llewellyn Evans 
R. D. Evans 

O. W. Gatchell 
L. R, Gaty 
C. M. Gilt 


E. K. Huntington 
J. P. Jollyman 
P. R. Knapp 
A. A. Kroneberg 
W. A. Lewis 
W. W. Lewis 
J. T. Luisignan, Jr. 
F. J. Meyer 
Lee M. Moore 
E. W. Oesterreich 
W. S. Peterson 
L. M. Robertson 
S. J. Rosch 
E. V. Sayles 
A. E. Silver 
D. M. Simmons 


Herman Halperin 
Edwin Hansson 
C. A. Harrington 
J. B. Hodtum 


Stanley Stokes 

J. J. Torok 
H. M. Trueblood 
C. F. Wagner 

R. J. Wiseman 


Subcommittee Chairmen 


Harold Cole, Distribution 
L. R. Gaty, Stations 
W. W. Lewis, Transmissions 
C. F. Wagner, General Systems 


Institute Representatives 

Alfred Noble Prize Committee, ASCE 
H. S. Osborne 

American Association for the Advancement of 
Science, Council 

T. H. Morgan I. Melville Stein 

American Committee on Marking of Obstructions 

to Air Navigation 
G - E - Dian H. L. Huber 

American Co-ordinating Committee on Corrosion 
H. S. Phelps 

American Research Committee on Grounding 
C. T. Sinclair 

American Standards Assoc., Standards Council 
T. Henry A. H. Kehoe H. S. Osborne 
Alternates 

H. E. Farrer E. B. Paxton 

American Year Book, Advisory Board 
H. H. Henline 

Charles A. Coffin Fellowship and Research Fund 

Committee 

Harold S; Osborne 

Committee of Apparatus Makers and Users, NRC 
L. F. Adams 

Electrical Standards Committee, ASA 

H. L. Huber J, R, North V. M. Montsinger 
Alternates 

H. E. Farrer E. L. Moreland E. B. Paxton 
Engineering Foundation Board 
F. M. Farmer W. I. Slichter 

Engineering Societies Monographs Committee 
F. M. Farmer W. I. Slichter 


Engineering Societies Personnel Service, Inc. 

H. H. Henline 

Engineers’ Council for Professional Development 

O. W. Eshbach F. Ellis Johnson J. F. Fairman 

Hoover Medal Board of Award 

H. H. Barnes, Jr. John C. Parker F. M. Farmer 

John Fritz Medal Board of Award 

F. M. Farmer David C. Prince 

John C. Parker R. W. Sorensen 

Library Board, United Engineering Trustees, lac* 

W. A. Del Mar H. H. Henline, ex officio 

W. I. Slichter 

Marston Medal Board of Award 
Harry B. Gear 


national Bureau ox Engineering Registration, Ad¬ 
visory Board 

C. R. Beardsley 


Nat*l Fire Protection Assoc., Electrical Committee 
F. V. Magalhaes H. S. Warren, Alternate 

National Fire Waste Council 

Wills Maclachlan Frank Thornton, Jr. 

NaPl Research Council, Division of Engineering 
and Industrial Research 

R. W. Sorensen. 

Research Procedure Com., Engg. Foundation 
L. W. Chubb 

United Engineering Trustees, Inc. 

F. M. Farmer Everett S. Lee C. E. Stephens 

U. S. National Committee of the International 
Commission on Illumination 
J. W. Barke Robin Beach 

U. S. National Committee of the International 
Electrotechnical Commission 
H. L. Huber V. M. Montsinger J. R. North 
Alternates 

H. E. Farrer E. L. Moreland E. B. Paxton 


Washington Award Commission 

H. B. Gear L. R. Mapes 


General Counsel 

Parker and Aaron 

20 Exchange Place, New York, N. Y 


1942, VoL. 61 


Officers and Committees—1942-43 


1153 



Student Branches of the Institute 


Name and Location 


Counselor 

District (Member of Faculty) 


Chairman 


Secretary 


Akron, Univ. of, Akron, Ohio... 2.J. B. Fairburn. 

Alabama Polytechnic Inst., Auburn, Ala. 4.W. W. Hill. 

Alabama, Univ. of, University, Ala. 4.W. J. Miller. 

Alberta, Univ. of, Edmonton, Alberta, Can.10.E. G. Cullwick. 

Arizona, Univ. of, Tucson, Ariz. 8.J. C. Clark. 

Arkansas, Univ. of, Fayetteville, Ark. 7.A. S. Brown. 


British Columbia, Univ. of, Vancouver, Can. 

Brooklyn, Poly. Inst, of, Brooklyn, N. Y. 

(Day Division). 

(Evening Division). 

Brown Univ., Providence, R. I. 

Buckneli Univ., Lewisburg, Pa. 


Calif. Inst, of Tech., Pasadena, Calif.. 

Calif., Univ. of, Berkeley, Calif.. 

Carnegie Inst, of Tech., Pittsburgh, Pa. 

Case School of Applied Science, Cleveland, Ohio. 

Catholic Univ. of America, Washington, D. C...... 

Cincinnati, Univ. of, Cincinnati, Ohio. 

Clarkson College of Tech., Potsdam, N. Y. 

Clemson Agri. College, Clemson, S. C. 

Colorado State Col. of A. & M. Arts, Fort Collins, Colo. 

Colorado, Univ. of, Boulder, Colo. 

Columbia Univ., New York, N. Y. 

Connecticut, Univ. of, Storrs, Conn. 

Cooper Union, New York, N. Y. 

(Day Division). 

(Evening Division). 

Cornell Univ., Ithaca, N. Y. 


Delaware, Univ. of, Newark, Del. 

Denver, Univ. of, Denver, Colo. 

Detroit, Univ. of, Detroit, Mich. 

Drexcl Inst, of Tech., Philadelphia, Pa. 

Duke Univ., Durham, N. C. 


Florida, Univ. of, Gainesville, Fla... 

George Washington Univ., Washington, D. G. 

Georgia School of Tech., Atlanta, Ga. 

Harvard Univ., Cambridge, Mass. 

Idaho, Univ. of, Moscow, Idaho. 

Illinois Inst, of Tech., Chicago, Ill. 

Illinois, Univ. of, Urbana, Ill. 

Iowa State College, Ames, Iowa. 

Iowa, Univ. of, Iowa City, Iowa. 

Johns Hopkins Univ., Baltimore, Md. 

Kansas State College, Manhattan, Kan. 

Kansas, Univ. of, Lawrence, Kan. 

Kentucky, Univ. of, Lexington, Ky. 

Lafayette College, Easton, Pa. 

Lehigh Univ., Bethlehem, Pa. 

Louisiana State Univ., Baton Rouge, La. i 

Louisville, Univ. of, Louisville, Ky..'.... 


Maine, Univ. of, Orono, Me.. 

Manhattan College, New York, N. Y. 

Marquette Univ., Milwaukee, Wis. 

Maryland, Univ. of, College Park, Md. 

Mass. Inst, of Tech., Cambridge, Mass.... 

Michigan Col. of Min. & Tech., Houghton, Mich. 

Michigan State Cot., E. Lansing, Mich. 

Michigan, Univ. of, Ann Arbor, Mich... 

Milwaukee Sch. of Engg., Milwaukee, Wis. 

Minnesota, Univ. of, Minneapolis, Minn. 

Mississippi State Col., State College, Miss.. 

Missouri Sch. of Mines & Met., Rolia, Mo. 

Missouri, Univ. of, Columbia, Mo.... 

Montana State College, Bozeman, Mont.. 

Nebraska, Univ. of, Lincoln, Neb. 

Nevada, Univ. of, Reno, Nevada.. 

Newark Col. of Engg., Newark, N. J. 

New Hampshire, Univ. of, Durham, N. H. 

New Mexico State Col., State College, N. M. 

New Mexico, Univ. of, Albuquerque, N. M. 

New York, Col. of the City of. New York. 

(Day Division).... 

(Evening Division). 

New York Univ., New York.... 

(Day Division).,... 

(Evening Division)........ 

North Carolina State Col., Raleigh, N. C............. 

North Dakota State Col., Fargo, N. D. 

North Dakota, Univ. of, Grand Forks, N. D. 

.Northeastern Univ., Boston, Mass..... 

(Division A). 

(Division B).. 

Northwestern Univ., Evanston, III..... 

Norwich Univ., Northfield, Vt.. 

Notre Dame, Univ. of, Notre Dame, Ind... 


10 ... 

3... 



1 .. 

2 .. 

6 .. 

5.. 

2 .. 

4.. 

4.. 

2 .. 

4.. 

1 .. 


9.. 

5.. 
5.. 
5.. 

5.. 

2 .. 

7.. 

7.. 

4.. 

2 .. 
2 .. 
4.. 
4.. 


1 .. 

3.. 

5.. 

2 .. 


1 . 

5. 

5. 

S. 

5. 

5. 
4. 
7. 
7. 
9. 

6 . 



3.. 


4.. 

6 .. 
6 .. 
1 .. 


. 5 
. 1 
. 5 


.. .W. B. Coulthard 
.. .A. B. Giordano 


.. .F. N. Tompkins.... 
. ..J. B. Miller. 

.. ,F. W. Maxstadt.... 

.. .C. F. Dalziel. 

.. .G. R. Patterson...'. 

.. ,P. L. Hoover. 

.. ,T. J. MacKavanagh 

.. .L. R. Culver. 

.. .A. R. Powers. 

.. .F. T. Tingley. 

_F. B. Beatty. 

.. .H. B. Palmer. 

.. .J. R. Ragazzini. 

.. ,G. S. Timoshenko.. 
.. .E. E. Shelton 


.. .R. W. Ager. 

...M. G. Young. 

.. .A. Benson. 

.. ,H. O. Warner. 

...E. O. Lange. 

.. .O. J. Meier, Jr. 

...E. F, Smith. 

.. .A. G. Ennis. 

.. .H. B. Duling. 

.. .J. D. Cobine. 

_R. H. Hull. 

,.. ,E. H. Freeman. 

....E. A. Reid. 

,...B. S. Willis. 

,...H. R. Reed. 

,.. .F. Hamburger, Jr.., 

....J. E. Ward, Jr. 

... .G. A. Richardson.. 

... .E. A. Bureau.. 

... .F, W. Smith...... 

... .J. L. Beaver. 

... .A. K. Ramsey. 

... .S. T. Fife. 

... .N. E. Wilson. 

... ,H. J. Lockwood... 

... ,E. W. Kane. 

... ,L. J. Hodgins. 

. ...H. B. Dwight. 

... ,C. Russell. 

... .M. M. Cory. 

_J. S. Gault. 

... .E. L. Wiedner. 

.... J. H. Kuhlmann... 

... .H. C. Simrall. 

... .J. S. Johnson. 

... ,D. Waidelich. 

_G. Fiedler. 

....L. A. Bingham.... 

... ,S. G. Palmer. 

,.. ,F. A. Russell. 

_W. B. Nulsen. 

... .M. A. Thomas.... 

... ,H. L. Jones. 

.... Harry Baum 


».. .P. C. Cromwell 


... ,L. M. Kecver....'. 

... ,H. S. Rush. 

....C. W. Rook... 

... .R. G. Porter 


,R. W. Jones... 
,D. E. Howes... 
,J. A. Northcott 


C. Rohrich. 

J. W. Barr. 

J. Edmonds.. 

... .H. T. Stevenson... 

_K. C. Andrus. 

... .T. O. Stanfield.... 

... ,B. Elliott. 

.. .W. Becker. 

... .E. Kappauf.. 

... .P. C. Armor.. 

... .N. Parkin. 

... .E. Atkins. 

_J. Jondrow. 

... ,Wm. Shafer. 

... .B. Hyman.. 

.... J. Laird. 

... ,C. Sheridan. 

... ,F. Brown. 

....E. G. Orahood... 

... .J. Bittner. 

....C. P. Spaulding.. 

....E. Buyer. 

. ...L. Doerr. 

... ,E. I. Herszkom... 

... .S. Rogat. 

... .C. Seeger. 

.... Wm. Schuster.... 

... ,J. Loudon. 

....B.J. Chartier.... 
... .G. C. Mergncr... 
....P. C. Sherertz.... 

... .M. Adams. 

... ,F. Holcomb. 

... .J. E. VanNess..., 


... .K. Andrew. 

... .J. McDonald. 

.... V. A. Rydbeck.;. 

... .D. Kuester. 

....W. C. Morrison.. 

.,. .C. B. Boenning... 

,... .R. Slinkman. 

... .G. Johnson. 

... .B. E. Rector. 

... .R. Wright. 

... .F. H. Bower. 

... .A. Switzer. 

. ...R. P. Owen. 

... .R. D. Moulton... 

,... .T. Madigan. 

... .R. F. Loos. 

.....A. Doming. 

... .L. D. Schwartz... 

... ,C. C. Avery. 

.... W. C. Buwalda... 

.R. Ehrlich.. 

,.... .L. J. Karaus. 

.R. Engquist. 

.P. W. Griffin.... 

.G. Skitek....... 

.R. S. Morrison.., 
.D. Kampschror.. 

.Q, L. Bonness..., 

J. Goetz. 

.A. W. Earl. 

.R. Foley........ 

.M. Kuester. 

.L. Williams...... 

...-. .E. Piller. 

.....D. Wolfand. 

.D. Beck. 

.A. Ennis t. 

.W. C. Ranes.... 

.F. J. Palmer.... 

.... ,R. Gustafson.... 

.J. R. Whitford.. 

.....J. L. Paine...... 

.H. Schultz. 

.... J. S. Allen. 

.G. A. Haninger. 


... M. Polstein 
...W. H. Keith 
.. .R. N. Whitehurst 
.. .T. Cardwell 
.. ,H. Jacobs 
.. .V. D. Hawkins 

-J. Gray 

,.. J. Rutledge 
.. .L. L. Lipschultz 
.. .E. F. Weitz, Jr. 

... J. Raudenbush 

... W. Snyder 
.. .R. Wing 
.. .D. Lyon 
... G. M. Kastner 
.. .Wm. C. Brady 
.,.M. Knapp 
.. .W. Parnell „ 

.. .R. L. Buchanan 
... .E. Nitschke 
, ...W.J. Stroh 
.. .C. P. Thomas 
... W. Prelle 

.. ,H. Grad 
.. J. H. Mulligan, Jr. 
.. .D. B. Wheeler 
... C. Perry 
.... G. Harvey 

_J. F. Jordon 

... I. L. Auerbach 
.. .S. C. Clark 

.. .B. Martin 

... E. D. Schreiner 
... J. M. Walker 

.. .A. R. Eckels 

,.. .R. Haegele 
.... I. Kaluzna 
.... J. E. Hinchcliffe 
,...F. Schatz 
_J. S. Norton 

.... J. C. Burdette 

.... Wm. Dague 
... .B. Petrce 
... .B. L. Patton 

... .R. Crellin 
.... C. S. Bennett 
... .C. Mathews 
.... E. L. Witten 

,.. .D. E. Davis 
... .H. Eicher 
... .L. Flynn 
.... G. Reynolds 
.... J. L. Hummer 
... .R. E. Sherman 
... .R. G. Parkhurst 
.... J. M. Dufl 
... .M. E. Lahti 
... . T. Moorhouse 
... .K. E. Marshall 
... .R. Frame 
.... E. Vrcdenburgh 
... .R. Auclair 

_F. L. Martinson 

.... I. L. Carter 
... .E. E. Reed • 

... .R. Deming 
....L. Gardenhire 
...,N. Maguire 

... .S. Chaika 
... ,R. Chaber 

... ,E. Eaton 
,.... A. Johanson 

_R. S. Kelly 

.H. Neverman 

.C. E. Groves 

.T. F. Mahoney 

.R. Ei Minkwitz 

.A. Hayes 

.....W. Flint 
.E. P. Cleary 
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Student Branches of the Institute 


Counielor 

Name and Location District (Member of Facnlty) Chairman Secretary 


Ohio Northern Univ., Ada, Ohio. 

Ohio State Univ., Columbus, Ohio. 

Ohio Univ., Athens, Ohio. 

Oklahoma A. & M. Col., Stillwater, Okla. 

Oklahoma, Univ. of, Norman, Okla. 

Oregon State Col., Corvallis, Ore. 

Pennsylvania State Col., State College, Pa. 

Pennsylvania, Univ. of, Philadelphia, Pa. 

Pittsburgh, Univ. of, Pittsburgh, Pa. 

Porto Rico, Univ. of, Mayaguez, P. R. 

Pratt Institute, Brooklyn, N. Y. 

Princeton Univ., Princeton, N. J.. 

Purdue Univ., Lafayette, Ind. 

Rensselaer Poly. Inst., Troy, N. Y. 

Rhode Island State Col., Kingston, R. I. 

Rice Institute, Houston, Texas... 

Rose Poly. Inst., Terre Haute, Ind. 

Rutgers Univ., New Brunswick, N. J. 

Santa Clara, Univ. of, Santa Clara, Calif. 

South Carolina, Univ. of, Columbia, S. C. 

South Dakota State Col., Brookings, S. D. 

So. Dakota State School of Mines, Rapid City, S. D. 
Southern California, Univ. of, Los Angeles, Calif... 

Southern Methodist Univ., Dallas, Texas. 

Stanford Univ., Stanford University, Calif.. 

Stevens Inst, of Tech., Hoboken, N. J. 

Swarthmore Col., Swarthmore, Pa.. 

Syracuse Univ., Syracuse, N. Y. 


Tennessee, Univ. of, Knoxville, Tenn. 

Texas A. & M. Col., College Station, Texas. 

Texas Technological Col., Lubbock, Texas. 

Texas, Univ. of, Austin, Texas. 

Tufts Col., Tufts College, Mass. 

Tulane Univ., New Orleans, La. 

Union Col., Schenectady, N. Y.. 

Utah, Univ. of, Salt Lake City, Utah. 


Vermont, Univ. of, Burlington, Vt.... 

Villanova Col., Villanova, Pa. 

Virginia Military Inst., Lexington, Va. 
Virginia Poly. Inst., Blacksburg, Va... 
Virginia, Univ. of, University, Va.... 


Washington, State Col. of, Pullman, Wash. 

Washington, Univ. of, Seattle, Wash. 

Washington Univ., St. Louis, Mo. 

West Virginia Univ., Morgantown, W. Va. 

Wisconsin, Univ. of, Madison, Wis. 

Worcester Poly. Inst., Worcester, Mass. 

Wyoming, Univ. of, Laramie, Wyo. 


Yale Univ., New Haven, Conn. 


Total Branches.124 


2.D. S. Pearson.... 

2.S. O. Evans.. 

2.W. M. Young.... 

7.A. Naeter. 

7.C. L. Farrar. 

9.F. O. McMillan.. 

2.P. X. Rice. 

2.S. R. Warren, Jr.. 

2 .R. C. Gorham... 

3 .G. F. Anton. 

3.D. H. Wright.... 

2 .W. C. Johnson... 

5.J. H. Karr. 

1.E. D. Broadwell.. 

1 .W. J. Mowbray.. 

7 .C. F. Wischmeyer 

5 .C. C. Knipmeyer. 

3 .J. L. Potter. 

8 .W. J. Warren.... 

4 .W. M. Bauer. 

6 ... ,Wm. H. Gamble. 

6 .E. E. Clark. 

8 .J. K. Nunan. 

7 .H. F. Huffman... 

8 .H. H. Skilling.... 

3 .Wm. L. Sullivan 

2 .J. D. McCrumm... 

1.C. W. Henderson. 

4....W. O. Lefiell.... 

7.N. F. Rode.. 

7.C. V.Bullen. 

7.R. A. Galbraith.. 

1.A. H. Howell_ 

4 .E. J. Angelo, Jr... 

1..H. W. Bibber. 

9 . .L. D. Harris. 

1 .R. O. Buchanan.., 

2 .H. S. Bueche. 

4.J. S. Jamison. 

4.Claudius Lee. 

4 .J.S. Miller,Jr...., 

9 .H. F. Lickey. 

9.R. E. Lindbiom. . 

7.D. A. Fischer.... 

2.A. H. Forman.... 

5 .J. R. Price. 

1.V. Siegfried.. 

6 .;.. ,G. H. Sechrist. 

1.A. G. Conrad. 


.... I. Jones. 

... W. H. Stolmack.. 

.. .T. Raymond. 

.. ,H. H. McCowen. 

.. .A. J. Torre. 

.. .L. E. Chaffin. 

,. .G. Gitnber. 

,. .C. J. Fowler. 

,..J. F. Orlofl. 

,. .R. A. Preston.... 

.. .W. C. Morch.... 

.. .D. S. Jamison.... 

.. .J. T. Youngblood. 

... J. P. VanDuyne.. 

.. .G. Jacobs. 

...W. F. Wohlt. 

...R. E. Miller. 

... R. Hcnnessy. 

.. .J. O. Beaumont.. 

.. .F. Smith. 

,. .E. C. Edwards... 

,. .E. Bender. 

... P. P. Hendricks.. 
...E. H. Flath,Jr.... 

.. .R. L. Hammett.. 

,. ,D. Whipple. 

.. .P. Berthold. 

. .C. Regan. 

. .J. J. Cupples. 

. .C. Ingram, Jr. 

,.. E. Duesterhoeft... 

. .H. G. Tremblay.. 

. .N. Hamm... 

..G. Weed. 

. .R. H. Lee. 

. .M. L. Riggs. 

. .G. A. Baird. 

. .V. J. Thomas.... 

. ,W. E. Haynes... 

. .A. L. Campbell.. 

. .D. Ammerman... 

.. .D. D. Donley.... 

..S. Kaisel. 

. .J. C. Amos. 

. .E. H. Dickenson.. 

. .W. Tunniclifle... 

.. R. Wilkes. 

R. L. Ungvary... 


.... J. Campbell 
.. ,R. B. Livensparger 

_Wm. Swinehart 

i... J. O. Grantham 
,... M. C. Walker 
.. .D. Halfhill 

.. .G. Dixon 
... G. H. Colehower 
.. .D. F. Shankle 
•... J. E. Gomez 
.. .D. J. Gagne 
.. .R. D. Veghte 
.. .B. L. Parsons 

.. .W. F. Croft 
.. .R. Paige 
... E. F. Zagst 
...D. E. Criss 
... W. Vandergrift 

.. .J. J. Malneritch 
.. .W. G. Mikell 
... G. A. Johnson 
.. .J. O. Johnson 
... R. H. Imhoft 
... W. Baldwin 
.. .R. A. Helliwell 

... J. L. Carpenter 
.. .D. L. Mather 

., ,E. DePass 
.. ,E. C. Hartman 
.. .H. C. Shuler 
.. ,T. Dunn 
.. .P. C. Noble 
.. .Wm. Jacobi 

.. .D. Bock 
.. .R. A. Callister 

... P. Waterman 
... J. C. Chamberlain 
.. .F. A. Collins 
... J. T. Hanna 
.. .P. B. Peyton, Jr. 

... J. Johnson 
.. :R. O. Petrich 
... J. L.’ Glaser 
. ..G. J. Batlas 
.. .A. Lytle 
., .R. Boyce 
. ..S. Watt 

. .'.J. M. Rescoe 


Geographical District Executive Committees 


District 


Chairman ' 

(Vice-President, AIEE) 


Secretary 
(District Secretary) 


Chairman, District Committee on 
Student Activities 


1 North Eastern.K. B. McEachron, General Electric Company,.... R. G. Lorraine, General Electric Co.,1 River.. 

100 Woodlawn Ave., Pittsfield, Mass. Road, Schenectady, N. Y. 

2 Middle Eastern.... C. A. Powei, Westinghouse Electric and Manu-..J. E. Treweek, Pennsylvania Power and Light.. 

facturing Company, East Pittsburgh, Pa. Company, 117 E. Broad St., Hazleton, Pa. 

3 New York City... .C.R. Jones, Westinghouse Electric and Manu-... .Roy L. Webb, Consolidated Edison Co. of.. 

facturing Company, 40 Wall Street, New New York, Inc., 4 Irving Place, New York, 
York, N. Y. N. Y. 

4 Southern.J. Elmer Housley, Aluminum Co. of America,.... A. S. Hoefflin, Louisville Gas and Electric Co.,.. 

Alcoa, Term. 311 W. Chestnut St, Louisville, Ky. 

5 Great Lakes.A. G. Dewars, Northern States Power Com-... .N. C. Pearcy, Public Utility Engineering and.. 

pany, 15 S. 5th St., Minneapolis, Minn. Service Corporation, 231 South La Salle 

Street, Chicago, Ill. 

6 North Central.Arthur L. Jones, General Electric Co., P. O.Murray G. Grafl, General Electric Co., 650.. 

Box 2331, Denver, Colo. 17th St., Denver, Colo. 

7 South West.E. T. Mahood, Southwestern Bell Telephone... .R. G, KloefHer, Kansas State College, Man-.. 

Co., Uth and Oak Streets, Kansas City, Mo. hattan, Kans. 

8 Pacific..Walter C. Smith, General Electric Co., 823.... E. M. Wright, Pacific Gas and Electric Co., 245.. 

Russ Bldg., San Francisco, Calif. Market St., San Francisco, Calif. 

9 North West.......E. W. Schilling, Montana State College,....Herold E. Murdock, Montana Power Com-.. 

Bozeman, Mont pany, 18 East Main Street, Bozeman, Mont. 

10 Canada.C. A. Price, Canadian Westinghouse Co., Ltd...... John M. Somerville, Canadian Porcelain Co., 

Sanford Ave. N., Hamilton, Ont. Ltd., Box 428, Hamilton, Ont. 

Note : Each District executive committee includes also the chairmen and secretaries of all Sections within the District, and 
bership committee. 


.A. G. Conrad, Yale University, New Haven, 
Conn. 

.R. C. Gorham, University of Pittsburgh, Pitts¬ 
burgh, Pa. 

.D.H. Wright, Pratt Institute, Brooklyn, N. Y. 


. E. A. Bureau, University of Kentucky, Lexing¬ 
ton, Ky. 

,H. O. Warner, University of Detroit, Detroit, 
Mich. 

.E. E. Clark, South Dakota State School of 
Mines, Rapid City, S. D. 

.W. F. Gray, Texas Technological College. 
Lubbock, Tex. 

.F. W. Maxstadt, California Institute of Tech¬ 
nology, Pasadena, Calif. 

,R. E. Lindbiom, University of Washington, 
Seattle, Wash. 


the District vice-chairman of the national mem- 
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Sections of the Institute 


When Membership 

Name District Organized Aug. 1,1942 Chairman Secretary Secretary’s Address 


Akron . 

Alabama .. 

2.. . .AUg. 12, -2U. . . . 

4.. .. May 22, *29 - 

. V*. . . . .. 

. 44.< 

Arizona. 

8... .Mar. 22, ’41_ 

. 37.< 

Boston. 

1....Feb. 13,’03. 

. 516 . ! 

Central Indiana ... 

5....Jan. 12,’12 - 

. 133 . : 

Chicago. .... 

5....1893 . 

. 836 . : 

Cincinnati . 

2... .June 30, ’20. ..., 

, 214 . ] 

Cleveland . 

2... .Sept. 27, ’07. ... 

. 376 . < 

Columbus . 

2....Mar. 17, ’22 - 

. 95 . ; 

Connecticut . 

1... .Apr. 16, *21. ... 

. 333 . 

Denver . 

6....May 18, ’15.... 

. 180 . : 

East Tennessee .... 

4.... Sept. 2,’36.... 

. 145. 

Erie. 

2....Jan. 11,’18- 

. 65. 

Florida. 

4... .Jan. 28,’31.... 

. Ill. 

Fort Wayne. 

5....Aug. 14, ’08_ 

. 93. 

Georgia. 

4.... Jan. 14,’04.... 

. 119. 

Houston. 

7....Aug. 7,’28- 

. 133. 

Iowa. 

5... .June 25, ’29.... 

. 84. 

Ithaca. 

i....Oct. 15,’02.... 

. 53. 

Kansu City. 

7....Apr. 14,’16- 

. 137. 

Lehigh Valley. 

2.... Apr. 16,’21.... 

. 188. 

Los Angeles. 

8....May 19, ’08- 

, 540. 

Louisville. 

4....Oct. 15,’26- 

. 73. 

Lynn. 

1... .Aug. 22,’ll- 

. 186. 

Madison . 

5....Jan. 8,’09.... 

. 73 . 

Mansfield . 

2....Mar. 6,’39.... 

. 71 . 

Maryland. 

2... .Dec. 16, ’04.. .. 

. 322. 

Memphis . 

4... .May 23, ’30.. .. 


Mexico. .......... 

3.... June 29, >22.... 

. 53. 

Michigan. 

5.... Jan. 13,’ll.... 

. 418. 

Milwaukee. 

5....Feb. 11,’10.... 

. 313. 

Minnesota. 

5....Apr. 7,’02.... 

. 98. 

Montana. 

9.... June 24,’31.... 

. 45 . 

Muscle Shoals . 

4....Feb. 18,’38.... 

. 33 . 

Nebraska ..... 

New Mexico- 

6.... Jan. 21,’25.... 

. 59 . 

West Texas . 

7 • • • 7, *40 • • • * 

. 43 . 

New Orleans . 

, 4....Dec. 8,’33.... 

. 133 . 

New York. ... 

3....Dec. 10, ’19. ... 

.3,447.... 

Niagara Frontier. . 

l....Feb. 10, ’25.,. . 

. 198 . 

North Carolina. ... 

, 4....Mar. 21,’29... 

.. 107 - 

North Texas. ...... 

, 7....May 18,’28.... 

. 170 . 

Oklahoma City... . 

. 7....Feb. 16,’22.,.. 

,. 104,... 

Philadelphia . 

. 2....Feb. 18, ’03... 

» • 809 •• • • 

Pittsburgh. 

. 2....Oct. 13, *02.... 

> • 662.• • . 

Pittsfield. 

, 1.... Mar. 25, ’04.... 

, . 194,... 

Portland. 

. 9....May 18,’09.... 

,. 196 - 

Providence. 

. l...,Mar. 12, ’20.. . 

.. 100- 

Rochester. ....... 

. l...,Oct, 9,’14... 

.. 112.... 

St. Louis . 

. 7....Jan. 14, *03... 

.. 361 _ 

San Diego . 

. 8....Jan. 18, ’39... 

• • 54 •«• • 

San Francisco. ... 

. 8,...Dec. 23,’04... 

.. 549.... 

Saskatchewan. ... 

.10....Oct. 14,’25.... 

.. 8..., 

Schenectady. .... 

. 1 ... .Jan. 26,’03... 

. < 559.... 

Seattle. . 

. 9....Jan. 19,’04... 

• • 230 •• • * 

Sharon.. . . .. 

. 2....Dec. 11, ’25.. , 

.. 153.... 

South Bend . 

. 5.... Feb. 26,’41. .. 

.. 58.... 

South Carolina.. . 

. 4....Mar. 2,’40... 

.. 53..... 

South Texas. 

. 7....May 23,’30... 

, . 53.... 

Spokane......... 

. 9....Feb. 14,’13... 

. . 82.... 

Springfield....... 

. 1....June 29, >22... 

.. 52.... 

Syracuse.. . 

. 1....Aug. 12, '20. .. 

.. 119 - 

Toledo .. 

. 2....June 3,’07.. . 

.. 89 .... 

Toronto .. 

.10....Sept.30, ’03... 

,. 396. ... 

Tulsa. .. ........ 

. 7....Oct. 1, ’37.. . 

.. 87.... 

Urbana. ........ 

. 5....Nov. 25,’02... 

.. 78.... 

Utah..... .. 

, 9... . Mar. 9, ’17. .. 

• • 54* *«.» 

Vancouver....... 

• 10v« • .Aug. 22} *11 4 • • 

a a 95 a 4 '• a 

Virginia. 

. 4....May 19, *22... 

a • 150* • a a 

Washington...... 

* 2, . * »Apr« 9, *03. • • 

a • 600 a. a a • 

West Virginia.... 

. 2....Apr. 9, *40... 

• a 39 * a a * 

Wichita...,..... 

. 7... .Sept. 16,’37,.. 

a • 57 . a • a 

Worcester,. . .,.. 

. 1... .Feb. 18, ’20... 

a a 63 anas 



16,650 

Total Sections. 




K. F. Sibila.A. G. Seifried.B. F. Goodrich Co., 500 S. Main St., Akron, Ohio 

G. W. McCracken.. .M. V. Zimmerman. .Commonwealth and Southern Corp., Birmingham, Ala. 

G. F. Maughmer.... E. A. Gissel.. Central Arizona Lt. & Pwr. Co., Phoenix, Ariz. 

R. G. Porter.W. I. Middleton_Simplex Wire & Cable Co., Cambridge, Mass. 

J. R. Pies.C. R. Swenson. 240 North Meridian St, Indianapolis, Ind. 

J. C. Woods... .E. C. Minteer.Minteer & Josler, 327 So. LaSalle St., Chicago, Ill. 

E. F. Nuezel.F. J. Breen, Jr.3821 Delmar Ave., Cheviot, Ohio 

C. A. Harrington_D. Ramadanofl.The National Carbon Co., W. 73rd St & N.Y.C.R.R., Cleveland, Ohio 

S. A. Martin.S. O. Evans.Ohio State University, Columbus, Ohio 

A. G. Conrad.C. D. Hewitt.227 Church St., New Haven, Conn. 


.H.B. Palmer... 
R. A. Hopkins.. 


C. F. Titus. 


L. A. Ware., 


. ,C. G. Roush...., 
E. R. Beers. 


H. O. Whiteley. 


G. Robles. 

M. B. Stout. 

F. W. Bush. 

Wm. Endicott.... 
D. K. Brake ..... 
R. C. Fuller. 

. .J. M. Gibb.. 


. .Hubert Sharp.Mountain States Tel. Sc Tel. Co., P. 6. Box 960, Denver, Colo. 

.. .B. H. McCoin.City of Knoxville Electric Dept., Knoxville, Tenn. 

... W. D. Bearce.4121 Sassafras St., Erie, Pa. 

.. .Joseph Weil.University of Florida, Gainesville, Fla. 

... W. W. Brooks.General Electric Co., Fort Wayne, Ind. 

.. .Carl Evans.Electrical South, 1020 Grant Bldg., Atlanta, Ga. 

.. .S. C. Commander.. ,2615 Fannin St., Houston, Texas 

... W. B. Boast.Iowa State College, Ames, Iowa 

.. .A. B. Credle.Cornell University, Franklin Hall, Ithaca, N. Y. 

...C. M. Lytle.P. O. Box 679, Kansas City, Mo. 

.. .L. Z. Ludorf.Penn. Power and Light Co., 135 N. Washington St., Wilkes-Barre, Pa. 

.. .P. L. Johnson.Box 5300, Metropolitan Station, Los Angeles, Calif. 

.. .L. G. Weiser.Westinghouse Electric & Mfg. Co., 1618 Heybum Bldg., Louisville, Ky. 

.. .M. S. Wilson.General Electric Co., Factory 2nd L., West Lynn, Mass. 

... E. J. Van Duesen... 2702 Sommers Ave., Madison Wis. 

.. .J. M. Robinson.North Electric Mfg. Co., Galion, Ohio 

... B. Van Ness.. 1503 Lexington Bldg., Baltimore, Md. 

.., Herman Leightman. .Memphis Light, Gas and Water Div., 179.Madison Ave., Memphis, Tenn. 

.. .J. Rosas.. Mexican Lt. Sc Pwr. Co., Ltd., Gante No. 20, Mexico, D.F. Mexico 

.. .J. W. Bishop.134 Englewood Ave, Detroit, Mich. 

.. .T. B. Jochem.Cutler-Hammer, Inc., 315 N. 12th St., Milwaukee, Wis. 

...0. W. Lethert..... .Northern States Power Co., 15 So. 5th St., Minneapolis, Minn. 

... C. R. Davis.Montana Power Co., Butte, Montana 

... S. J. Wolfenson.T.VA., Project W3, Wilson Dam, Ala. 
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